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Aspects in cell design for H,O, electrosynthesis
and its integration in tandem systemsf

Wenhao Chen, Chang Sun and Wenchao Sheng

Hydrogen peroxide (H,O,) is an environment-friendly oxidant with wide applications in daily life and the

chemical industry. The electrochemical production of H,O, through the two-electron oxygen reduction

(2e” ORR) process has the advantages of high safety, high energy-efficiency, and environmental

sustainability. Prior investigations predominantly concentrated on the intrinsic properties of the catalysts,

rather than the performance of the electrodes in real reactors. In this review, the aspects in cell design

for H,O, electrosynthesis will be discussed, including the surface and interface modifications for the

carbon electrodes, and the reaction system design for practical H,O, electrosynthesis, highlighting the

critical needs in electrodes and reactors to enhance 2e~ ORR performance. Additionally, this review will

cover the applications of 2e” ORR integrated tandem systems for chemical synthesis. Finally, current

challenges and prospects for future studies in H,O, electrosynthesis will be presented.

Hydrogen peroxide (H,0,) is a versatile green oxidizing agent with growing demand in the global market for its extensive applications in medical disinfection,

pulp bleaching, chemical synthesis, wastewater treatment etc. The electrocatalytic two-electron oxygen reduction reaction (2~ ORR) is an environment-friendly
and energy-efficient alternative approach compared to the traditional energy-intensive anthraquinone process, owing to its advantages of on-site production,

green feedstocks from air, and non-polluting H,O as the only byproduct. With the development of high-performance 2e~ ORR catalysts, research focuses have

been gradually geared towards practical reactors to facilitate scaled-up H,O, electrosynthesis. This review presents a comprehensive overview of cell design for

H,0, electrosynthesis and its integration in tandem systems for chemical synthesis, emphasizing key aspects such as electrode surface wettability

management, interface microenvironment modification, design of reactor key components, practical challenges, and the integration of the 2e” ORR in

tandem systems for synthesizing value-added chemicals. The information and insights delivered in this review could be potentially adopted for other

electrocatalytic reactions such as carbon dioxide reduction and nitrogen reduction reactions.
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1 Introduction

Hydrogen peroxide (H,0,) is one of the 100 most important
chemical compounds." As an environment-friendly oxidant,
H,0, has a growing global market demand for its extensive
applications in medical disinfection, pulp bleaching, chemical
synthesis, wastewater treatment, etc.>”> The industrial production
of H,O, primarily relies on the conventional energy-intensive
anthraquinone (AQ) process (~95%), which produces substantial
amounts of waste organic pollutants (5,6,7,8-tetrahydroanth-
rahydroquinone etc.) in addition to carbon emissions, posing
a severe risk to water environment safety. Besides, the high-
concentration H,O, (70 wt%) produced through the AQ process
presents potential safety risks in transportation.®

The electrochemical synthesis of H,0, based on the two-
electron oxygen reduction reaction (2e~ ORR), which selectively
converts O, to H,0,, with H,O as the only by-product, offers a
green, safe and energy-efficient alternative to the conventional
anthraquinone process.” Recently, numerous catalysts have
been developed for the 2e” ORR, including precious metals,
non-precious metals and carbon materials.®*° Precious metal
catalysts, such as PtHg, alloy'" and Pt-based sulfides, selenides
and phosphides (PtS; 35,"> Se,-Pt,'* and PtP,'*), are regarded as
the benchmark catalysts for the 2e~ ORR due to their out-
standing electrocatalytic performance. The high cost and scar-
city of precious metal catalysts, however, limit their large-scale
applications. In the realm of non-precious metal catalysts,
despite their intrinsic instability compared to precious metals,
recent innovations of nanostructured materials have resulted in
various electrocatalysts with comparable 2e~ ORR performance,
including Co and Ni based sulfides and selenides (NiSe," and
sc-CoSe,'®), as well as single-atom and dual-atoms catalysts
(Ni-N38,"” Co;-NBC,'® Co,-DAC," and Coln-NC?%). In addition,
recent studies show that metal-free carbon-based catalysts with
adjustable electronic structures, good electrical conductivity
and stable chemical properties have great potential in H,O,
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electrosynthesis. Various strategies such as heteroatom doping,
defect engineering, and structural engineering have been devel-
oped and summarized previously.'®*?2

Beyond advancing electrocatalytic materials, the design and
optimization of the 2e~ ORR system is equally important for
highly-efficient H,0, electrosynthesis. Recent studies have
underscored the importance of electrode surface/interface
microenvironment modification and reactor configuration
innovations to accelerate the reaction kinetics and H,O,
selectivity.>>* It was revealed that the 2e” ORR performance
can be influenced by surface wettability,> interface proton
concentration,?® and interfacial electric fields.>” For instance,
electrode wettability management is found to be important for
the formation of three-phase interfaces (TPIs), which not only
shortens the O, diffusion path distance from ~50 pm to
~50 nm to reach the active sites,>® but also avoids further
reduction of H,0, in the catalytic layer.”® Improper wettability
management, such as excessive hydrophobicity, would have
negative impacts. In terms of reactor configuration innova-
tions, gas diffusion electrode (GDE) based reactors such as
flow-cells, solid-electrolyte cells, and membrane electrode
assembly cells have been increasingly reported for different
application scenarios. The optimization of the key components of
a reactor such as the gas flow channel and electrolyte compart-
ments is critical to enhance the overall reactor performance. For
example, the rational design of gas flow channels in a reactor can
facilitate O, transfer by vertical diffusion, increasing the H,O,
production rate.*>*' Meanwhile, GDE-based reactors may encoun-
ter additional challenges in real-world applications, such as the
Joule heating effect,®* electrode fouling issue,* and membrane
degradation issue, which have not been fully understood yet.

While electro-synthesized H,O, can be directly used in
traditional downstream applications, it’s in situ coupling with
tandem systems for value-added chemical synthesis has
attracted increasing attention lately. The high concentration
of H,0, near the electrode surface can be used to accelerate the
synthesis of high-purity chemicals, such as ethylene epoxida-
tion to produce ethylene glycol.>* Besides, the in situ generated
reactive oxygen species (ROS) from H,0, has also been utilized
to activate inert reactants such as methane (CH,) and nitrogen
(N,).*>?° Hitherto, no comprehensive analysis and review have
focused on the optimization of the 2e~ ORR system and its
integration in tandem systems for high-value chemical
synthesis.

In this review, we summarize the latest advances in practical
reaction systems for H,O, electrosynthesis. As illustrated in
Fig. 1, the management of surface wettability (®) and interface
microenvironment (@) will be discussed in section three,
emphasizing the advantages of electrodes with appropriate
hydrophobicity, as well as the effects of modifying the interface
proton concentration and electric field. Design of reactor key
components (®) and reactor configuration (®) will be reviewed
in section four, focusing on energy-producing and energy-
consuming modes; the challenges and mitigation measures
in real-world electrosynthesis will also be discussed. In section
five, we will introduce applications of 2e~ ORR integrated

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ey00232f

Open Access Article. Published on 03 February 2025. Downloaded on 1/24/2026 8:02:49 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

EES Catalysis

@ Surface wettability
®) Interface microenvironment

rTT Ty
I (

e
4

o o oy

1
Cathode | :
o o o o o o o o '_\_ —
@ Key components
@ Reactor configuration

\ Flow field plate

—_—————pmm—= -

1

'« Electrolyte
| compartment

View Article Online

Review

(® Tandem system

CH,, N,, C,H,, etc.

o e e e o o =

1 lon exchange
membrane

Anodic side,

HCOOH, HNO, (CH,OH),, etc.

Fig. 1 Schematic illustration of the reactor design for H,O, electrosynthesis and its integration in tandem systems. This review covers the four subtopics
(1)—(4) in reactor design and (5) 2e~ ORR integrated tandem systems for chemical synthesis.

tandem systems for chemical synthesis (®), and explore the
H,0, concentration effect and the ROS effect, highlighting the
promising application potential of in situ generated H,O,.

2 Fundamentals of electrochemical
synthesis of H,O, via the ORR

The oxygen reduction reaction (ORR) is a complex multi-
electron transfer process, following either a four-electron path-
way to produce H,O (acid in eqn (1) and base in eqn (2)) or a
two-electron pathway leading to the production of H,0, (acid in
eqn (3) and base in eqn (4)). The thermodynamic equilibrium
potentials are versus the reversible hydrogen electrode (RHE).

O, +4H +4e” — 2H,0 E°=1.23V (1)

0, +2H,0 +4e~ — 40H  E°=1.23V (2)
0, +2H"+2¢~ - H,0, E°=0.70V (3)
0,+H,0 +2¢~ — HO,” +OH™ E°=0.74V (4)

Note that in alkaline electrolyte solutions (pH > 11.6), the
product of the two-electron pathway changes from H,O0, to
HO, ; the thermodynamic equilibrium potential changes
accordingly.

Fig. 2a illustrates the electrocatalytic 2e~ ORR process,
including the mass transfer of O, from the bulk electrolyte to
the electrode surface, adsorption of O, at the electrode surface,
electrocatalytic reduction of O, to H,0,, desorption of H,0,,
and the mass transfer of H,0, back to the bulk electrolyte. The
adsorption of O,, charge transfer at the interface, and
desorption of H,O, are directly linked to the catalyst

© 2025 The Author(s). Published by the Royal Society of Chemistry

performance, while the mass transfer of both O, and H,0, is
primarily influenced by the reaction reactor configurations.

ORR processes involve multiple electron and proton transfers,
and several reaction intermediates (Fig. 2b). O, can be fully
reduced to H,O through the dissociative pathway or reduced to
H,0, through the associative pathway. In the associative pathway,
0, is reduced to form the *OOH intermediate first (eqn (5)), which
is subsequently reduced to generate H,O, (eqn (6)). Notably, the
*OOH intermediate can also dissociate, and is consequently
reduced to H,O (eqn (7)—(9)). Besides, H,O, can also be further
reduced to form H,0 (H,O,RR), as shown in eqn (10).

0, +*+H"+e  — *OOH (5)
*OOH + H" + e~ — H,0, + * (6)
*OOH + H' + e~ — H,0 +*0O 7

*O+H +e — *OH (8)

*OH+H +e — H,0+* 9)

H,0, + 2H" + 2¢~ — 2H,0 (10)

The 2e” ORR mechanism highlights the crucial role of the
*OOH intermediate; thus, the binding energy of AG.oon has
been generally accepted as the descriptor for the 2e~ ORR.
Fig. 2c presents the volcano plot of the 2e” ORR on carbon
catalysts with various oxygen functional groups. Catalysts on
the right branch exhibit weak binding to *OOH, making it
difficult for *OOH formation, while the catalysts on the left
bind to *OOH too strongly, leading to O-O bond cleavage and
ultimately forming H,O. Catalysts with the optimal *OOH
binding energy, favoring *OOH formation and further
desorption, exhibit an ideal 2e” ORR performance.

EES Catal., 2025, 3, 359-385 | 361
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Fig. 2 (a) Schematic of the 2e™ ORR process; (b) schematic of ORR mechanisms including dissociative and associative pathways; (c) calculated 2e~ ORR

volcano plot, with the limiting potential plotted as a function of AG«oow, reprinted with permission from ref. 37. Copyright 2018, Springer Nature.

Selectivity, activity, and stability are the key parameters for
evaluating 2e~ ORR catalysts. For fundamental studies, the
rotating ring-disk electrode (RRDE) is commonly used, wherein
0, is reduced at the disk electrode, and the produced H,0, will
be detected at the Pt-ring electrode. The H,0, molar selectivity
can be calculated using eqn (11).

|ir/N|

— %200
lir/N| =+ |ip|

Hy0, (%) = (11)
where iy is the ring current, N is the collection efficiency, and ip,
is the disk current.

Faraday efficiency (FE), is also an important parameter to
evaluate H,O, selectivity, if the energy consumption is the
major concern (eqn (12)).>®

x 100

iR/ N

H,0FE (%) = |~
D

(12)

The H,O, selectivity data obtained using RRDE cannot accu-
rately reflect the selectivity in actual reactors, such as H-cells and
flow-cells. The discrepancy arises because H,O, can be rapidly
transferred and detected on RRDE, while in actual reactors, the
H,0, generated on the electrode surface may proceed with further
reduction before detection, resulting in a lower detected selectivity.®
Typically, the FE of H,O, in actual reactors (Agg) is calculated using
titration and/or UV-vis spectrophotometry, following eqn (13).

2CVF

e (%) = » 100

(13)

362 | EES Catal, 2025, 3, 359-385

where C, V, F and Q are the cumulative concentration of H,0, (mol
L"), total electrolyte volume (L), Faraday constant (96 485 C mol ")
and total electric charge consumed (C) respectively.

The 2e~ ORR activity of catalysts can be compared using
onset potential and overpotential. Typically, the onset potential is
defined as the potential at which the ring current density reaches
0.1 mA cm 2. Catalyst stability can be evaluated by comparing the
2e~ ORR performance changes before and after the accelerated
durability test, or the current density decline during the chron-
oamperometry test.>® The Pt-ring electrode should be cleaned in a
timely fashion, since its surface could be oxidized during the
stability test, making the quantification of H,0, inaccurate.*’

3 Carbon electrode surface wettability
and interface microenvironment
3.1 Carbon electrode surface wettability management

The management of electrode surface wettability has garnered
increasing attention with the continuous development of elec-
trocatalytic reaction systems, especially for reactions involving
gaseous reactants or products, for which the optimization of
surface wettability is essential. The interaction between gases,
electrolytes and catalysts significantly influences the perfor-
mance of those gas-involving reactions.

3.1.1 Fundamentals in the management of surface wett-
ability. In general, the electrode surface can exhibit three
distinct wetting states when in contact with the electrolyte:**

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the Wenzel state, when the electrode is fully wetted by the
electrolyte; the Cassie state, when the electrode remains com-
pletely non-wetted by the electrolyte; the Wenzel-Cassie coex-
istent state for the intermediate condition (Fig. 3a). Matching
the appropriate electrode wetting state for a specific reaction
type is critical for accelerating the reaction rate.*>**

Gas-involving electrocatalytic reactions include gas-evolution
reactions (GERs) and gas-consuming reactions (GCRs). For GERs,
most studies focus on adjusting the electrode surface to the Wenzel
state, which facilitates the timely removal of gas bubbles generated
during the reaction due to its strong hydrophilicity, and allows full
recovery of active sites on the electrode surface.”’™*° For GCRs, the
surface wettability must be carefully tailored due to the varying
diffusion paths of gaseous reactants in reaction systems.

The 2e” ORR is a typical gas-consuming reaction. When O,
diffuses to the electrode surface in the form of dissolved

Increasing hydrophobicity
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oxygen, hydrophilic electrodes in the Wenzel state are consid-
ered advantageous, and are commonly used in fundamental
research systems like RRDE and H-cells.”® For instance, a
honeycomb carbon nanofiber (HCNF) electrode with a nearly
zero contact angle could increase the H,O, selectivity from 65%
to 97% in the RRDE system.>® Recently, by heat-treating the
porous carbon materials (HGC) at different temperatures, You
et al.® found that HGCss, treated at 550 °C with the highest
hydrophilicity showed superior 2e” ORR performance com-
pared with other electrodes with relatively low hydrophilicity.
Further H-cell experiments demonstrated that HGCs5, operated
stably with 95% H,O, selectivity for 12 hours, achieving a
cumulative H,O, concentration of up to 4000 ppm, among
the top performances using the H-cell configuration.

The O, mass transfer in the GDE system is more compli-
cated and noteworthy. Initially, gaseous O, diffuses through the
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species transfer at the electrode scale, and (c) H,O, production performance of CB/Nafion-thin and CB/PTFE-thin electrodes at different current
densities; (b) and (c) are reprinted with permission from ref. 29 copyright 2024, Springer Nature; (d) the evolution of electrode surface wetting states and
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and GDE cells at different wetting states; data were taken from ref. 46.
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GDE substrate, and further reaches the active sites in the
catalyst layer through the gas phase and/or aqueous diffusion
(diffusion in gaseous oxygen and/or dissolved oxygen) depend-
ing on the wettability of the catalyst layer.*® When the GDE
surface is fully hydrophilic (Wenzel state, left in Fig. 3b),*® gas
channels are easily flooded by the electrolyte, and O, can only
diffuse in the dissolved form, which results in a sluggish
reaction rate because the diffusion coefficient of dissolved
oxygen is three orders of magnitude slower than that of gaseous
oxygen in GDE.>>* On the other hand, when the surface is in a
fully hydrophobic Cassie state, proton transfer from the elec-
trolyte to the electrode surface will be hindered, which is
detrimental to the reaction. Therefore, the GDE surface should
be neither excessively hydrophilic nor hydrophobic. When the
GDE surface is in a Wenzel-Cassie coexistent state, a gas-solid-
liquid three-phase boundary is achieved on the electrode
surface, facilitating both O, and proton transfer, and in turn
the efficient production of H,0, (right in Fig. 3b).>****® In
addition, wettability management is also decisive for the effi-
cient mass transfer of the produced H,0,. The reactive electron
flux distribution on the hydrophilic electrode surface is in the
catalytic layer immersed in the electrolyte, which can easily
induce unwanted HER and H,O,RR; when the electrode is in a
Wenzel-Cassie coexistent state, the reactive electron flux will be
distributed on the three-phase boundary to perform the 2e™
ORR. As evidenced in Fig. 3c, the H,0, yield of the hydrophilic
CB/Nafion-thin electrode initially increased and then decreased
with increasing current density, while the yield of the CB/PTFE-
thin electrode in the Wenzel-Cassie coexistent state increased
continuously, which was attributed to the fast mass transfer
rate of the produced H,0,.2° The evolution of electrode surface
wettability was experimentally observed by Xia et al.*> As shown
in Fig. 3d, the electrode surface in the Cassie state exhibited low
current during the first 100 seconds. The electrode surface
quickly transitioned to a Wenzel-Cassie coexistent state, which
exhibited the highest activity and selectivity, lasting for nearly
2000 seconds. As the reaction further progressed, the electrode
surface shifted to a Wenzel state, resulting in a sharp drop in
current from 400 mA to 100 mA, and a reduction in apparent
current efficiency (ACE) from 100% to 55%, which was attrib-
uted to the flooding by the electrolyte.

Generally, the carbon electrode wettability can be adjusted
by controlling the surface functional groups and/or doping with
heteroatoms. Note that the intrinsic activity will also be altered
simultaneously, which should be considered when adjusting
the electrode wettability. By modifying the hydrophilicity/
hydrophobicity of carbon black (CB) electrodes, Xing et al.*®
found that the CB electrodes exhibited different trends for their
surface hydrophilicity/hydrophobicity in RRDE and GDE con-
figurations (Fig. 3e). In RRDE, the activity of CB increased
significantly with increasing hydrophilicity, while increasing
its hydrophobicity hardly affected the activity. Nevertheless, the
performance of GDEs after both hydrophilic and hydrophobic
modifications exhibited a double volcano (M-shaped) correla-
tion with the hydrophilicity/hydrophobicity of CB. Both F-
doping and O-doping affected the 2e~ ORR performance of

364 | EES Catal., 2025, 3, 359-385
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carbon electrodes by influencing the number of TPIs. For the
hydrophobically modified electrode (F-doped), the number of
TPIs initially increased with increasing hydrophobicity, while
excessive hydrophobicity would decrease the number of solid-
liquid interfaces, thus decreasing the current density. For a
hydrophilic modified electrode (O-doped), the activity initially
increased due to increased intrinsic activity and increased
solid-liquid interfaces, receiving more dissolved oxygen from
the electrolyte. However, further hydrophilic treatment leads to
electrode flooding, reducing the TPIs. Further stability tests
showed that the hydrophobically optimized electrode (C-F-400)
maintained a stable current density of 200 mA cm~> and a FE of
90% for at least 12 hours, whereas the hydrophilic optimized
electrode (C-O-6h) exhibited an 80% decrease in current density
within 4 hours, due to severe electrode flooding.

The aforementioned studies suggest that appropriate hydro-
phobic modification is preferred to enhance the overall 2e™
ORR performance when using the GDE system. In general,
there are two main strategies for hydrophobic modification of
electrodes: using hydrophobic polymers and increasing the
roughness of the electrode surface.>*>¢

3.1.2 Managing surface wettability using hydrophobic
polymers. Typically, GDE is prepared by dispersing the powder
catalyst and binder in water or isopropyl alcohol to create a
catalyst ink, and depositing the ink on the gas diffusion layer
(GDL) by drop coating, spraying or immersion. As polytetra-
fluoroethylene (PTFE) has exceptional hydrophobicity, high
chemical stability and low cost,*® it is commonly incorporated
into the GDE fabrication to modify the wettability of the carbon
electrode. For instance, Zhang et al.’’ pretreated the catalyst
layer with PTFE, and fabricated an air diffusion electrode with
stable TPIs (Fig. 4a), which demonstrated a 5.7 times higher O,
diffusion coefficient than that of untreated GDEs, enabling
efficient and stable H,0, production (101.67 mg h™' cm?)
with a high O, utilization efficiency (44.5%-64.9%).

When subjected to heat treatment above 350 °C, PTFE will
melt and bond with the carbon materials, which further
enhances the hydrophobicity of carbon electrodes. By calcinat-
ing PTFE-containing GDE at 360 °C, Yu et al.®" successfully
improved the H,0, yield to 472.9 mg L™ ". Scanning electron
microscope images showed that the carbon fibers were tightly
bonded with PTFE, and contact angle tests confirmed increased
hydrophobicity.

It has to be pointed out that, the calcination process of PTFE
will potentially block the active sites since PTFE can encapsu-
late carbon materials at high temperatures, and its agglomera-
tion can obstruct the pore structure of GDE.®® To solve these
issues, PTFE nanoparticles (NPs) are directly used without heat
treatment to enhance the hydrophobicity of carbon electrodes
and prevent active site blockage. Hu et al.>® physically mixed
PTFE NPs with carbon nanotubes (CNT-NH,) to create hydro-
phobic electrodes. As illustrated in Fig. 4b, the electrode
surface without PTFE NPs was in a fully wetted Wenzel state,
where O, could only participate in the form of dissolved oxygen.
When the PTFE mass ratio increased to 60%, the electrode
surface converted to a completely non-wetted Cassie state, thus

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) The fabrication process of hydrophobic air diffusion electrodes, reprinted with permission from ref. 57, copyright 2020, Springer Nature;

(b) schematic of the CNT-NH,/PTFE electrodes with different PTFE mass loading, reprinted with permission from ref. 58, copyright 2023, Wiley-VCH;
(c) schematic of the short-range effect of PTFE NPs and optimization strategy using a thin and intact polymer layer on the catalyst surface, adapted from
ref. 59; (d) the PTFE/PMHS-GDE fabrication process, reprinted with permission from ref. 60, copyright 2024, Elsevier.

hindering the contact between the electrode and electrolyte.
When the PTFE mass ratio was 40%, the electrode surface
achieved a partially wetted Wenzel-Cassie coexistent state,
enabling the formation of TPIs, and thus improving the H,0,
production.

Despite its excellent performance in modifying the surface
wettability, the addition of PTFE reduces the ionic conductivity,
thus hindering the electrocatalytic reaction. To address this
issue, Rawah et al.®® incorporated sodium polystyrene sulfonate
(AS-4), an anionic conducting polymer, into the PTFE layer,
which established an anionic transport channel and enhanced
the ionic conductivity, enabling efficient HO, transfer.
The modified carbon electrode achieved a current density of
250 mA cm™ 2 at 2.2 V with a H,0, selectivity above 90%.

Another issue associated with PTFE is that the physical
mixing of PTFE NPs with carbon catalysts to construct TPIs
may have a shortrange effect, which may only modify the
hydrophobicity of catalyst particles nearby. This phenomenon

© 2025 The Author(s). Published by the Royal Society of Chemistry

has been observed in a recent study using the same strategy to
construct TPIs for electrochemical reduction of CO, (CO,RR),*
and the authors suggested that decorating a thin hydrophobic
polymer layer on the catalyst surface could enable the hydrophobic
modification for all the catalyst particles, and enhance electro-
catalytic performance by forming abundant TPIs. This concept can
be potentially applied in H,O, electrosynthesis, as illustrated in
Fig. 4c. Recently, Xia et al.*® employed a novel molecular engineer-
ing strategy by binding polymethylhydrosiloxane (PMHS) onto the
catalyst surface to achieve hydrophobic modification of the carbon
electrode, which exhibited higher H,0, yield and better stability
compared to conventional GDEs (Fig. 4d). Similarly, Wang et al.**
used 1-octadecanethiol (ODT) for surface decoration to prepare a
hydrophobic electrode (HMCSs@ODT), which exhibited enhanced
2e¢~ ORR performance. Using hydrophobic polymers offers a
general strategy for hydrophobicity management, and further
efforts should be focused on developing more stable and
environment-friendly hydrophobic polymers for H,O, production.
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3.1.3 Managing surface wettability by tuning the electrode
microstructure. Microstructural engineering of the electrode
surface offers a superior alternative to hydrophobic polymer
modification, which enables self-modification of the electrode
wettability by altering the surface roughness.’® This approach
fundamentally avoids the use of hydrophobic polymers, pre-
venting potential issues such as active site blockage and
reduced ionic conductivity.

The wettability of electrodes is directly linked to the wettability
of the catalysts, and electrodes composed of hydrophobic catalysts
typically exhibit hydrophobic properties. For instance, Cao et al.*®
synthesized a highly hydrophobic N-doped carbon catalyst (NPC)
with ZIF-8 as the precursor, which enhanced the gaseous oxygen
utilization. Consequently, the NPC electrode maintained a FE of
90% under 250 mA cm™ > and operated it stably at 100 mA cm >
for 200 hours, while the hydrophilic treated NPC electrode
experienced severe water flooding in less than 10 hours. Another
study illustrated that N-doped carbon catalysts with higher por-
osity possessed better 2e” ORR performance,®® which probably
was also attributed to the higher hydrophobicity.
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Considering the high preparation costs of hydrophobic
catalysts, it is more practical to engineer microstructures with
rough surfaces directly onto the electrode to manage the
hydrophobicity. Plasma-enhanced chemical vapor deposition
(PECVD) can be used to create carbon structures with precise
size and morphology on electrodes,’” *® which has been well-
established and may be suitable for large-scale preparation of
hydrophobic electrodes for H,O, electrosynthesis. Wang et al.”®
used the PECVD method to grow ordered vertical graphene (VG)
arrays on carbon paper, which exhibited enhanced hydropho-
bicity and 2e~ ORR performance compared to those with a
disordered graphene electrode, delivering a superior selectivity
of 94% and a H,0, yield of 61.3 mg h™" cm™> at 100 mA cm 2.
It was reported that subsequent vacuum treatment could lead
to the formation of hydrocarbons at the edges of the graphene
structure and enhance the hydrophobicity of VG electrodes.”"”?
Zhang et al.”® applied similar methods to prepare a hydropho-
bic self-supporting GDE, which ensured the formation of TPIs
during the electrocatalytic process, exhibiting 97% selectivity
and improved 2e~ ORR activity (Fig. 5a).
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Fig. 5 (a) Schematic of the er-VG-PTFE/vac fabrication process, and the LSVs measured in 0.1 M KOH, reprinted with permission from ref. 73, copyright
2023, Elsevier; (b) schematic of the electrowetting effect, adapted from ref. 74; (c) structurally continuous (CCP) and discontinuous (DCP) CB-PTFE film
electrodes, (d) calculated capillary pressure for the dense region and crack region of the DCP surface vs. contact angle, (e) contact angles of CCP (left)
and DCP (right) electrode surfaces during the reaction, and (f) stability comparison of CCP and DCP electrodes; (c)-(f) are reprinted with permission from
ref. 75, copyright 2024, Royal Society of Chemistry; (g) contact angles for five polymer/Cu GDEs at —0.5 A cm™2 (left) and water uptake ability of five
polymers (right), reprinted with permission from ref. 76, copyright 2024, Springer Nature; (h) flooding behavior comparison of alumina and carbon-based
GDLs during electrolysis, reprinted with permission from ref. 77, copyright 2024, American Chemical Society.
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Although many strategies have been developed to enhance
electrode hydrophobicity, the electrowetting phenomenon, refer-
ring to the transition of an electrode surface from a hydrophobic
state to a hydrophilic state due to the electric field-driven
reduction of solid-liquid surface tension,”*”® is unavoidable
and has often been overlooked. Electrowetting will result in a
decreased contact angle on the electrode surface (eqn (14),
Fig. 5b),”* which is more pronounced in catalysts and/or electro-
des without intentional hydrophobic modifications, posing a
risk of electrode flooding.

0Er (U _ Uo)z

&
cosOy = cosby +
2dy

(14)

Eqn (14) is the Lippmann-Young equation, where 6 and 6,
are the contact angles between liquid and solid at U and Uy; ¢,
and ¢, are the absolute dielectric constant in vacuum and the
relative dielectric constant of the dielectric; d is the average
thickness of the dielectric; y; g is the surface tension coefficient
at the interface between liquid and gas.

Suppressing electrowetting is crucial for the industrializa-
tion of H,0, electrosynthesis, and researchers have mainly
focused on the electrode microstructure, polymer coatings,
and GDL materials to mitigate this inevitable phenomenon.
Recently, Cui et al.”® developed discontinuous CB-PTFE films
(DCP) with anti-electrowetting properties, which improved the
H,O0, production rate compared to traditional continuous CB-
PTFE films (CCP), as shown in Fig. 5c. Cracks on the surface of
the DCP electrode caused spatial discontinuities that weakened
the electric field, thereby reducing the electrowetting effect.
The lower capillary pressure in the cracked region (Fig. 5d)
prevented the DCP electrode from being excessively hydrophilic
or hydrophobic, constructing efficient TPIs. The contact angles
of the dense region in both CCP and DCP electrodes were
severely dropped from 122.5° to 52.3° and from 120.1° to 63.9°,
respectively, exhibiting susceptible electrowetting properties.
In contrast, the crack region of the DCP electrode showed stable
hydrophobicity after 10 hours of electrolysis (from 111.7° to
91.4°), which further confirmed its excellent anti-electrowetting
property (Fig. 5e). No electrode flooding was observed during
the 1000-hour stability test for the DCP electrode at 30 mA
cm ™2, while the CCP electrode was flooded within the initial
few hours (Fig. 5f). The overall anti-electrowetting ability of the
electrode can also be enhanced by using hydrophobic poly-
mers, as evidenced in previous studies on the CO,RR.”®”’
As shown in Fig. 5g, the contact angle of the electrode,
modified by the most commonly used Nafion, decreased shar-
ply within only 30 min and ended up at 82.2°. Surprisingly, the
PT95-modified electrode exhibited super stable hydrophobicity
(151.7°), exhibiting excellent anti-electrowetting properties dur-
ing the CO,RR. These phenomena may be related to their water
uptake abilities (14.8 wt% for Nafion; 0.26 wt% for PT95, shown
on the right in Fig. 5¢).”® It was also observed that the inherent
conductivity of GDL plays a crucial role in electrowetting
(eqn (14)), and materials with high conductivity, e.g. carbon, have
been proven to be more easily flooded.” Recently, Haaring et al.””
replaced the generally used carbon powder with non-conductive

© 2025 The Author(s). Published by the Royal Society of Chemistry
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dielectric alumina to diminish the electrowetting effect, and
found that the alumina GDL exhibited excellent resistance to
electrowetting (over 10 hours), whereas the carbon GDL experi-
enced severe flooding within only 2.5 hours (Fig. 5h).

3.2 Carbon electrode interface microenvironment modification

The carbon electrode surface wettability management physically
establishes stable TPIs, facilitating efficient O, mass transfer and
ensuring highly efficient and stable H,O, electrosynthesis. The
chemical microenvironment at the electrode-electrolyte interface
also affects the activity and selectivity for H,O, electrosynthesis.

The electrocatalytic reaction occurs within the confined
nanoscale space between the electrode and electrolyte, known
as the electrode-electrolyte interface.®’ The electric double
layer (EDL) model, which consists of the inner Helmholtz plane
(IHP), outer Helmholtz plane (OHP) and diffusion layer, has
been used to describe the electrode-electrolyte interface.®"

The ions and solvent water molecules adsorbed in the
double layer create the EDL microenvironment, which can be
optimized to enhance the 2e” ORR performance. The potential
of zero charge (PZC) refers to the potential at which an
electrode has zero net charge, serving as a key parameter in
describing the double-layer structure. When the working
potential of the 2e” ORR is higher than the PZC, the electrode
becomes positively charged, causing water molecules and
anions to aggregate in the IHP due to electrostatic forces, while
repelling cations from the electrode interface. Conversely, when
the working potential of the 2e” ORR is below the PZC, the
electrode carries negative charges, which results in the distri-
bution of water molecules in the IHP with hydrogen atoms in
water orienting towards the electrode interface.** The high
degree of hydration and large hydration radius of alkali metal
cations (AMCs) make it difficult to reach the IHP at the
electrode—-electrolyte interface, and it is generally regarded that
the hydrated AMCs will accumulate in the OHP under the
influence of electrostatic attraction.®®

In order to reach industrial-level current density, the working
potential has to be set below PZC, which leads to the accumula-
tion of adsorbed AMCs at the electrode surface, causing the
cation effects.®»® Specifically, the cation effects alter the hydro-
gen bond network connectivity, affect proton transfer, enhance
the interface electric field strength, and influence the stability of
reaction intermediates, which is directly related to the 2e” ORR
performance. Therefore, optimizing the electrode interface
microenvironment is essential to enhancing the H,O, electro-
synthesis performance.

3.2.1 Adjusting protons at the reaction interface. It is
observed that the FE of carbon electrodes tend to decline as
the reaction overpotential increases, which is attributed to the
side reaction of the H,O,RR.%¢ Maintaining high H,0, selectiv-
ity across a wide potential window is central to large-scale H,O,
production. Modulating the reactant proton by reducing both
proton concentration and transfer rate will inhibit the H,O,RR.
Besides, carbon electrodes typically exhibit good 2e~ ORR
activity in alkaline electrolytes, but their activity diminishes
under neutral and acidic conditions.® Reducing the proton
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concentration at the electrode interface could create an
alkaline-like microenvironment, which enhances the 2e~ ORR
activity, and expands the applications of carbon electrodes to
broader scenarios.

Adjusting protons using AMCs. AMCs can be used to modify
the proton concentration at an electrode interface.?””*® By adding
trace amounts of Na' into H,SO, electrolyte, it was found that
under industry-relevant current values, negatively charged car-
bon electrodes could accumulate protons and Na® at the elec-
trode interface by electrostatic interaction. Molecular dynamics
simulations revealed that Na“ was more competitive in occupy-
ing the double layer at the electrode interface, effectively repel-
ling protons. This shielding effect of Na* on protons significantly
reduced the proton concentration at the electrode interface,
creating an alkaline-like microenvironment that improved
H,0, electrosynthesis, and this effect continued as the Na'
concentration increased. By adding 0.1 M Na', the overpotential
of the carbon electrode decreased by 0.6 V at 400 mA cm ™2, and
the selectivity increased by nearly 80% (Fig. 6a).%

AMCs can also modify the proton transfer rate to the
electrode interface. Recently, Cao et al.®® investigated the cation
effect on proton transfer rate by adding K into the H,SO,4
electrolyte. The solvated K" in the OHP reduced the connectivity
of the hydrogen-bonds (H-bonds) network near the electrode
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surface, and inhibited the transfer of H;O" to the electrode
interface. Molecular dynamics simulations revealed that K*
promoted H,O dissociation at the electrode interface, facilitat-
ing the protonation of *O, or *OOH. Additionally, solvated K*
and nearby H,O could interact with the *OOH intermediate at
the electrode interface, and enhance its stability (Fig. 6b).

Adjusting protons using organic additives. Cationic surfactants
such as dodecyl tricaprylmethylammonium chloride (Aliquat 336),
tetrabutylammonium bromide (TBAB), trimethylammonium bro-
mide (DTAB), and cetyltrimethylammonium bromide (CTAB) can
also adsorb on the electrode surface by electrostatic interaction as
AMCs, and their unique chemical structures can introduce more
possibilities. Gyenge et al.”* found that electrostatically adsorbed
Aliquat A336 molecules were able to replace protons on the
carbon electrode surface, reducing the proton concentration at
the electrode interface. The pH value at the carbon electrode
interface was estimated to increase from 0.9 to 9.4 in 0.1 M H,SO,
electrolyte, which improved the 2e~ ORR performance of the
carbon electrode. TBAB was also found to enhance H,0, produc-
tion on carbon electrodes through a similar mechanism.*

As water molecules serve as the proton donor for the 2e” ORR
in alkaline electrolytes, and the H-bonds network at the electrode
interface dominates proton transfer rate to the interface,
controlling the number or altering the structure of H-bond
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(a) Schematic of the 2e™ ORR in acid with/without AMCs under an industry-relevant current, reproduced with permission from ref. 86 copyright

2022, Springer Nature; (b) schematic of the solvated AMCs and adsorbed *OOH, reproduced with permission from ref. 89, copyright 2024, Wiley-VCH;
(c) schematic of the interfacial H-bond network: H,O—-H,O H-bonds enable fast proton transfer (case 1), weakened H-bonds induced by DTAB (case Il),
and structurally altered H-bonds induced by DMSO (case Il1); both cases Il and Ill resulted in slow proton transfer; adapted from ref. 90 and 91.
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networks can regulate the proton transfer rate and inhibit the
H,O,RR. Fan et al.°® found that DTAB molecules adsorbed on
the carbon electrode could repel water molecules away from the
electrode interface. Therefore, the intensities of strong H-bonds
in water and weak H-bonds in water at the electrode interface
decreased from 3.02 to 0.69 and from 4.25 to 0.36 respectively,
which weakened the strength of the H-bond network. Conse-
quently, the proton transfer rate in the electrode interface was
hindered, which inhibited the H,O,RR and enhanced H,O,
selectivity from 75% to 91% (case II in Fig. 6¢).

However, the adsorption of cationic surfactants on the elec-
trode may block the active sites and reduce electrode conductivity.
Dimethyl sulfoxide (DMSO) is a strong hydrogen bond acceptor
that can form robust H-bonds with water molecules, which was
found to alter the original H-bond network structure.”® Recently,
Fang et al.’® investigated the effect of DMSO on H,0, electro-
synthesis at carbon electrodes by altering the H-bond network.
The result revealed that the DMSO formed stronger H-bonds with
H,0 (DMSO-H,0 H-bonds) compared to H,0-H,0 H-bonds. As
DMSO could not supply protons, and the stronger H-bonds
further inhibited water dissociation, this limited proton transfer
to the electrode surface and in turn improved H,O, selectivity
from 60% to 90% (case III in Fig. 6¢).

Adjusting protons by engineering carbon electrode microstruc-
tures. Although the addition of cationic surfactants and organic
solvents to an electrolyte can modify proton at the electrode
interface, it inevitably introduces impurities into the H,O,
solution. Designing the microstructure of carbon electrodes
enables self-modification of protons at the electrode interface.
For instance, Yang et al.®” built an O,-accumulation interface
microenvironment by introducing a hydrophobic microporous
layer into the GDE substrate, which promoted the proton-
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consuming rate and inhibited further protonation of H,O,,
achieving approximately 100% H,O, selectivity. Recent studies
reported that precisely engineered carbon electrode structures,
such as mesoporous hollow nanoreactors (MHNs),%®
porous carbon nanosheets (MeCNs),”® and micro/mesoporous
N, O co-doped carbon nanosheets (N, O-CNS,),"*® showed
similar promoting effects by adjusting protons at the electrode
interface and improved 2e~ ORR performances.

It is worth noting that although an alkaline-like microenvir-
onment at the electrode interface improved 2e~ ORR perfor-
mance, the negatively charged carbon electrode tends to repel
OH™ from the electrode surface to bulk solution, offsetting the
promoting effect of alkaline-like microenvironments.'®" Lewis
acids were found to accept a pair of electrons from OH ™, forming
new chemical bonds that could enhance OH™ adsorption.**%
Based on this, Li et al.'® synthesized Lewis acid TiO, modified CB
(CB-xTiO,) catalysts using a thermal decomposition method; TiO,
adsorbed in situ generated OH ™~ and established a stable alkaline-
like microenvironment, which improved the H,0, yield in neutral
electrolyte (52.5 mmol L™ h™ %) close to that in alkaline electrolyte
(58.4 mmol L' h™").

3.2.2 Controlling the electric field at the reaction interface.
The electric field at the electrode-electrolyte interface plays
a central role in driving the electrocatalytic reactions. Kelly
et al.’® developed a microkinetic model for the ORR, by
incorporating the electric field effects into the established
computational hydrogen electrode model, and demonstrated
that the binding energies of key intermediates such as *OOH,
*0, and *H,0, increased with the enhancement of the inter-
facial electric field (Fig. 7a). This study established a correlation
between the binding energies of ORR intermediates and the
electric field strength, providing a solid theoretical foundation
for future research in this area.
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(a) Influence of simulated interfacial electric fields on the adsorption energies of various intermediates during the ORR, reprinted with permission from

ref. 105, copyright 2020, American Chemical Society; (b) AMC size effect on the electric field, the large radius AMC (Cs*) enhanced electric field more
pronouncedly than the small radius AMC (Li*), adapted from ref. 106; (c) parameters in pulsed potential and their effects on electric field, adapted from ref. 107.
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Addition of AMCs not only adjusts the proton at the elec-
trode interface, as discussed in the previous section, but also
modifies the electric field strength, which originates from the
electrostatic interactions between the negatively charged carbon
electrodes and AMCs.'%*'% Density functional theory calcula-
tions revealed that solvated K" in the double layer increased the
interfacial electric field strength by 0.77-1.44 V A™*, and the
AMC-induced interface electric field effect could shift AG«oon
toward the top of the activity volcano plot.®

The AMC-induced interface electric field effect was also
found to relate to the size of AMCs. A study showed that the
enhancement was in the order of Cs* > K" > Li"."% Li" with
smaller radius and higher charge density, attracted more water
molecules and formed a larger hydration layer. Instead, Cs"
formed a smaller hydration layer due to its larger radius,
making it easier to approach the electrode surface, which
enhanced the interfacial electric field strength (Fig. 7b).
Increasing the concentration of AMCs could further enhance
the interfacial electric field strength, thus improving H,O,
electrosynthesis performance.

Similarly, adding cationic surfactants to the electrolyte can also
modify the interfacial electric field strength through electrostatic
effects. Chen et al."*® hypothesized that the adsorption of CTAB
could reduce the distance between the OHP and IHP in the
double layer, which enhanced the electric field strength at the
electrode interface, and in turn optimized the binding energy of
the *OOH intermediate. Consequently, the ORR activity increased
by three-fold, and the H,O, selectivity improved from 60% to 93%.
The electric field strength at the electrode interface could also be
modified by preparing electrodes with specific morphologies.'"*
For example, by using an Au needle electrode, the electric field
strength increased by ten-fold, resulting in significantly improved
CO,RR performance.' This tip-induced electric field strength
effect could be applied in the H,O, electrosynthesis, however, to
the best of our knowledge, no relevant research has been con-
ducted in the field of the 2e” ORR.

Electrochemical techniques, such as pulse voltammetry, have
been used to directly modify the strength of the electric field at the
electrode interface, as shown in Fig. 7c. Key parameters include
the cathodic pulsed potential (E.), cathodic pulsed duration (T),
rest potential (E,) and rest duration (7). Different from the
constant potential electrocatalysis, pulse electrocatalysis involves
repetitive charging and discharging of the electrode and modifies
the electric field periodically. Ding et al."*”""* demonstrated that
the pulse electrocatalysis method could modify the adsorption of
*OOH intermediates by affecting the interface electric field
strength. The discharging of the EDL at rest potential resulted
in a reduced electric field strength at the electrode interface,
decreasing the adsorption strength of the *OOH intermediate,
which consequently increased the H,O, yield by 138%.

4 Reactors for H,O, electrosynthesis

Managing the surface wettability and modifying the interface
microenvironment of carbon electrodes play critical roles in
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improving the 2e~ ORR performance. Moreover, the design of
reactor configurations directly influences the practical perfor-
mance of H,0, electrosynthesis. In this section, the design of
the reactor key components will be further reviewed; the
challenges and mitigation measures in real-world electrosynth-
esis will also be discussed.

4.1 Reactor design

4.1.1 Key components in a reactor. A flow-cell reactor
typically consists of two flow field plates (FFP), two electrolyte
compartments (EC), a cathode, an anode, and an ion exchange
membrane (IEM), as shown in Fig. 8a. Although numerous
catalysts have been developed for the 2e™ ORR, their performance
evaluations were limited to laboratory-scale devices such as RRDE
and H-cell,®*"*''* and only few studies have focused on the
optimization of GDE reactors to evaluate the practical perfor-
mance of H,0, electrosynthesis."*>'"” The design of reactor key
components has a significant impact on electrocatalytic perfor-
mance. For example, high ohmic resistance and low gas diffusion
efficiency within the reactors can hinder effective H,O, produc-
tion, which necessitates the optimization of reactor systems.

The flow field plate (FFP) is a crucial component of the
reactor, which supports the reactor structure, conducts electrons,
and transports gaseous reactants.* The geometric design of gas
flow channels in the FFP includes a straight parallel channel,
serpentine channel, and interdigitated channel."*® A well-designed
gas flow channel can effectively regulate the flow rate of O, to the
electrode, ensuring uniform distribution across the electrode sur-
face and reducing pressure loss,"*® which subsequently improves
the O, diffusion efficiency and H,O, production.

Current studies have generally utilized a serpentine flow chan-
nel and interdigitated channel for H,O, electrosynthesis,*>'*! as
illustrated in Fig. 8b. The serpentine flow channel (left in Fig. 8b)
allows O, to flow from the inlet to the outlet along the path,
resulting in the parallel diffusion of O, to GDE. Nevertheless, a
significant loss of gas pressure will be observed in a long serpen-
tine channel, which will reduce the O, supply near the outlet of the
channel and lead to electrode flooding.'”> In the interdigitated
channel (on the right in Fig. 8b) the O, at the inlet initially diffuses
parallelly to the GDE and is then forced to diffuse vertically into the
electrode, which effectively enhances the mass transfer of O, to the
GDE." Electrocatalytic performance comparison between the ser-
pentine and interdigitated flow channels showed that the current
densities of H,O, in both channels increased linearly with the
rising overpotential at a current density below 100 mA cm ™2
Moreover, the current density in the interdigitated channel kept
increasing at a current density above 100 mA cm 2, while it
decreased in the serpentine channel due to the insufficient O,
diffusion induced electrode flooding (Fig. 8c).*

Materials with high mechanical strength, excellent electrical
conductivity, and high durability to corrosion are required for
FFP fabrication in H,0, electrosynthesis. Stainless steel is com-
monly applied in FFP fabrication due to its high mechanical
strength and conductivity, but its durability is unsatisfactory as
the generated H,O, accelerates the corrosion and oxidation of
metallic steel, forming metal oxide films that increase the contact

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) Key components in a typical flow-cell reactor; (b) schematic of the FFPs with a serpentine flow channel (left) and interdigitated flow channel

(right), reproduced with permission from ref. 31, copyright 2021, Springer Nature; (c) H,O, current densities using a serpentine flow channel and
interdigitated flow channel; data were taken from ref. 30; (d) schematic of H,O, electrosynthesis using two reactors with different EC thicknesses (27 mm
and 3.5 mm), and their H,O, electrosynthesis performance, reprinted with permission from ref. 118, copyright 2023, Springer Nature.

resistance between the FFP and GDE.>* Compared to metallic
materials, graphite sheets offer high durability for H,O, electro-
synthesis while maintaining high conductivity, but suffer from
low mechanical strength and potential gas permeability issues.
Developing graphite-based composite materials may address
those issues to achieve high strength, conductivity, and durability.

The design of electrolyte compartment (EC) has a significant
impact on the internal resistance of the reactor."®® To prevent
H,0, from reacting with EC materials, corrosion-resistant and
high-strength plastics materials such as polyether ether ketone
(PEEK) and polytetrafluoroethylene (PTFE) are commonly uti-
lized. The thickness of EC directly affects the overall internal
resistance of the reactor. By decreasing the EC thickness from
27 mm to 3.5 mm, the internal resistance of the reactor was
reduced and the overall electrocatalytic performance was
improved, with the cell voltage dropping from 6 V to 2 V at
10 mA cm 2, as shown in Fig. 8d."'® Notably, the addition of

© 2025 The Author(s). Published by the Royal Society of Chemistry

solid electrolyte (SE) in the EC could also effectively lower
the internal resistance in reactors."** Styrene-divinylbenzene
copolymer microspheres, Dowex 1 x 8 anion conductor resins,
and inorganic Cs,H; ,PW;,04, proton conductors were
often employed as the SE materials due to their high ion
COnduCtiVity.zz'117’125_127

It has to be pointed out that the evaluations of H,O,
electrocatalysts in the laboratories are typically performed with
laboratory-scale three-electrode system GDE reactors, focusing
on the half-cell reaction rather than the overall reaction per-
formance. The internal resistance of the three-electrode system
is directly related to the distance between the reference and
working electrodes, rather than the EC thickness. Moreover,
laboratory-scale GDE reactors possess a small working
electrode area (1 cm™?) with short FFP channels, which could
facilitate O, diffusion. Therefore, in our opinion, the design of the
FFP and EC has minimal improvement for H,O, electrocatalytic

EES Catal., 2025, 3, 359-385 | 371
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in laboratory-scale GDE reactors, but it is very important to
optimize those reactor components for industry-level H,O,
production.

4.1.2 Reactors for H,0, electrosynthesis via an energy-
consuming mode. The electrochemical synthesis of H,0, via the
2e” ORR can be classified into two modes based on the anodic
reaction, as shown in Fig. 9a. When the working potential of the
anodic reaction is higher than 0.7 V, typically for the ethylene
glycol oxidation reaction (EOR), oxygen evolution reaction (OER)
and 2e” water oxidation reaction (2~ WOR), the reactor can only
operate in an energy-consuming mode to produce H,0,. In
contrast, when the working potential of the anodic reaction is
lower than 0.7 V (e.g. the hydrogen oxidation reaction, HOR), the
reactor can operate in an energy-producing mode, enabling the
co-generation of both H,0, and electricity. The performances of
various GDE-based reactors are summarized in Table S1 (ESIt).

In 1939, Berl proposed H,0, electrosynthesis using activated
carbon electrode as the cathode, which produced high concen-
trations of H,O, and was anticipated to be commercially
utilized."®* Initially, the commercial production of H,O,
through electrosynthesis relied on the Huron Dow process
(on the left in Fig. 9b)."*® This process used a strong alkaline

Energy-producing mode

HOR EOR

Energy-consuming mode

s
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solution as the electrolyte, wherein O, was introduced into the
electrolyte and reduced to HO, ™~ at the cathode. The efficiency
of this process was constrained by the low solubility of O, in the
electrolyte (~9 ppm at 25 °C),"** as well as the inevitable
decomposition of H,0, in a strong alkaline solution.

The flow-cell using GDE as the cathode could significantly
enhance the O, mass transfer, and in turn increase the produc-
tion rate of H,0, (in the middle in Fig. 9b). However, the cation
exchange membrane (CEM) used for separation would be
gradually degraded by H,0,,"** which presented a great chal-
lenge to the long-term stability. A membrane-free reactor was
then proposed by Chen et al "> which could eliminate this
issue ultimately. The reactor consisted of two carbon paper
electrodes with the sides facing the catholyte coated with a
hydrophobic polymer, which allowed the diffusion of gaseous
O, but prevented H,0, from crossing to the anode (on the right
in Fig. 9b). In addition, the membrane-free reactor exhibited
improved H,O, electrosynthesis due to the reduced internal
resistance by removing the CEM.

The cathodic 2e” ORR is typically coupled with the anodic
OER, which is kinetically sluggish and generates low-value
0,."*> Replacing the OER with thermodynamically favorable

OER 2e” WOR

> E (V vs. RHE)
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Fig. 9

(a) Coupled systems of the 2e~ ORR and possible anodic reactions; (b) the Huron—-Dow process (left), adapted from ref. 128; conventional GDE

flow-cell reactor (middle); membrane-free flow-cell reactor (right), adapted from ref. 129; (c) schematic of coupled systems for 2e~ ORR production and
high-value chemicals synthesis; (d) performance comparison of the 2e~ ORR//EOR and 2e~ ORR//OER systems, data were taken from ref. 130; (e)
technoeconomic evaluation of the 2e™ ORR//OER and 2e~ ORR//EOR systems, reprinted with permission from ref. 131, copyright 2024, Springer Nature.
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organic oxidation reactions can improve the overall energy effi-
ciency and economic viability of the system. Organic oxidation
reactions such as the ethylene glycol oxidation reaction (EOR),"*
glycerol oxidation reaction (GOR),*® urea oxidation reaction
(UOR),"*” 5-hydroxymethylfurfural oxidation reaction (HMFOR),"*®
and furfural oxidation reaction (FuOR)"° have been used as the
anodic reaction to couple with the 2e” ORR, as shown in Fig. 9c.
Taking EOR as an example, the onset potential for the EOR is below
1 V, which is much lower than that required for the OER. In
addition, ethylene glycol can be converted into value-added formic
acid (FA) and glycolic acid (GA) through electrocatalytic reactions.
As shown in Fig. 9d, the 2e- ORR//EOR coupled system required
only 0.9 V to achieve an industrial level current density of 400 mA
cm ™2, while the 2e~ ORR//OER system required a higher voltage of
1.2 V, which demonstrated the superior efficiency of the EOR-based
system.”*® Similarly, Sun et al'*' employed EOR as the anodic
reaction and selectively oxidized ethylene glycol to high-value
GA, which significantly increased the gross profit of the coupled
system (Fig. 9e).

Theoretically, replacing the OER with the 2e~ WOR could
increase the H,0, FE up to 200%, thus improving both the H,0,
production rate and the energy utilization efficiency."**'*" Xia
et al."* constructed the 2¢~ ORR//2e” WOR coupled system with
oxygen-functionalized carbon nanotubes (O-CNTs) as the cathode
and PTFE-coated carbon fiber paper (CFP-60%) as the anode,
which enabled the simultaneous electrochemical synthesis of
H,0,. This coupled system achieved an H,O, FE exceeding
150% at 120 mA cm >, highlighting the significant potential of
carbon electrodes for the efficient production of H,0, via 2e~
ORR and 2e~ WOR processes.

4.1.3 Reactors for H,0, electrosynthesis via the energy-
producing mode. H,0, can also be produced in an energy-
producing mode, which is also referred to as the H,-O, fuel cell
method, with a theoretical maximum output voltage of ~0.7 V.
In the 1990s, Yamanaka et al.*** first introduced the concept of
H,0, electrosynthesis using proton exchange membrane fuel
cells (PEMFCs), and they further developed PEMFCs for neutral
H,0, solution generation."**'*> Afterwards, Li et al.**® achieved
the continuous synthesis of neutral H,O, by PEMFCs over
72 hours with an H,0, yield of 200 pmol h™* ecm™? and a 30%
current efficiency, which showed promising application for resi-
dential drinking water disinfection. As illustrated in Fig. 10a, the
PEMFC consisted of two FFPs and a membrane electrode assem-
bly (MEA), wherein protons are generated by the HOR and
transferred to the cathode through the CEM, which further
combine with O, to form H,0,. The MEA is prepared by hot-
pressing the sandwich structure of the cathode, CEM, and anode,
forming a zero-gap structure with negligible internal resistance.

The integrated PEMFC stack reactor is beneficial for large-scale
H,O0, electrosynthesis. Nevertheless, the zero-gap structure of the
MEA hinders the transportation and collection of produced H,O,,
resulting in a high concentration of H,0, within the MEA, which
accelerates the H,O,RR and reduces the H,O, selectivity. Various
optimization strategies were adopted to mitigate this issue,
including catalyst loading adjustment, MEA wettability modifica-
tion, flow rate controlling, and reaction temperature regulation.'*’

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Besides, the preparation methods of the MEA, including catalyst-
coated membranes (CCM) and gas diffusion electrodes also
influence the PEMFC performance for H,O, electrosynthesis."*°

In recent years, alkaline anion exchange membrane fuel cells
(AEMFCs), which operate under milder conditions compared to
PEMFCs, have garnered increasing attention. Carbon electrodes
are well known for their excellent 2e~ ORR performance under
alkaline conditions, thus exhibiting great potential in AEMFC for
H,0, electrosynthesis.® Unlike PEMFCs that produce H,0, at the
cathode, AMEFCs produce HO, ™~ ions at the cathode, which pass
through an anion exchange membrane (AEM) to the anode, and
further combine with protons to form H,O, (Fig. 10b). In addition
to the H,0, transfer hindrance in the MEA, another challenge
arises in AEMFCs due to the strong decomposition ability of
anodic catalysts towards H,0,, such as Pt/C, which inhibits the
production of H,0,. The low ionic conductivity of AEM presents
an additional challenge to the AEMFC performance,"" requiring
more efforts to enhance the conductivity of AEM for better H,O,
electrosynthesis performance.

Using a solid electrolyte (SE) layer instead of conventional
ion exchange membranes can effectively address the aforemen-
tioned issue of H,O, transport in MEA, facilitating the co-
generation of H,O, and electricity. As illustrated in Fig. 10c,
Xia et al.'*” proposed a dual membrane solid-electrolyte cell
consisting of AEM, CEM, and SE layers in between, which was
composed of sulfonated styrene-divinylbenzene copolymer
microspheres. In the reactor, H' generated at the anode were
conducted through the CEM and the HO, generated at the
cathode were conducted through the AEM, and they further
combined to form H,O, within the SE layer, ensuring high
concentration H,0, production (up to 20 wt%). Rawah et al.®®
optimized the dual membrane reactor by removing the AEM
and applying a hydrophobic treatment to the carbon electrode,
which reduced the reactor internal resistance and enhanced the
electrocatalytic performance (Fig. 10d). Following the same
concept, the combination of anionic solid electrolyte and
AEM could theoretically generate H,O, in energy-producing
mode, as depicted in Fig. 10e.

Apart from H,-O, fuel cells, metal-air batteries such as
zinc-air batteries (ZABs) are promising for H,0, electrosynth-
esis under energy-producing mode. As shown in Fig. 10f, the
typical structure of a ZAB consists of a zinc plate (for the
oxidation reaction) and an air electrode (as the cathode for
the 2e~ ORR). Wang et al.**® first demonstrated the feasibility
of H,0, production using ZAB by employing a carbon electrode
as the air electrode, achieving an output power of 36 mW cm 2
with a H,0, yield of 0.593 mmol cm > h™! at 0.8 V. Further-
more, Xie et al.'*®> improved the ZAB performance by using
S-doped carbon as the air electrode, which increased the
maximum output power to 82.7 mW cm > and maintained a
high H,0, production rate. Since H,0, is unstable in strong
alkaline electrolytes, which are commonly used in ZABs (6 M
KOH), Lu et al.">* developed a neutral ZAB to avoid the decom-
position of H,0,, which exhibited a high H,O, selectivity of
91% and maintained a long-time stability up to 1500 hours in a
low-temperature environment.

EES Catal., 2025, 3, 359-385 | 373
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Fig. 10 Schematic of various reactor configurations for H,O, electrosynthesis in energy-producing mode: (a) proton exchange membrane fuel cell
(PEMFC), adapted from ref. 143; (b) alkaline anion exchange membrane fuel cell (AEMFC), (c) dual membrane solid—electrolyte cell (SE-cell), adapted
from ref. 147; (d) CEM solid—electrolyte cell, adapted from ref. 63; (e) AEM solid—electrolyte cell, and (f) Zn—air battery, adapted from ref. 148.

4.2 Considerations in practical-scale H,O, electrosynthesis

4.2.1 Evolution of catalysts under operando conditions.
One of the main challenges for continuous practical-scale H,O,
electrosynthesis is that the catalysts must be able to resist the
harsh oxidative electrolytic conditions. Hitherto, various catalysts
have been developed and used for the laboratory scale production
of H,0, in GDE reactors (Tables S2 and S3, ESIY), such as sulfides
and selenides,'>*"* transition metal alloys,"**"*” and single-atom
catalysts,"*®"> yet, the possible dynamic evolution and in situ
reconstruction of catalyst materials under operando conditions
have often been overlooked. In this section, we focus on the
evolution of catalysts under operando conditions instead of catalyst
design, and readers who are interested in catalyst design are
referred to the latest reviews.">* '

Catalysts in a strongly oxidizing H,O, environment could
undergo dynamic evolutions, as the produced H,0, may react
with the catalysts, especially metal oxides,'®*'®* leading to
changes in the electrochemical properties of the catalysts. For
example, ZnO has been recognized as a promising catalyst for

374 | EES Catal.,, 2025, 3, 359-385

H,0, production,'®™®” however, this material could be con-
verted to ZnO, by H,0,,"*® which inspires further investigations
on the true active sites of ZnO electrocatalysts. Recently,
Zhou et al.'®® observed that using ZnO as the 2e~ ORR catalyst,
the H,O, selectivity increased from 64.45% to nearly 100%
within 6000 s (Fig. 11a). Raman spectroscopic studies of the
ZnO pristine catalyst, activated at 0.2 V in O,-saturated electro-
Iyte for different reaction times, confirmed the appearance of
0,”" signal (Fig. 11b), suggesting the in situ construction of a
ZnO@ZnO, heterogeneous structure. Density functional theory
(DFT) calculations indicated that the heterogeneous interface
between ZnO and the in situ constructed ZnO, was likely the
real active sites, which weakened the binding energies of both
*OOH and *O, and facilitated superior 2e” ORR performance
(Fig. 11c). This hypothesis was further supported by the fact
that ZnO@ZnO, synthesized using 0.1 M H,0, exhibited nearly
identical selectivity as the ZnO@ZnO, heterostructure evolved
from ZnO under operando conditions. Similarly, using Ti,O; as
the initial 2e~ ORR catalyst, the surface of Ti,O; could

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ey00232f

Open Access Article. Published on 03 February 2025. Downloaded on 1/24/2026 8:02:49 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

EES Catalysis

View Article Online

Review

Ring current
i 2000000000000000000000000
00°° 2000000000000000000 100
°
00°°° ) Nearly 100%
°
°
@ BN

1e (e}

ilmA
) ]
Intensity (a.u.)

24
Initial: 64.45%

0.3 1\ zno 4
0.3 ! e SR

1000 2000 3000 4000 5000 6000 400 500 600 700 800 9200
L Time (s) Raman shift (cm™)
e P
1(d) oo = wo(e) |, o | (F) ter ORR et
Lo %000 — Pristine Ti,O,
| 02 f 205
\
< -04 A —sos_| I (Y A__J&JL_.L._
£ ~ — 200s

Intensity (a.u.)

A\ NS

!
o
o

°
IS
)

[
> %
g 8
(%) AuAnoajes “0°H

»—-—f*‘*“&L._‘l_L._.(__L‘L.._L»_
PDF#74-2278 Ti,0.
|‘ ‘| J

_300s |

Intensity (a.u.)

4005

3
PDF#71-1166 Anatase TiO,

[N TR
10 20 30 40 50 60 70 8C

200 400

L Raman shift (cm™)

Fig. 11

600 800 2 Theta (degree)

1 -

50 mA/cm?

o
2
g

&
3
H,0, FE (%)

E (V vs. RHE)

n
8

So

20 40 60 80 1

(@) Chronoamperometry measurement of the 2e~ ORR on ZnO at 0.2 V, and H,O, selectivity, (b) Raman spectra of ZnO electrochemically

activated at 0.2 V for different periods of time, and (c) energy diagram of 2e~ ORR intermediates on ZnO, ZnO, and ZnO@Zn0O, (U = 0.7 V); (a)-(c) are
reprinted with permission from ref. 163, copyright 2023, Royal Society of Chemistry; (d) chronoamperometry measurement of the 2e~ ORR on Ti,Os at
0.3V and H,O, selectivity, (e) in situ Raman spectra collected during the 2e™ ORR on Ti,O3 at 0.2 V, and (f) XRD spectra of Ti,O3z before and after ORR
electrocatalysis; (d) and (e) are reprinted with permission from ref. 164, copyright 2023, Royal Society of Chemistry; (g) schematics of Fenton reaction rate

on the main-group metal catalysts (left) and transition metal catalysts (right), and (h) chronopotentiometry measurement on Pb SA/OSA at 50 mA cm™%,

2

and H,O, selectivity; (g) and (h) are reprinted with permission from ref. 169, copyright 2024, Springer Nature.

transform into oxygen-deficient TiO, during the reaction,
which switched the ORR pathway from the 4e~ to 2e~ pathway
(Fig. 11d), and this surface reconstruction from pristine Ti,O3
to TiO, was subsequently confirmed by in situ Raman spectro-
scopy study (Fig. 11e) and XRD spectra collected after the ORR
test (Fig. 11f)."%*

The electrochemically generated H,O, could also potentially
induce the Fenton-like reactions, especially on transition metal
catalysts,"”® which produces strong oxidative ROS, raising con-
cerns on the catalyst durability. Different from transition
metals, main-group metals are Fenton-inactive for their fully
occupied d-orbitals, and thus considered as an attractive option
for mitigating Fenton-like reactions. Recently, Zhou et al.'®
reported the main-group Pb SACs (Pb SA/OSC) catalyst for H,O,
electrosynthesis, achieving an industrial current density of
400 mA cm™ > with remarkable FE (~90%). No ROS character-
istic signals were observed during the 2e~ ORR process, sug-
gesting that Pb SACs had sluggish Fenton reaction rate
compared to transition metal catalysts (Fig. 11g). This catalyst
also exhibited excellent durability without degradation at
50 mA cm > (FE maintained over 90%) for at least 100 hours
(Fig. 11h). It is also found that adding a radical scavenger
(typically CeO,) could protect the catalyst from being attacked
by radicals and improve the durability of ORR catalysts in

© 2025 The Author(s). Published by the Royal Society of Chemistry

PEMFC applications.'”"'”* This strategy could be potentially
applied in 2e~ ORR electrocatalyst design to rapidly eliminate
ROS and improve the catalyst durability.

4.2.2 Operational challenges and mitigation measures.
Although many efforts have been made in catalyst development,
electrode modification, and reactor design, many challenges of
H,O0, electrosynthesis under practical-scale operation have not
been fully addressed. This section focuses on the issues during
the operation of the device, such as the Joule heating effect,
electrode fouling issue, and membrane degradation; the corres-
ponding mitigation measures will also be discussed.

Joule heating is a universal phenomenon in electrolysis
processes, which originates from the internal ohmic resistance
in devices (eqn (15)).

Q =Rt

(15)

where Q, i, R, and ¢ are the generated heat (J), applied cell
current (A), ohmic resistance (Q) and reaction time (s)
respectively.

During electrolysis processes, Joule heating is mainly mani-
fested by an increase in electrolyte temperature, severely affect-
ing the H,0, selectivity by promoting its self-decomposition
reaction rate, especially in an alkaline environment under
industrial current density.* Recently, Ni et al'”® investigated
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Fig. 12 (a) Temperature of the electrolyte during the reaction at different current densities, (b) calculated H,O, FE under different current densities and

temperatures, (c) cell voltage drop, electrolyte temperature change, and cell resistance under different cell configurations; (a) and (b) are reprinted with
permission from ref. 173, copyright 2024, American Chemical Society, and (c) is reprinted with permission from ref. 32, copyright 2024, Elsevier Ltd; (d)
apparent current efficiency of H,O, production in different natural waters (left), and schematic of CaCOs precipitation process during H,O,
electrosynthesis (right), reprinted with permission from ref. 33, copyright 2023, Elsevier Ltd; (¢) OCV holding test of Ce,Mn-NH,BDC@PFSA,
CeNH,BDC@PFSA, and Nafion 211 membranes, and schematic of the MOF and PFSA composite membrane (inset), reprinted with permission from

ref. 174, copyright 2024, American Chemical Society.

the effect of current density on Joule heating by measuring the
temperature of the electrolyte during electrolysis, and found that
the temperature of the electrolyte gradually rose from 32.7 °C to
49.3 °C with increasing current density from 100 mA cm > to
300 mA cm™? (Fig. 12a). Calculations showed that the H,O, FE
negatively correlated with the electrolyte temperature, consistent
with experimental observations, indicating the promoting effect
of Joule heating on H,0, self-decomposition (Fig. 12b).

The Joule heating effect not only reduces the H,O, FE, but
also brings additional energy loss of the entire reactor. The cell
resistance is regarded as a determining factor in the Joule
heating effect, and the mitigation measures include reducing
the electrolyte compartment thickness and increasing electro-
lyte conductivity etc., which have been reviewed in Section 4.1.1.
Researchers validated the effectiveness of these measures by
reducing the electrode distance from 5 cm to 1 c¢m, increasing
the electrolyte concentration from 0.1 M to 1 M, and expanding
the electrode area from 1 cm? to 16 cm?. Correspondingly, the
cell resistance declined from 31.74 Q to 5.08 Q, and the
temperature change (At) dropped from 20.9 °C to 2.2 °C,
indicating a suppressed Joule heating effect (Fig. 12¢).>* Con-
sidering that the scale-up of H,O, electrosynthesis to industrial
current density level would inevitably magnify the Joule heating
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effect, heat management becomes indispensable. Integrating
the reactor with a cooling system may be an effective solution in
terms of suppressing the Joule heating effect.

For household disinfection and/or waste water treatment, it
is desirable to directly use tap water or natural water due to
their accessibility, instead of the de-ionized water used in
laboratories, in order to reduce the overall processing cost.
However, the existing hardeners (such as Ca®>*, Mg>") and other
dissolved organic matter in natural water usually cause fouling
issues on electrodes during the electrocatalysis process, result-
ing in decreased electrode stability and selectivity. For example,
Ma et al.®® found that the addition of Ca** in Na,SO, solution
led to a continuous decrease in the apparent current efficiency
of H,0, on carbon-based air diffusion electrodes (on the left in
Fig. 12d). The CaCO; precipitates negatively influenced the elec-
trode by covering the active sites, and more severely, the hydro-
philic CaCO; precipitates could induce electrode flooding,
resulting in sluggish mass transfer of O, (on the right in
Fig. 12d). The fouling issue caused by Ca®*/Mg>" could be relieved
by using complexing agents, which bond with Ca**/Mg>*, signifi-
cantly reducing their precipitation on the electrode surface.'”®

As one of the limiting factors for the long-term operation of
H,0, reactors, the stability of ion exchange membranes

© 2025 The Author(s). Published by the Royal Society of Chemistry
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presents another challenge for the industrial production of
H,0,. Currently, perfluorinated sulfonic acid (PFSA) based mem-
branes (such as Nafion membranes) are commonly used for H,0,
electrosynthesis, however, they are prone to chemical degrada-
tion, which could be accelerated by various ROS species.'”®"7°
Recently, novel stable membranes such as sulfonated polypheny-
lene membranes,'® hydrocarbon-based membranes,'®' and sul-
fonated fluorene-based poly(phenyl ketone) membranes'®* have
been developed. Huang et al.'”* utilized a self-assembly method to
synthesize a molecular organic framework (MOF)-PFSA composite
membrane (Fig. 12e inset), in which the MOF material (Ce,Mn-
NH,BDC) could efficiently scavenge free radicals and mitigate the
membrane degradation issue in PEMFCs. The open circuit voltage
(OCV) decay rate of this composite membrane was 33.3 pv h™*
within a 1200-hour test, much smaller than 72.5 pv h™* for the
commercial Nafion 211 membrane, which indicated its excellent
chemical stability (Fig. 12e). These novel ion exchange mem-
branes have the potential to be applied in H,0, electrosynthesis
reactors. Recently, preliminary attempts have been made to
develop membrane-free reactors in order to reduce the internal
ohmic resistance and overall cost,'>® which in fact could ulti-
mately eliminate the membrane degradation issue.

5 2e” ORR integrated tandem systems
for chemical synthesis

H,0, is an important green oxidant and raw chemical material,
with more than 30% of commercial H,O, being used in traditional
chemical synthesis.6 For example, H,0, is widely used for the
epoxidation of alkene," with titanium silicalite-1 (TS-1) serving as a
highly active and selective catalyst when H,0, is the primary
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oxidant.
manufacturing industry, integrating electrochemically produced
H,0, into chemical synthesis represents an innovative approach to
the synthesis of high-value chemicals."® In this section, we
reviewed recent studies on the chemical synthesis using in situ

generated H,0,.

5.1 Ex-cell and in-cell modes of tandem systems

Tandem reactions, also known as cascade reactions, typically
involve at least two consecutive chemical transformations, with
each subsequent reaction relying on the product of the previous
one.'® Integration of H,0, electrosynthesis in tandem reac-
tions allows on-site application of H,O, or in situ generated
ROS for subsequent chemical synthesis reactions, such as the
oxidation of organic substrates."®®

In general, most reactors can be integrated in tandem
reactions, including flow-cells, PEMFCs and SE cells. The SE
cells are the most commonly used, as they can produce high
concentrations of pure H,0,, which ensures the purity of
synthesized chemicals. The 2e~ ORR integrated tandem reac-
tions can be implemented through two distinct modes: ex-cell
mode and in-cell mode.'®” As illustrated in Fig. 13a, the ex-cell
mode consists of two separated reaction processes: the pure
H,0, electrosynthesis in the SE cell and the oxidation of
organic substrates in the tower reactor, which facilitates the
application of on-site produced H,O,. The ex-cell mode could be
regarded as an ordinary production process with the electro-
chemical and chemical steps conducted independently, thereby
minimizing mutual interference and improving the tandem
system reliability. For example, Fan et al."®” developed a tandem
reaction system using ex-cell mode for the synthesis of ethylene
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Fig. 13

(a) Schematic of ex-cell mode for 2e~ ORR integrated tandem reactions, adapted from ref. 127; (b) ethylene glycol production rate vs. H,O»

production rate, and (c) stability test for ethylene glycol production; (b) and (c) are reprinted with permission from ref. 127, copyright 2023, Springer
Nature; (d) schematic of the in-cell mode for the 2e~ ORR integrated tandem reactions, adapted from ref. 188.
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glycol under mild conditions. In this system, CNT-COOH served
as the cathode to produce HO, ", and pure H,O, was transferred
into the subsequent tower reactor for the ethylene oxidation
reaction. The ethylene glycol production rate correlated linearly
with the H,0, production rate with a slope of 0.75 (Fig. 13b),
indicating that 75% of the electrochemically generated H,O, had
been utilized for ethylene glycol production. During the 100-hour
stability test, the SE-cell voltage showed negligible decline, and
the overall electron utilization efficiency was retained at ~60%,
exhibiting excellent stability (Fig. 13c).

However, tandem reactions using the ex-cell mode diminish
the benefit of electrochemical in situ production of highly active
H,0, due to the separation between the electrochemical and
chemical reaction steps. Moreover, the ex-cell mode is unable to
make full use of the high concentration of H,0, accumulated
near the electrode surface to accelerate the subsequent reac-
tions, as the highly concentrated H,O, is usually diluted into
the bulk solution before flowing to the downstream tower
reactor. Zhang et al.'®® proposed an innovative in-cell mode
based on SE cells, which incorporated the H,0, electrosynth-
esis and the oxidation of organic substrates in a single inte-
grated reactor. As illustrated in Fig. 13d, the middle layer of the
reactor was filled with SE and TS-1 catalyst, which enabled
multiple catalytic steps to proceed simultaneously. The feasi-
bility of this novel in-cell tandem system was verified by the
phenol oxidation reaction, which achieved 94.68% selectivity to
target products (catechol and hydroquinone) under optimized
conditions. This excellent catalytic performance was attributed
to the full utilization of the in situ generated H,O, and the
direct activation of TS-1.

Although non-conductive TS-1 may increase the internal
resistance of the reactor, the in-cell mode remains highly
effective for chemical synthesis using in situ generated H,0,.
We have summarized the applications of 2e~ ORR integrated
tandem systems for chemical synthesis in the past three years
in Table S4 (ESIt) for readers’ reference. In the following
sections, we will discuss the H,0, concentration and ROS
effects in this efficient tandem system mode with cutting-
edge examples, and reveal its unique application values.

5.2 H,0, concentration effect in the in-cell mode

During the 2e” ORR at the electrode, the produced H,O, will
accumulate near the electrode surface region, leading to a
significantly higher H,O, concentration compared to the bulk
solution.**'® In batch H,0, electrosynthesis, the elevated
concentration near the electrode surface region can initiate
undesired H,0,RRs.'** However, H,0, in tandem reaction sys-
tems is directly used as an intermediate oxidizing agent, there-
fore the high H,0, concentration near the electrode surface will
facilitate subsequent organic substrate oxidation reactions.

The H,0, concentration effect in the SE cell was first
demonstrated by Zhang et al,** by visualization of the H,O,
concentration gradient between the electrode surface region and
the bulk region using finite element simulations. Apparently, a
sharp increase in H,0, concentration up to 2.06 wt% was
observed near the electrode, which was 25 times higher than
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the average concentration in the bulk solution (0.08 wt%), as
shown in Fig. 14a. Using the ethylene epoxidation reaction as the
model reaction, the in-cell mode SE reactor (Fig. 14b) signifi-
cantly enhanced ethylene epoxidation rate, and tripled glycol
yield compared to the ex-cell mode. This reactor maintained a
99.7% selectivity for ethylene glycol production over 200 hours,
demonstrating excellent stability and high application potential.

To maximize the utilization of the H,O, concentration effect
for high-value chemical synthesis, the organic oxidation cata-
lysts (e.g. TS-1) should be closely distributed on the electrode
surface region. Liu et al.'*° prepared a bifunctional electrode by
mixing nanoscale TS-1 with oxygen-doped carbon catalyst
(C-0), which ensured both effective H,O, electrosynthesis
and the activation of TS-1 by H,0, near the electrode.
Fig. 14c illustrated a simple flow-cell reactor for ethylene
epoxidation reaction using the bifunctional electrode, which
produced propylene glycol with 80% selectivity and achieved a
yield of 4.28 mmol h™! gcatalysfl when the mass ratio of
C-0O:TS-1 was adjusted to 1: 3.

PEMFCs have been increasingly explored for the production
of high-value chemicals, and current research studies primarily
focus on the direct electrocatalytic reactions involving precious
metal catalysts.'®® As discussed in Section 4.1.3, the electro-
synthesis of H,0, via PEMFCs faces the dilemma of H,O,
transport within the zero-gap MEA, which hinders the batch
H,0, electrosynthesis. Luckily, the H,O, concentration effect
can turn this disadvantage into an advantage, as the high
concentration of H,0, accumulated by MEA can be directly
utilized in tandem reactions to produce high-value chemicals.
As depicted in Fig. 14d, Yang et al.*®* developed a new strategy
to oxidize propane by utilizing the high concentration of H,O,
in PEMFCs. The cathode was constructed by a 2e” ORR catalyst
and propane oxidation catalyst MIL-53 (Al, Fe). Under mild
reaction conditions (80 °C), the propane oxidation was signifi-
cantly enhanced by the high concentration of H,O, in the zero-
gap MEA, achieving a yield of 11.4 mmol L™' h™' of C;
oxygenates, which was approximately ten times higher than
that reported in direct alkane oxidization at the PEMFC anode.

5.3 ROS effect in the in-cell mode

The in situ generated H,0, could also decompose to produce
ROS, such as superoxide radicals (*O, ), hydroxyl radicals
(*OH), and hydroperoxyl radicals (*OOH),'*® which typically
exhibit stronger oxidizing ability compared to H,O,, thus
accelerating organic substrate oxidation reactions. The ROS
effect in the in-cell mode will bring more opportunities for
chemical synthesis, especially for reactants that are difficult to
activate, such as methane (CH,) and nitrogen (N,).

Taking the CH, oxidation reaction as an example, converting
CH, into high-value liquid oxygenates typically requires harsh
conditions of high temperatures and pressures.*®* Kim et al.*®
proposed a strategy for the partial oxidation of CH, using
ROS generated by electro-synthesized H,0, under ambient
conditions. As illustrated in Fig. 15a, H,0, was synthesized
on a carbon electrode and subsequently activated to generate
ROS to participate in the CH, oxidation reaction. The further

© 2025 The Author(s). Published by the Royal Society of Chemistry
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alkane (left), and a tandem reaction process for alkane oxidation in PEMFCs (right), reprinted with permission from ref. 191, copyright 2023, Wiley-VCH.

mechanistic study revealed that H,O, could not react with CH,
directly, whereas ROS (e.g. *OH and *OOH radicals) generated
by H,O0, significantly activated CH,, forming a series of liquid
oxygenates such as CH3;OH, CH;O0H, and HCOOH. This
system achieved a high selectivity (80.7%) and production rate
(18.9 umol h™) for converting CH, to HCOOH under ambient
conditions (Fig. 15b), offering a new method for the direct
partial oxidation of CH,.

It has been demonstrated that oxygen functional groups in
carbon materials favor the generation of *OH from H,0, in acidic
media."*®'® Lin et al.** developed an oxygen-rich carbon elec-
trode, which facilitated the oxidation of acetic acid to peroxyacetic
acid due to abundant *OH radicals activated from H,O,.

The electro-Fenton reaction is a well-known process that can
effectively activate H,0O, to generate ROS. In this process, Fe**
reacts with H,O, to produce *OH and Fe*", and the Fe®' is
reduced back to Fe®” at the cathode, forming a continuous
cyclic conversion of the Fe**/Fe®" redox pair.”®* Chen et al.*®
successfully oxidized N, to HNO; using *OH generated by the
electro-Fenton reaction. As illustrated in Fig. 15¢, O, was
reduced to H,O, on the graphite electrode and further con-
verted into *OH by Fe®". The *OH is a strong nucleophile
reagent, which activated N, and produced HNOj;. This tandem
reaction system demonstrated good stability over ten reaction
cycles, maintaining a faradaic efficiency of ~25% and a HNO;
yield of 140 pmol h™" gg. ™" (Fig. 15d).

© 2025 The Author(s). Published by the Royal Society of Chemistry

In the above examples, ROS directly interact with organic
substrates to produce high-value chemicals, while in most
cases, catalysts such as TS-1 are indispensable to catalyze the
organic substrate oxidation reactions. Therefore, it is essential
to explore the interaction between the catalysts and ROS in
tandem reactions. The ROS directly transferred to near the TS-1
catalyst, forming the active Ti-OOH species, which accelerated

the reaction kinetics of the ethylene oxidation reaction.*’> Yuan

et al.'” proposed that the direct generation of active Ti-OOH
species from the interaction between *OOH radicals and the
Ti-MOR catalyst was the primary pathway (pathway II) in the
tandem system (Fig. 15e). Further application using the GDE
reactor, equipped with external catholyte containing Ti-MOR
catalyst (Fig. 15f), converted CYC (60 mM) to oxime (57 mM)

with a yield of 95% at a current of 60 mA.

6 Summaries and prospects

The decentralized production of H,0, via the 2e” ORR is an
important method for clean and sustainable synthesis of H,O,,
offering a green, safe and energy-efficient alternative to the
anthraquinone process. The aspects of H,0, electrosynthesis
beyond catalysts have been discussed in this review, with a
particular focus on the reactor design and its integration into
tandem systems.

EES Catal., 2025, 3, 359-385 | 379
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Fig. 15 (a) Schematic of the electro-assisted CH, partial oxidation process, and (b) production rates of liquid products; (a) and (b) are reprinted with

permission from ref. 195, copyright 2023, Springer Nature; (c) schematic of N, oxidation using electro-Fenton generated *OH, and (d) performance of the
graphite rod cathode over ten reaction cycles; (c) and (d) are reprinted with permission from ref. 196, copyright 2023, Springer Nature; (e) schematic of
the proposed pathways for the CYC oximation in the 2e™ ORR integrated system, and (f) flow-cell reactor for CYC oximation; (e) and (f) are reprinted with
permission from ref. 197, copyright 2024, American Association for the Advancement of Science.

Various aspects in reactor design have been discussed, includ-
ing electrode surface/interface modifications and designs for cell
configurations. Firstly, by discussing the surface wettability of
carbon electrodes, it is suggested that an electrode surface with
appropriate hydrophobicity is preferred to enhance the overall
performance. Subsequently, the strategies for controlling the
carbon electrode-electrolyte interface microenvironment have
been reviewed. By reducing the proton concentration at the
electrode interface or slowing the proton transfer rate, the
H,0,RR can be effectively inhibited, thus enhancing the H,O,
production. Additionally, enhancing the electric field can improve
the stability of 2e~ ORR intermediates, and boost H,0, electro-
synthesis. Furthermore, the optimizations of key reactor compo-
nents, as well as the challenges in practical-scale H,O,
electrosynthesis, have been summarized, revealing that optimized
FFP and EC structures can enhance the overall performance. In
the last part, we focus on the applications of the 2e- ORR by
integrating it into tandem systems for value-added chemical
synthesis. The H,0, concentration and ROS effects in 2e~ ORR
integrated tandem reactions have been discussed in detail.
Despite recent advances in electrodes and reactors for improved
H,O0, electrosynthesis, challenges still remain in achieving large-

380 | EES Catal, 2025, 3, 359-385

scale H,O, production, and future studies may focus on the
following aspects:

(1) Investigate the dynamic evolution of three-phase inter-
faces (TPIs). The stable TPIs are determining factors on the
electrode activity, stability and H,0O, selectivity in the applica-
tion of GDE-based reactors. Currently, the states of the TPIs are
generally represented by the three wetting states on the elec-
trode, which are simply evaluated by measuring the contact
angle before and post reaction. 3D images and dynamic evolu-
tion of TPIs are greatly needed for a better understanding of the
construction of TPIs. The utilization of confocal laser scanning
microscopy, micro-computed tomography 3D imaging, and
environmental scanning electron microscopy could provide
valuable insights into the reaction mechanisms and construc-
tion of durable TPIs.

(2) Investigate the cation effect on the 2e” ORR comprehen-
sively. Although previous studies suggest that cations create
an alkaline-like microenvironment, which is beneficial for
H,0, electrosynthesis, researchers indicate that a localized
alkaline-like microenvironment can be formed without cation
addition,”**?°* particularly at higher current densities due to
significant proton consumption. Other researchers ascribe the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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enhanced H,O, electrosynthesis performance to the AMC-
induced electric field modification,'®® however, this effect has
not been validated at larger current densities. The effect of AMC
on H,0, electrosynthesis can be rather complicated, and future
studies should explore the comprehensive effects of cations,
including their influences on interface electric fields and
H-bond networks, and further verify the universality of the
cation effects on different types of catalysts.

(3) Investigate the dynamic evolution of catalysts under
operando conditions. The harsh oxidative conditions during
the 2e” ORR can potentially alter catalyst structure and accel-
erate the degradation process. Designing and developing novel
catalysts require a thorough evaluation of their resistance to
oxidative conditions, as well as their evolution mechanisms.
Advanced operando characterizations are needed, such as in situ
Raman spectroscopy and operando EXAFS characterization,
which enable real-time monitoring of catalyst structures.
Understanding of the catalyst evolution under operando condi-
tions will provide valuable insights into the fundamental
aspects in material science and guide the design and develop-
ment of efficient and durable electrocatalysts.

(4) Explore more application scenarios for in situ generated
H,0,. A particularly promising direction is to incorporate
chemical feedstocks into 2e” ORR integrated tandem systems to
synthesize high-value chemicals, which represents sustainable
and environmentally-friendly pathways. Integrating H,O, electro-
synthesis with other chemical reaction systems not only enhances
energy efficiency but also enables the production of more complex
chemical compounds under mild conditions. Recently, Kong
et al.*® demonstrated a groundbreaking approach by integrating
three electrolysis systems—CO,RR, nitrogen reduction reaction
(NRR), and 2e~ ORR—to achieve the green synthesis of glycine, a
key amino acid. Moving forward, reactor designs should focus on
tailoring systems for specific applications, thereby maximizing the
utilization efficiency of H,0, and contributing to sustainable
chemical processes.

(5) Assess the economic feasibility and perform lifecycle
analyses of H,O, electrosynthesis and 2e~ ORR integrated
tandem systems. A comprehensive techno-economic analysis
should evaluate product efficiency, scalability, and lifecycle
impacts, and ultimately guide the development of cost-effective,
resource-efficient, and sustainable chemical production pro-
cesses. The analyses should include not only direct economic
costs, such as pre-investments and electricity consumption, but
also include the environmental costs, with a particular emphasis
on carbon emissions and their environmental impacts.
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