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The electrosynthesis of hydrogen peroxide (H,O,) via a selective two-electron oxygen reduction
reaction (2e~ ORR) presents a green and low-energy-consumption alternative to the traditional, energy-
intensive anthraquinone process. This review encapsulates the principles of designing relational
electrocatalysts for 2e” ORR and explores remaining setups for large-scale H,O, production. Initially,
the review delineates the fundamental reaction mechanisms of H,O, production via 2e~ ORR and
assesses performance. Subsequently, it methodically explores the pivotal influence of microstructures,
heteroatom doping, and metal hybridization along with setup configurations in achieving a high-
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performance catalyst and efficient reactor for H,O, production. Thereafter, the review introduces a
forward-looking methodology that leverages the synergistic integration of catalysts and reactors, aiming
DOI: 10.1039/d4cc01476f to harmonize the complementary characteristics of both components. Finally, it outlines the extant
challenges and the promising avenues for the efficient electrochemical production of H,O,, setting the

rsc.li/chemcomm stage for future research endeavors.
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1. Introduction

Hydrogen peroxide (H,O,) is one of the most significant
industrial chemicals all over the world, with a wide range of
applications that extend from paper and textile manufacturing
to wastewater treatment systems, polymer and pharmaceutical
syntheses, and organic degradation due to its remarkable
oxidative and environmentally benign properties.'> However,
95% of the H,0, product is produced by the anthraquinone
oxidation (AO) process, which requires the presence of a noble
palladium catalyst, hydrogenation, and oxidation steps (Fig. 1a),
along with the recycling of excessive organic solvent and distilla-
tion of H,0, from the reaction mixture.*” These disadvantages
result in high costs, excessive energy consumption, and multiple
operations. These limitations have prompted researchers to inves-
tigate alternative, environmentally friendly technologies for synthe-
sizing H,0,. A notable alternative to the conventional AO approach
for manufacturing H,0, is the direct synthesis process, which
utilizes hydrogen (H,) and oxygen (O,) as the initial reactants
(Fig. 1b). This method employs a catalytic reaction, typically

“ NanoScience Technology Center, University of Central Florida, Orlando, FL,
32826, USA. E-mail: Yang.Yang@ucf.edu

b Department of Materials Science and Engineering, University of Central Florida,
Orlando, FL 32826, USA

‘ Renewable Energy and Chemical Transformation Cluster, University of Central
Florida, Orlando, FL 32826, USA

dDepartment of Chemistry, University of Central Florida, Orlando, FL 32826, USA

¢ The Stephen W. Hawking Center for Microgravity Research and Education,
University of Central Florida, Orlando, FL 32826, USA

5232 | Chem. Commun., 2024, 60, 5232-5244

mediated by palladium/platinum (Pd/Pt) or similar catalysts, to
combine these gases directly into H,O, under carefully managed
conditions. However, the direct synthesis of H,O, (DS-H,0,)
utilizing H, and O, faces several challenges, including the inherent
safety risks due to the explosive nature of the H, and O, reaction,
lower yields which reduce efficiency, the necessity for costly noble
metal catalysts, operational complexities requiring precise control
over reaction conditions to maintain selectivity, and generally
lower production rates that may not meet industrial-scale
demands.®'® Therefore, to facilitate widespread adoption, it is
essential to develop other efficient and cost-effective methods for
the synthesis of H,0,.

Notably, the electrochemical approach, utilizing the two-
electron oxygen reduction reaction (2~ ORR) pathway, presents a
promising method for generating H,O,. This technique is advan-
tageous due to its portability and enhanced safety profile (Fig. 1c).®
Additionally, the electrocatalytic 2-electron oxygen reduction reac-
tion (2e” ORR) occurs in an aqueous electrolyte (for example,
aqueous KOH, phosphate-buffered saline (PBS), H,SO,, HCIO,,
and Na,SO,) with O, as the starting material."* ™ This process
avoids the use of excessive organic solvents required in the AO
process and eliminates the direct contact between H, and O, in the
DS-H,0, process, indicating that it is more environmentally
friendly and safer compared to the other two methods. Further-
more, the 2e” ORR can be driven at low voltage, suggesting that
it can be integrated with renewable energy sources. These
advantages position it as a sustainable alternative to supersede
both the AO and DS-H,O, processes. In the 2e~ ORR, H,0, is
produced directly through the reduction of O, at the cathode.

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Illustration of hydrogen peroxide production via (a) traditional anthraquinone process, (b) the direct synthesis, and (c) electrochemical two-

electron oxygen reduction reaction. (d) Illustration of the proposed ORR process.

Notwithstanding the advantages, the sluggish reaction kinetics
coupled with side reactions significantly impede the overall
energy efficiencies. Consequently, the essential conditions for
the optimization of H,O, electrochemical synthesis involve the
deliberate design of specialized catalysts. These catalysts must
favor the selective 2e~ ORR pathway, while inhibiting the
competing 4e~ ORR pathway, and should exhibit high activity,
superior selectivity, and strong stability. To date, optimal
practical outcomes in 2e~ ORR have been achieved through
rational engineering of catalysts that offer affordability, abun-
dance, and durability.’®° The engineering strategies involve
microstructural engineering, heteroatom doping engineering,
and metal hybridization engineering. Many recent studies have
confirmed that the dimensions and types of pore structures
significantly affect the 2~ ORR performance.'®?'* For example,
three-dimensional (3D) materials can effectively avoid stacked
structures, thereby favoring the exposure of more catalytically
active sites. The mesopore structure in the materials can reduce
the retention time of H,O, on the catalyst surface, thus enhancing
the productivity of H,0,.>*** In addition to the influence of
structure on the 2e~ ORR performance, the composition of the
catalysts significantly impacts the performance. The doping of
heteroatoms and metallic hybridization are subjects of extensive
study because of the ability of heteroatom incorporation into
substrates to activate otherwise inert atoms and the inherent high
activity of metals in catalyzing the oxygen reduction reaction.>
Moreover, given that the objective of the 2e” ORR is to supplant
the conventional AO process, the setups for large-scale H,O,
production assume critical importance. It is essential to design a
logical setup that can maximize catalyst utilization and facilitate
continuous production.

This journal is © The Royal Society of Chemistry 2024

The exploration of electrochemical synthesis of H,O,
through a 2e~ ORR represents a burgeoning research domain.
Despite the abundance of comprehensive reviews on the 2e™
ORR, the focus on integrating catalyst engineering involving
basic design principles with existing large-scale setups for H,O,
production remains limited. This review discusses the reaction
mechanisms, performance assessment, design principles of
catalysts, and setups for large-scale H,0, production.

2. Reaction mechanisms of H,O,
production via 2e= ORR

In the cathode of an electrochemical cell, the electrochemical
oxygen reduction reaction (ORR) can follow two distinct pathways
in aqueous environments: 2~ ORR and 4e~ ORR.>>® In the 2e~
ORR, H,0, is the primary product, whereas in the 4e~ ORR, the
final product is H,O. These reactions are influenced by distinct
catalysts and environmental conditions. Thus, the selection of the
catalyst and reaction media play critical roles in determining
the predominant reduction pathway. Typically, the ORR unfolds
through either a dissociative or an associative pathway. The
dissociative pathway involves breaking the O-O bond upon oxy-
gen adsorption, leading to the formation of adsorbed oxygen (O),
which is sequentially reduced to adsorbed hydroxide (OH,qs) and
adsorbed water (H,0,q45). Conversely, the associative mechanism
retains the O-O bond, with the end products being either water
(H,0) or H,0,, contingent upon the capacity of the catalysts to
split the O-O bond within the *OOH intermediate. Regarding
H,0, production via the 2e” ORR, as illustrated in Fig. 1d, the
O, molecule initially attaches to the active sites, undergoing
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hydrogenation to form *OOH, which is finally reduced to H,O,.
Conversely, if the O-O bond is broken, the resulting *O undergoes
further reduction, leading to the unwanted formation of H,O.
Thus, preserving the O-O bond and fine-tuning the adsorption
energy of *OOH are essential steps to maximize H,O, yield. For
an ideal 2e~ ORR catalyst, it is critical to strongly adsorb O,
molecules to initiate *OOH formation. Moreover, the adsorption
at active sites should be sufficiently weak to enable straight-
forward desorption of *OOH, leading to H,O, production.
In summary, the production of H,0, through the 2e~ ORR is a
dual-step hydrogenation process involving the generation of
*OOH intermediates and H,0, at active sites, see eqn (1) and (2).

*+0,+H +e =*00H (1)
*OOH + H + e~ = H,0, + * (2)

where * represents the active sites.

According to the discussion above, the adsorption energy of
*OOH determines the 2e” ORR pathway. The limiting potential
(U) is defined as the minimal potential at which all steps of the
reaction proceed in a thermodynamically favorable direction.
Consequently, the theoretical overpotential can be determined
by calculating the difference between the limiting potential and
equilibrium potential.>® The graphical representation of U
versus (vs.) AG«oon for the 2e” ORR demonstrates a volcanic
shape. At the extreme left of the volcano plot, the *OOH
intermediate exhibits overly strong adsorption to the active
sites, steering the ORR mechanism towards a 4e~ process. This
indicates a reduced selectivity for the 2e” ORR pathway, albeit
with elevated activity. Conversely, at the extreme right of the
volcano plot, the *OOH intermediate on the surface of active
sites exhibits insufficient surface binding, resulting in heigh-
tened selectivity for the 2e” ORR pathway, albeit at the cost of
diminished activity. Thus, to achieve optimal activity and
selectivity for the 2e~ ORR, active sites should ideally be
positioned near the peak of the volcano plot.

In addition, it should also be noted that the catalytic process
of 2e” ORR varies in different electrolytes. The half-cell reac-
tions can be expressed as follows (eqn (3a) and (4a)).>° However,
studies on the H,0, production mechanism in neutral electro-
lytes are scarce. In such electrolytes, both hydroxyl species and
protons are sparse. Therefore, further investigation into the
ORR pathway is necessary to uncover the impact of pH on H,O0,
production. The occurrence of 2e~ ORR inevitably accompanies
the 4e~ ORR, as shown in eqn (3b) and (4b).

Acid media: O, + 2H" + 2e” = H,0,, E° = 0.70 V vs. RHE

at PH < 11.6 (3a)

0, +4H" + 4e” = 2H,0, E° =1.23 Vvs. RHE  (3b)
Basic media: O, +2H,0 + 2e~ = H,0, +20H,

E° =0.74 V vs. RHE at PH = 13 (4a)

O, +2H,0 + 4e” — 40H , E° = 1.23 Vvs. RHE (4b)

where E° represents the standard equilibrium potential, while
RHE refers to the reversible hydrogen electrode.
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3. Performance assessment:
rotating-ring disk electrode and
applicable devices

The utilization of the rotating ring-disk electrode (RRDE)
technique constitutes a pivotal methodology in the comprehen-
sive evaluation of H,O, electrosynthesis and the elucidation of
oxygen reduction reaction (ORR) mechanisms. This advanced
approach enables the accurate determination of H,0, yields
resulting from the ORR by initially enabling the reduction of
molecular O, at the disk electrode, thereby generating both
H,0 and H,0,. Subsequently, the rotation of the disk electrode
expedites the transfer of produced H,0, to a platinum ring
electrode, where H,0, is oxidized back to O,. This process
facilitates the quantification of H,O, through the generation of
a measurable ring current. Elevated currents observed at the
disk electrode are indicative of robust ORR activity, whereas
augmented ring currents indicate significant H,O, production,
thereby evidencing the efficacy of H,0, production. By asses-
sing the currents measured at both the disk and ring electro-
des, the number of electrons transferred () and the selectivity
towards H,0, production (%) can be meticulously calculated,
as shown in eqn (5)-(7).

.. 200 x [rin
Selectivity of Hy05(%) = ——— 08 5
y of H,0,(%) N % o] + Toms (5)
4 x |lgis
Electron transfer number(n) = _ 4 fal (6)

 aisk| + Ling /N

H,0; faradaic efficiency (%) = tring_ (7)

N X lgisk
where Iiing, laisk, and N represent the ring current, disk current,
and the collection efficiency of the RRDE, respectively. The n
values approaching 2 indicate reactions predominantly follow-
ing a two-electron pathway, resulting in H,O, production, while
n values nearing 4 imply the predominance of a four-electron
pathway leading to the formation of H,O. The applied potential
on the ring electrode is set at 1.2 V (vs. RHE) to quantify the
H,0,, where the H,0, is oxidized back to 0,.%*

The true efficiency of catalysts for H,O, production can
be assessed through electrolyzer setups. Such configurations
provide a practical measure of H,O, electrosynthesis perfor-
mance, offering a more applicable comparison to the RRDE
method. This approach allows for the evaluation of catalyst
stability and the potential for large-scale production over
prolonged periods. The concentration of H,O, can be measured
using conventional titration methods, such as Ce(SO,), titra-
tion or iodometric titration. The H,O, concentration obtained
in applicable devices can be ascertained through the trans-
formation of yellow Ce*" ions to colorless Ce*" ions, facilitated
by H,0,, allowing for the determination of H,O, concentration
based on the change in Ce*" ion concentration before and
after the reaction (see eqn (8)-(10)). In iodometric titration,
the process involves the oxidation of I- ions into I, within an
acidic environment. Following this, the introduction of a starch

This journal is © The Royal Society of Chemistry 2024
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aqueous solution to the solution containing I, results in the
formation of a dark blue complex. To conclude the titration
and evaluate the H,0, concentration, Na,S,0; is gradually
added to the dark blue mixture until the color vanishes
(see eqn (11)-(13)).

2Ce*" + H,0, = 2Ce*" + 2H" + O, (8)

4 4
Vce4+ X ChefmeCe +— (VCe‘H + Vl,telectrolyte) X Caflel’ce +

CH 0, =
22 2 V’
X Z,Electl’( lyte

©)

2x CxVxF
0

where Cy o, is the real H,0, concentration in an applicable
device, Vgear, Vl,telectrolyte; Cbeforecelpr Cafterce4+; and VZ,electrolyte
represent the volume of the used Ce(SO,), solution, the volume
of electrolyte taken from the electrolyzer, the initial concen-
tration of Ce(SO,),, the final concentration of Ce(SO,), after
H,O0, is added, and the total electrolyte volume, respectively.
In eqn (10), C represents the concentration of H,0,, V denotes
the volume of the electrolyte, F stands for the Faraday constant
(96485 C mol™'), and Q refers to the charge consumed.

Faraday efficiency(%) = (10)

H,0, +2KI + H,80, — I, + K,SO, + 2H,0 (1)
I, + 2N2,5,0; — Na,S,0, + 2Nal (12)
. 16Ve x 96485
Faraday efficiency(%) = SO X IO S 100% (13)

Y

where the V, ¢, and Q represent the consumed volume of
Na,S,03, the concentration of Na,S,03, and the applied charge
during the electrolysis, respectively.

4. Strategies to design catalysts for the
2e” ORR

4.1 Microstructure engineering

The engineering of microstructures of materials plays a vital
role in boosting catalytic performance due to their influence on
the specific surface area (SSA), exposure of catalytic active sites,
mass diffusion, and conductivities. The microstructures are
influenced by both their dimensions and porosities. Materials
processing similar chemical compositions with different
dimensions and porosities usually display completely different
features in terms of catalytic performance. Therefore, under-
standing the effects of microstructures can lead to an effective
material design. For example, three-dimensional (3D) materials
predominantly contain porous structures including macro-
pores, mesopores and micropores. Such controllable pore
structures can purposely regulate the 2e” ORR coordination
of reaction intermediates by changing the exposure of
active sites and the retention time of H,0, in the specialized
pore size, thus determining the overall performance of a

This journal is © The Royal Society of Chemistry 2024
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catalyst.”>>® Regarding materials with two-dimensional (and
one-dimensional) structures, such as graphene (and typical
carbon nanotubes (CNTs)), they are distinguished by distinctive
flake-like and linear morphologies, wherein the active sites are
constituted by surface functional groups and/or structural
defects. Furthermore, the two-dimensional (2D) and one-
dimensional (1D) substrates serve as efficacious carriers for
electron transfer processes. In this section, the effects of
microstructures of materials regarding the dimensions and
porosities on the 2e~ ORR performance will be comprehen-
sively discussed.

Regarding the materials with 3D structure and sufficient
pore structure, the 2e~ ORR performance of a material is
affected by the SSA and types of pore structure in 3D materials,
as shown in Fig. 2a. Chai et al. reported the synthesis of
mesoporous carbon hollow spheres exhibiting an exceptionally
high specific surface area (SSA) of 1362.4 m> g~ '. These spheres
displayed a remarkably high selectivity for H,O, production,
reaching 99.9% in a neutral phosphate-buffered saline (PBS)
electrolyte,'® as shown in Fig. 2d. The unique hollow morpho-
logy and the structural features of the radial channels contri-
bute to an increased SSA, which in turn facilitates mass transfer
during the oxygen reduction reaction process. In an analogous
research, a hierarchically porous carbon material was developed,
boasting an ultrahigh SSA exceeding 2500 m”> g~ ". It is claimed
that the SSA plays a pivotal role in enhancing the performance of
H,0, production.”" The optimal porous architecture enhances the
exposure of electroactive sites, thereby augmenting the utilization
efficiency of these sites for H,O, production. Therefore, the 3D
structure with high SSA is beneficial for both exploring the actives
and accelerating the mass transfer for H,O, production. The
inherent relation between the structural features and H,O, pro-
duction performance is deeply studied by analyzing the states of
H,0, in the pore structure because materials processing high SSA
include macropores, mesopores and micropores. In the realm of
catalysis, the presence of mesopore structures within catalysts
significantly accelerates the migration route of H,O, due to
enhanced mass transport capabilities, in contrast to the restricted
mobility inherent in micropore structures.”>** This phenomenon
is illustrated in Fig. 2b and c: the H,O, generated in the mesopore
structure can easily diffuse into the bulk electrolyte, reducing the
decomposition of H,O, and thus enhancing the production.
However, in micropore structures, H,0, is either transiently held
within micropores or compelled to traverse extended distances to
reach the catalyst surface. This distinct discrepancy between
mesopore and micropore configurations markedly influences
the residency duration of H,O, within the catalyst structure. For
example, nitrogen-doped carbons with a mesoporous architecture
reveal a notable H,0, selectivity exceeding 90% in acidic electro-
Iytes. Such remarkable H,O, selectivity can be attributed to the
fast mass transfer and minimized contact time of H,0, within
these mesoporous structures.”” In another research, Chuanxin He
et al. highlighted that micro/mesoporous carbon architectures can
elevate the local pH and expedite the generation of intermediates
(*O, and *OOH) via inducing a localized pseudo-alkaline environ-
ment, thereby enhancing the efficiency of H,0, production.*>

Chem. Commun., 2024, 60, 5232-5244 | 5235
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Fig. 2 Schematic of the (a) 3D microstructure, (b) mesopore and (c) micropore. (d) H,O, selectivity of mesoporous carbon hollow spheres. Reproduced
from ref. 22. Copyright (2014) American Chemical Society. (e) Current densities of H,O, and (f) faradaic efficiency as a function of micropore volume.
Reproduced from ref. 24. Copyright (2018) Elsevier. (g) Ordered structure of graphene flakes on carbon nanowires. (h) Representative Raman spectra
of NT-3DFGs. (i) SEM image and representative rotating disk electrode linear sweep voltammetry (LSV) curves (n = 3) for glassy carbon (black) and
NT-3DFGs. Reproduced from ref. 34.Copyright (2020) American Chemical Society.

Furthermore, the pore volume also plays a crucial role in deter-
mining the selectivity towards H,O, production in the 2e” ORR.
As documented in Fig. 2e and f, Chorkendorff and colleagues
elucidated that carbon materials endowed with substantial micro-
porous volumes manifest a pronounced selectivity for H,O,
production.** Specifically, Fig. 2e and f demonstrate an increase
in H,0, current density concomitant with the augmentation of
micropore volume, underscoring the beneficial impact on 2e™
ORR efficiency. The production volume of H,O, is positively
correlated with the extent of microporous volume, implying that
these micropores act as auxiliary active sites, enhancing the
catalytic process.

In addition to the SSA and pore structure, microstructural
engineering also involves the design of geometrical structures,
which is mainly related to the rational utilization of active
sites. As shown in Fig. 2g, both commonly used graphene and
CNTs, when utilized as 2e~ ORR catalysts, are functionalized with
active epoxy, hydroxyl, carbonyl groups, and the defects.>"' >3
The rational design of ordered microstructures has been regarded
as an effective strategy to improve the H,O, production in 2e™

5236 | Chem. Commun., 2024, 60, 5232-5244

ORR by taking full advantage of the edge sites with functional
groups. A graphene-based hybrid nanomaterial, known as
nanowire-templated out-of-plane three-dimensional fuzzy gra-
phene (NT-3DFG), has been developed.*® This material is
characterized by its unique arrangement of independent gra-
phene layers on nanowires, as depicted in Fig. 2g. The innova-
tive composite structure not only prevents the graphene layers
from stacking but also significantly enhances the accessibility
of the edge sites on graphene flakes. Adjusting the density of
these out-of-plane graphene flakes by simply changing the
annealing temperature and time (Fig. 2h) allows for the modu-
lation of both the density of active sites for ORR and the overall
ORR activity of NT-3DFG. The finely regulated NT-3DFG sample
exhibits exceptional 2e~ ORR performance, including an onset
potential of 0.79 £ 0.01 V vs. RHE and a high selectivity for
hydrogen peroxide production (94 + 2% H,0,). Thanks to the
optimized arrangement of vertically aligned graphene on nano-
wires, the limiting current density for the oxygen reduction
reaction experienced an enhancement, concurrent with the
increase in edge density (Fig. 2i).

This journal is © The Royal Society of Chemistry 2024
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4.2 Heteroatom doping engineering

Heteroatom doping engineering involves introducing allo-
plastic atoms into an inert substrate, which can regulate the
local electronic structure to activate the inert atoms, thus
enhancing the catalytic activity.>® In addition, heteroatoms
can also introduce active functional groups, which function
as active sites for 2e” ORR, into the substrate to achieve a high-
performance catalyst, such as the oxygen-bearing functional
groups on the carbon-based materials. Generally, heteroatom
doping engineering involves doping non-metallic/metallic
heteroatoms into carbonaceous/non-carbonaceous materials.
Regarding the heteroatom-doped carbonaceous materials,

N: Pyridinic-N
N:Pyrrolic-N
N:Graphtic-N

View Article Online
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elements such as boron (B), nitrogen (N), oxygen (O), fluorine (F),
phosphorous (P), and sulfur (S) are doped into carbon substrates
to activate the electrochemically inactive atoms by regulating the
electronic conductivity or introducing defect sites.”>>>¢

Great attention has been paid to the oxygen-doped carbo-
naceous materials (O-C). The oxygen incorporation into car-
bons can greatly localize the n electron distribution, achieving
high H,O0, selectivity towards the 2e” ORR, while the activity of
O-C is limited because of the high resistance of surface charge
transfer. Studies on the effects of oxygen dopants on the 2e™
ORR mainly focus on identifying the specific oxygen-bearing
functional groups. As reported in numerous works, as shown in
Fig. 3a, the quinone functions, carbonyl, and ether/epoxy can
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function as active sites for the 2e~ ORR.">'7*%7739 Typically,
the catalytic activities of these oxygen-bearing groups are
different in various chemical coordination environments. For
example, when oxygen atoms were introduced into carbon to
prepare quinone-rich, carbonyl-rich, and etheric-rich carbon,*®
the quinone functional groups, as shown in Fig. 3a (area I),
were confirmed as the most active site compared to the other
oxygen groups. More importantly, the catalytic activity of an
oxygen group is highly dependent on the geometric position.
For example, the C-O groups located at the base of few-layered
mildly reduced graphene oxide (mrGO) gradually transform
into ordered arrangements of ring ether groups at the edges
of the mrGO when annealed at 600 °C (see Fig. 3a, area II and
III). Such rebuilt ether groups from the basal plane position to
the edge position resulted in elevated peroxide formation
activity.>” Besides, the other oxygen group, -COOH, was experi-
mentally confirmed as an active site for 2e~ ORR. Chemical
titration experiments using PH, BA, and 2-BrPE as titrants to
specifically react with the C—=0, C-OH, and COOH groups,
respectively, were performed to identify the 2e~ ORR active
sites.’” The results indicated that the COOH groups on the
carbon sheet contributed most to the 2e” ORR performance,
and DFT calculations demonstrated that the COOH on the edge
(see Fig. 3a, area IV) has the highest catalytic activity towards
2e~ ORR. These studies have thoroughly investigated the types
of oxygen groups and their geometric positions on the gra-
phene base, which implies that the precise design of catalysts
significantly affects the 2e~ ORR performance.

In addition to the O dopant, the nitrogen (N) dopant is also
widely studied for 2e~ ORR due to the big difference in
electronegativity between the nitrogen atom and carbon atom.
Regarding nitrogen-doped carbonaceous materials, the main
active sites contain pyridinic, pyrrolic, and graphitic N (see
Fig. 3b). The pyridinic N has a lone pair of electrons, which
implies it can be easily reduced or protonated, especially in
acidic electrolytes.*® Such a characteristic hinders the capacity
to attenuate the O-O bond, resulting in a predisposition
towards the formation of H,0,. However, in neutral or alkaline
pH environments, there was a notable reduction in selectivity
for H,0,, which can be attributed to the enhanced feasibility
of water (H,O) generation via the cleavage of the O-O bond.
Consequently, carbons dominated by pyridinic sites demon-
strated enhanced performance in the 2e” ORR within acidic
electrolytes.*’ Nevertheless, both pyrrolic N and graphitic N
also demonstrated their catalytic activity towards the 2e” ORR.
Specifically, the catalytic activity in pyrrolic N-dominated
carbons arises from the positive charge on the adjacent carbon,
induced by the high electronegativity of the pyrrolic N
within the carbon network.”*” In the case of graphitic nitrogen,
it donates electrons to the m-conjugated system of carbon-
carbon bonds, thereby facilitating the adsorption of molecular
oxygen. This electron donation subsequently leads to a proton-
coupled electron transfer, facilitating the formation of the
*OOH intermediate species.*’ In addition to the most widely
explored O and N dopants, other non-metallic elements includ-
ing boron (B), fluorine (F), phosphorus (P), and sulfur (S)
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were introduced into the carbon base to enhance the 2e” ORR
performance,?>4*44748

Moreover, the incorporation of metallic dopants has signifi-
cantly attracted the interest of researchers. This heightened
focus is largely attributed to the comparatively limited catalytic
activity of non-metallic dopants within carbon-based frame-
works, despite their pronounced selectivity for H,O, produc-
tion. Recent research has delved into highly active single-atom
catalysts, which are composed of atomically dispersed metals
and substrates. This category encompasses non-precious
metals like Fe, Co, Ni, and Mn,**™* as well as precious metals
such as Pt, Os, Ir, Rh, Ru, and Pd.>***® Generally, the active
metallic atoms (M) are combined with nitrogen atoms, as
shown in Fig. 3c, to construct M-Nx sites on the carbon
substrates. According to the DFT calculations shown in
Fig. 3d, many metals, for example, nickel (Ni) and silver (Ag)
exhibit a preference for producing H,O, rather than H,O
compared to metals like ruthenium (Ru), iron (Fe), and cobalt
(Co), which is attributed to their enhanced protophilic proper-
ties for H,0, production. While for the Ru, Fe, and Co active
metal centers, their preference lies in breaking the *OOH
intermediates to *O, which leads to H,O formation. Based on
the calculated volcano plot, almost no active M-N, sites are
close to the ideal volcano plot for H,O, production (AGoou~ =
4.22 eV). It is beneficial to subtly adjust the M-N, site to retain
most of its significant catalytic efficiency in the generation of
H,0,. Optimization of the synergy between the metal center
and the surrounding atomic configuration, coupled with altera-
tions to the metal center of the M-N, moiety, is necessary to
achieve the desired AGoou+ value and enhance the production
of H,0,. For example, the Co-N, moiety can be tailored by
fine-tuning its surrounding oxygen atomic configuration; as
shown in Fig. 3d, the new site Co-N,(O), incorporated in
nitrogen-doped graphene (NG), demonstrated optimized H,0,
production.®® Besides, atomic Co-Nx-C sites on oxygen group-
functionalized carbons, denoted as Co-POC-O, were synthe-
sized through the processes of pyrolysis and oxidation of a
cobalt-coordinated porphyrin framework precursor, demon-
strating remarkable performance in the electrochemical synth-
esis of H,0,.* Interestingly, Yijin Kang et al. found that the
pyrrole-type Co-N, primarily facilitates the 2e” ORR, whereas
the pyridine-type Co-N, is instrumental in the 4e” ORR
(Fig. 3c). Significantly, the pyrrole-type Co-N, exhibited a
remarkable H,O0, selectivity of 94% under acidic conditions.
The observed enhancement in catalytic performance is ascribed
to a diminished interaction between O, and the reactive
intermediate *OOH, thereby augmenting H,O, production.’?
Additionally, subsequent research has demonstrated that incor-
porating a second cobalt atom into the Co-N, coordination to
create novel diatomic cobalt sites, as illustrated in Fig. 3e,
attenuates the binding affinity of *OOH and *HOOH.®” These
newly engineered diatomic cobalt sites thus inhibit the clea-
vage of the O-O bond while concurrently mitigating the para-
sitic hydrogen peroxide reduction reaction (H,O,RR). Although
atomically dispersed metals on carbon substrates are mostly
reported, for example, CuS, and titanium nitride, they can be
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used as substrates to load active atoms for H,O, production, in
which the active atoms are surrounded by other metallic atoms
or nonmetallic atoms (Fig. 3f).>> Fabrication of hollow nano-
spheres by atomically dispersing platinum (Pt) on an amor-
phous CuS, support (h-Pt1-CuS,), featuring a substantial
concentration of single atomic Pt sites (24.8 at%), was reported
(Fig. 3f).° The active Pt atoms facilitate the activation of the
inert CuS, substrate, while CuS, concurrently prevents the
aggregation of Pt atoms. This novel catalyst demonstrates a
high ability to consistently convert O, into H,0, with selectivity
ranging between 92% and 96% across a broad potential win-
dow of 0.05 to 0.7 V vs. RHE in HCIO, electrolyte (Fig. 3g and h).
Moreover, an electrochemical device capable of directly
synthesizing H,0, from H, and O, was developed, achieving
H,0, production rates as high as 546 + 30 mol kg, * h™*
(Fig. 3i and j).

4.3 Metal hybridization engineering

Metallic catalysts, such as Pt and Pd, demonstrate notable
catalytic efficiency in ORR, while predominantly facilitating
the four-electron (4e”) pathway.® The strategic design of an
active metallic catalyst capable of suppressing the 4e™ pathway
while promoting the 2e~ pathway holds substantial impor-
tance. Hence, gaining an in-depth understanding of the inter-
actions between molecular oxygen (O,) and the catalytic surface
is crucial for the development of effective catalysts. As eluci-
dated in ““Section 2: Reaction mechanisms of H,O, production
via 2e~ ORR,” the protonation of O, to form *OOH intermedi-
ates represents a significant hurdle in the 2e” ORR process.
Therefore, the initial step for the 2e” ORR is when the adsorbed
O, on the catalytic surface captures a proton to form *OOH. The
adsorption of O, manifests in two distinct configurations:
dissociative side-on adsorption and associative end-on
adsorption.>® Fig. 4a and b illustrate that the side-on adsorp-
tion mechanism extends the bond length and attenuates the
double bond in O,, yielding H,O as the product. However, the
end-on adsorption mechanism leads to the adsorption of
oxygen in the form of *OOH, which is capable of producing
both H,0, and H,0. Therefore, the principal challenge in the
design of 2e”~ ORR catalysts lies in altering the O, adsorption
mode from a “side-on” to an “‘end-on” configuration. To effect-
uate the transition from a ““side-on” to an “‘end-on” adsorption
configuration, two strategic approaches are proposed: (i) surface
poisoning/shielding, which involves the deliberate obstruction of
exposed ensemble sites with inert species (Fig. 4c), effectively
altering the surface chemistry to favor “end-on” adsorption; and
(i) the alloying of the active metal with an inert metal, which
facilitates the isolation of active metal atoms (Fig. 4c), thereby
providing a distinct geometric arrangement conducive to the
desired adsorption mode.

Partial occlusion of the active metal surface can be achieved
through the employment of specific poisonous ions, including
Cl7, SCN™, CN, Br~ and S>7, as well as other entities such as
amorphous carbon, TiO,, etc., to enhance H,0, selectivity."®
Introducing cyanide ions (CN™) into the H,SO, electrolyte
modifies the ORR selectivity towards the 2e~ pathway while
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reducing the overall ORR activity (Fig. 4d).>® This modification
can be attributed to changes in the configuration of species
adsorbed on the Pt surfaces of the Pt(111) catalyst. Besides,
other ions, for example, C1~, Br™, and S*>~ were also found to
poison the Pt site in acidic electrolytes due to their strong
adsorption ability.®*"®* Although ion poisoning can effectively
facilitate the 2e” ORR pathway, the introduction of heteroatom
ions into electrolytes and reduced overall activity of the cata-
lysts remain the challenge. Therefore, the direct design of active
materials with ‘“self-shielding” characteristics for enhanced
2e~ ORR performance is another effective strategy. These
“self-shielding”” materials are designed based on the principle
of changing the ‘“side-on” type to the “end-on” type. For
example, when Pt nanoparticles were coated with an amor-
phous carbon layer (ACL), as shown in Fig. 4b, it was observed
that the composite of Pt@ACL facilitated the adsorption of O,
in an end-on configuration, significantly improving the perfor-
mance of H,O, electrosynthesis.>® Importantly, the catalyst
demonstrated enhanced catalytic stability, which is likely
attributed to the shielding of Pt catalysts by the carbon layers
enveloping them. This protective mechanism effectively miti-
gates the risks of leaching and ripening under conditions of
high corrosivity during operation.*® Similarly, Markovic et al.
reported a Pt(111) catalyst enveloped by a calix[4]arene. Because
of the strong inhibition of O, adsorption and reduced exposure
of Pt sites, the ORR activity on such catalysts is reduced
with the concomitant formation of H,0,.°> Furthermore, an
intriguing category of support effect, which leverages the
advantages of encapsulation, is the strong metal-support inter-
action.®* As shown in Fig. 4e, the TiO,_,/Pd/TiO, sample was
prepared by using an unprecedented time-dependent mechan-
ical milling method. During this process, the TiO, substrate
was reduced to TiO,_, overlayers and coated with Pd nano-
particles (Pd NPs). This process facilitated a valence band
restructuring and a reduction in the d-band center of the
surface Pd atoms, significantly influencing the electronic and
geometric properties of the catalyst. These alterations led to
optimized adsorption energies of OOH* intermediates. A pro-
gressive decrease in the limiting current density of the disk
current, accompanied by an augmentation in the ring current,
was discernible from the 0.5 h-Pd/TiC to the 6 h-Pd/TiC
samples. This trend suggests a transition from the 4e~ ORR
pathway to the 2e~ ORR pathway (Fig. 4f). The augmentation in
the faradaic efficiency of H,0, production, escalating from
approximately 35% to exceed 90%, substantiates this observa-
tion (Fig. 4g).

Analogous to the surface poisoning/shielding strategy,
which modulates the performance by altering the direct contact
interface between the catalytic sites and O,, metallic alloying,
which involves combining an active metal with an inert metal
that exhibits weak interaction with O,, can isolate the highly
active metals (For example, Pt and Pd dominate the 4¢” ORR
pathway), and alter the adsorption geometry of the O, molecule.
For example, noble metals and their alloys, such as Pd-Au,*>®®
and Pd-Hg,*”®® are currently state-of-the-art catalysts that demon-
strate near-zero overpotential for oxygen reduction along with an
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Fig. 4 O, adsorption on Pt/C and C(Pt)/C in the form of (a) side-on configuration and (b) end-on configuration. Reproduced from ref. 58. Copyright
(2014) American Chemical Society. (c) Illustration of surface poisoning and shielding on the surface of the metal and metallic alloying. (d) Polarization
curves obtained from RRDE experiments for the ORR on a Pt (111)-CN,q electrode with varying CN,q4 coverages, conducted in a 0.05 M H,SO,4 solution.
Reproduced from ref. 59. Copyright (2015) Elsevier. (e) Illustrative schematic demonstrating the encapsulation process of a TiO,_, overlayer on Pd NPs
via ball milling. (f) LSV curves obtained using an RRDE and corresponding (g) Faraday efficiency for the production of H,O,. Reproduced from ref. 64.
Copyright (2022) American Chemical Society. (h) Kinetic current density for H,O, as a function of the applied potential. () TEM images of the prepared
Pd-Hg alloy. (j) The potential needed to achieve a kinetic current density of 1 mA cm 2 for H,O, on polycrystalline catalysts as a function of the calculated
*OOH binding energy. (k) LSV curves obtained using an RRDE and corresponding H,O, selectivity. Reproduced from ref. 68. Copyright (2014) American

Chemical Society.

extremely high H,O, selectivity of up to 98%. For example, Au NPs
embellished with Pd atoms have exhibited an augmented produc-
tion of H,0,. Through an investigation into the influence of Pd
content on the Au surface, it was discerned that Pd does not
segregate on the Au NP surface until its concentration surpasses
8%; at this point the selectivity for H,O, production can reach
95% in 0.1 M HClO,.* Nevertheless, an excessive concentration of
Pd leads to the formation of Pd ensemble sites, which preferen-
tially dissociate the oxygen bond (O-O), thereby diminishing
the selectivity for H,O, production. Subsequent research has
revealed that isolating Rh, Pd, Pt, or Rh sites on Au (111) surfaces
enhances the performance of the 2e~ ORR relative to pure gold.”

5240 | Chem. Commun., 2024, 60, 5232-5244

Furthermore, E. L. Stephens systematically studied the non-noble
metallic Hg alloys for 2~ ORR.®® As shown in Fig. 4h, the curves
delineating the partial current densities associated with hydrogen
peroxide production, relative to the applied potential, were
plotted. The findings underscore the critical impact of catalyst
composition on the requisite overpotential. Remarkably, the
Pd-Hg alloy demonstrated the highest current at minimal over-
potential. However, Pt-Hg, Ag-Hg, and Cu-Hg demonstrated a
sequential escalation in overpotential. The Pd-Hg alloy exhibits a
core-shell configuration, wherein Pd constitutes the core and Hg
forms the shell, as illustrated in Fig. 4i. According to density func-
tional theory (DFT) calculations presented in Fig. 4j, the Pd-Hg
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alloy is positioned near the apex of the volcano plot, demonstrat-
ing the minimum overpotential or heightened catalytic activity.
The LSV curves shown in Fig. 4k further confirm the high H,0,
selectivity, surpassing 95% within the voltage window of 0.35 to
0.55 V vs. RHE in 0.1 M HCIO,.

5. Designing setups for H,0,
production

To realize industrial production of H,0, via the electrochemical
synthetic strategy, rationally designing setups is another crucial
engineering aspect that aims to achieve an efficient device for
stable H,0, products. Therefore, the designed setup should
maintain the original active sites for oxygen adsorption, ensure
effective mass migration, facilitate excellent H,O, desorption
and exhibit good stability.”*

Although the commonly used RRDE method can maximize
the advantages of a catalyst, the H,O, production is so limited
that it greatly hinders the industrial production. The one-pot
configuration, depicted in Fig. 5a, employs the catalyst-coated
carbon cloth directly as the working electrode, alongside a
graphite rod serving as the counter electrode and an additional
reference electrode.'” The operational conditions for this setup
closely mimic those of the RRED system. Li et al. studied H,O,
production using this one-pot setup reactor. In this system,
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the production rate of H,O, reached 115.32 mmol (g, h)™" at
0.5V vs. RHE, and the Faraday efficiency (FE) reached 89.0%.""
However, the generated H,O, is present throughout the elec-
trolyte, which can be decomposed on the anode surface.”
Nevertheless, an effective approach to prevent the decomposi-
tion of H,0, at the anode involves coupling it with an anode
that possesses a hydrogen oxidation reaction (HOR) function-
ality, capable of oxidizing H,O into H,0,. In a recent study, Xia
et al.” elucidated the elevated efficiency of a membrane-free
flow cell designed for the electrocatalytic production of H,O,.
They observed a significant increase in FE to 200%. This
remarkable enhancement is attributed to the application of
hydrophilic carbon fiber paper, which functions dually as both
the cathode and the anode, facilitating the concurrent genera-
tion of H,0,. An alternative strategy to mitigate the decomposi-
tion of H,0, at the anode involves employing a membrane to
segregate the cathode and anode chambers. In a similar study,
Yamanaka et al. conducted a study on H,0, production using
an H-cell in a one-pot batch reactor (Fig. 5b), where they noted a
pronounced degradation in H,O, electrosynthesis efficiency in
comparison to experiments conducted in an H-cell equipped
with a membrane.”” The integration of a membrane within the
H-cell effectively precludes the migration of H,O, to the anode;
however, the increased separation between the cathode and
the anode results in an elongated ion diffusion path, there-
by escalating solution resistance. Additionally, the limited

Air (0, < 21%) + H,0 — O, (pure) + H,0, (pure)

Fig. 5 Different types of setups for H,O, production. (a) One-pot setup. Reproduced from ref. 11. Copyright (2022) Elsevier. (b) H-cell. (c) Illustration of
the flow cell setup. Reproduced from ref. 17. Copyright (2021) Wiley-VCH GmbH. (d) solid—electrolyte (SE) cell system. Reproduced from ref. 78.

Copyright (2023) Wiley-VCH GmbH.
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solubility of O, in liquid electrolytes further constrains the
maximum rate of H,O, production achievable. Furthermore,
the discontinuous nature of H-cells and the accumulation
of H,O, on the electrode surface leads to further reduction
of H,0,.

To address the drawbacks of the one-pot setup and H-cell,
gas-diffusion electrodes (GDEs) were developed by integrating
a hydrophobic layer (gas-diffusion layer, GDL) and catalysts,
as shown in Fig. 5¢."” The GDEs are meticulously engineered by
coating the catalyst onto the gas diffusion layer, establishing
three-phase interfaces (TPIs) when immersed in the electrolyte.
The TPIs play a crucial role in ensuring the efficient transport of
0O,, thereby maintaining a consistent flow of O, directly to
the catalyst layer.”*””” This configuration is instrumental in
optimizing the efficacy of the electrode by ensuring that the
catalytic sites are uniformly accessible to O,. Through this
strategic layering and interface design, the GDEs achieve a
delicate balance between oxygen permeability and catalytic
activity, thereby maximizing the overall performance of cataly-
tic electrodes in H,O, production. Utilizing this apparatus, the
oxygen-doped carbon nanosheet (OCNS900) was affixed onto
the gas diffusion layer (GDL) to fabricate the cathode for the
oxygen reduction reaction (ORR), while an iridium dioxide
(IrO,)-coated titanium sheet was employed as the anode for
the oxygen evolution reaction (OER). The rate of H,0, produc-
tion was quantified to be 770 mmol g(catalyst h)~* following an
operational period of 1 hour.'” Interestingly, for the electro-
synthesis of pure H,O, solution, a solid-electrolyte (SE) cells
system was constructed (Fig. 5d), avoiding the need for expen-
sive and intricate post-treatment processes necessary for pur-
ifying H,O, solutions in conventional setups illustrated in
Fig. 5a-c. For example, both an anion exchange membrane
(AEM) and a proton exchange membrane (PEM), specifically
Nafion 117, were employed to facilitate anion and cation
exchange, respectively. The poly(styrene-co-divinylbenzene)
ion-exchange resin sulfonate (HEOWNS, P-72091, 75-200 mesh)
was utilized as the solid electrolyte (SE). The cathode and
anode sides were supplied with airflow and deionized water,
respectively.”® Chuangang Hu and colleagues utilized N and S
co-doped TCNTs (N,S-TCNTs) as cathode catalysts to achieve a
high FE of 95.1% at a current density of 150 mA cm 2.
Concurrently, at a current density of 300 mA cm ™2, the highest
production rate of 4.35 mmol cm > h™" can be achieved.”®

6. Conclusions and perspectives

In this review, an exhaustive summary of various engineering
strategies aimed at identifying efficient 2e” ORR catalysts has
been provided. This summary encapsulates discussions on
microstructure engineering, heteroatom doping, and metal
hybridization techniques. A 3D ordered mesopore structure is
regarded as an efficient configuration for a good 2e~ ORR
catalyst as it increases the exposure of active sites and facili-
tates mass transport of H,O,. Besides, heteroatom doping is
commonly used to guide the design of active sites, particularly
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in the field of carbonaceous materials. The inert atoms on the
substrates are activated after the incorporation of heteroatoms
(For example, B, N, O, F, and P) via regulating the local
electronic structure and introducing active functional groups,
thus inducing an enhanced 2e~ ORR performance. Metal
hybrid engineering, particularly involving noble metals such
as Pt and Pd that are recognized for yielding highly active
components for the 4e~ ORR, is also used to induce a 2e”
pathway via the utilization of poisoning/shielding and alloying.
Transforming the O, adsorption configuration from ‘“side-on”
to “end-on”” on the metallic surface can leverage the geometric
effects of the catalyst for H,O, production. In addition, the
setups including the one-pot setup, H-cell, flow cell setup and
solid-electrolyte (SE) cell for large-scale H,O, production are
also discussed. Considerable attention has been dedicated to
the engineering of catalysts and electrochemical reactors.
Despite noteworthy progress, the scaling up of H,0, electro-
chemical production remains nascent compared to the tradi-
tional anthraquinone process. Consequently, this area presents
both challenges and opportunities for the industrial produc-
tion of H,0, via 2e~ ORR.

The development of efficient 2e” ORR catalysts that exhibit
both high activity and selectivity remains a formidable chal-
lenge. Among the most extensively studied heteroatom-doped
carbonaceous materials, an increase in selectivity typically
coincides with a reduction in activity. Although the incorpora-
tion of metallic atoms into carbonaceous substrates has been
shown to enhance the activity of H,O, production up to a
certain extent, it invariably leads to a compromise in H,O,
selectivity. More critically, a catalyst recognized for its superior
2e~ ORR performance often exhibits a lower half-wave potential
compared to its counterpart favored for 4e” ORR performance,
suggesting that greater energy input is required to facilitate the
electrosynthesis process. Additionally, although noble metallic
alloys have shown high activity and selectivity, their high cost
significantly limits their application on a large scale. Therefore,
a profound understanding of the mechanisms governing the
2e” ORR is urgently required. Recent investigations have lever-
aged advanced in situ techniques, such as operando ATR-IR
spectroscopy, in situ X-ray absorption near edge structure
(XANES), in situ Raman spectroscopy, and density functional
theory (DFT) calculations. These methodologies offer novel
perspectives on pinpointing active sites and elucidating the
structural evolution of catalysts. Such insights are paramount
for the rational design of efficacious 2e” ORR catalysts.

Looking ahead, there is anticipation for the exploration of
single-atom catalysts on low-cost substrates combined with
simple preparation processes that ensure high activity, high
selectivity, and affordability. Given that these catalysts will
ultimately be used for large-scale H,O, production, the integra-
tion of catalysts and reactors is also crucial. The methods for
depositing these catalysts onto substrates need to be refined
through techniques such as air spraying, ultrasonic spraying,
and in situ growth, to ensure optimal ion/electron/mass transfer
and gas flow. A reaction chamber that is resistant to the
electrolyte and has a rational flow channel configuration,
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maximizing the conversion rate of O,, is vital for the electro-
synthesis process. Therefore, there is a pressing need for
focused efforts towards the development of reactors that not
only offer superior catalytic performance but also possess
chambers with excellent corrosion resistance.

In addition to the catalysts discussed above for H,0, pro-
duction, the electrolyte should also be focused on. Electrolytes
provide the environments for the oxygen reduction reaction,
which may affect the stability of the intermediate *OOH and
finally regulate the H,O, production. For example, Wu et al.
found that cetyltrimethylammonium bromide (CTAB) can
accelerate the 2e~ ORR performance of carbon black (CB) in
0.1 M KOH electrolyte, while sodium dodecylsulfate (SDS)
weakened the 2e” ORR performance due to the “pull-off”’ effect
of the cationic surfactant.”® Furthermore, P. Strasser et al.
observed notable cation (K')-induced electrocatalytic enhance-
ment effects on the 2~ ORR in acidic environments.*® In basic
electrolytes, cations such as Cs", K', and Li" enhance the 2e~
ORR performance of oxygen-functionalized carbon in accor-
dance with the ionic size of the cation: Cs*> K' > Li".%!
Therefore, rationally exploring the additives for the electrolyte
is of great importance.
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