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HIGHLIGHTS

e Fundamental principles for designing highly efficient two-electron oxygen reduction reaction catalysts are briefly reviewed.

e Strategies to integrate the components into an efficient device for hydrogen peroxide production are discussed.

e The challenges and perspectives for catalyst and cell design are discussed.

ABSTRACT Electrochemical synthesis of H,0, via a selective two-electron oxygen reduction reaction has emerged as an attractive

alternative to the current energy-consuming anthraquinone process. Herein, the pro- P
glectrocatalysgg

gress on electrocatalysts for H,O, generation, including noble metal, transition metal-
based, and carbon-based materials, is summarized. At first, the design strategies
employed to obtain electrocatalysts with high electroactivity and high selectivity are
highlighted. Then, the critical roles of the geometry of the electrodes and the type of
reactor in striking a balance to boost the H,0, selectivity and reaction rate are sys-
tematically discussed. After that, a potential strategy to combine the complementary
properties of the catalysts and the reactor for optimal selectivity and overall yield is
illustrated. Finally, the remaining challenges and promising opportunities for high-

efficient H,0, electrochemical production are highlighted for future studies.
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1 Introduction

Hydrogen peroxide (H,0,) is a high-value and environmen-
tally friendly oxidizing agent with a wide range of applica-
tions in chemical synthesis, paper and pulp, and wastewater
[1, 4]. Currently, 95% of H,0, production predominantly
depends on the anthraquinone oxidation (AO) process [5—7].
However, this process involves multistep reactions, includ-
ing a sequential hydrogenation/oxidation of anthraquinone
molecules and separations (extraction of H,O, from organic
solvents), which require enormous energy input and sophisti-
cated facilities [8—10]. The hydrogenation process is initially
performed over a Pd catalyst followed by rapid O, oxidation
to produce concentrated H,O,. Then, the H,0, is removed by
solvent extraction. Despite being able to yield concentrated
H,0,, the large energy input, multiple facilities, and the
usage of Pd catalyst increase the cost, and the high concentra-
tion of H,0, has a risk of storage and transportation, further
increasing the cost. These drawbacks have triggered research-
ers to explore alternative green H,O, synthesis technologies.
A popular alternative to the traditional AO process is the
direct synthesis using H, and O, as the starting reactants
[11-15]. This process is performed over noble metal catalysts
such as Pd, which can enable continuous and decentralized
H,0, production. However, the most substantial barrier to
the development of this process is the safety issues originat-
ing from the explosive nature of H, and O,. Thus, to enable

large-scale application, other efficient and economic routes
for H,0, electrosynthesis are highly desirable.

Fortunately, the electrochemical strategy through a two-
electron oxygen reduction reaction (2e~ ORR) pathway pro-
vides an attractive route to produce H,0O, which is portable
and safety [16—19]. Moreover, the electrocatalytic oxygen
reduction process just needs water and O, as the starting
material, and it could be coupled with renewable energy
sources [20-22]. Figure 1 briefly describes the different
synthesis methods of H,O,. The electrochemical strategy is
more cost-effective and environmentally friendly than the
traditional AO and direct process. In the electrochemical
process, the H,O, product can be directly generated by the
reduction of O, at the cathode. The electrochemical H,O,
production via a 2e~ ORR process was first reported in the
1930s [7, 23]. Since then, the on-site H,O, generation from
ORR has been widely used for the pulp and paper bleach-
ing process [24-26]. Despite these advantages, the sluggish
reaction kinetics and the competing reactions limit the overall
energy efficiencies. Thus, the pre-requirements of the H,0,
electrochemical production process are the rational design of
specialized catalysts with high activity, high selectivity, and
good stability. The emerging electrocatalyst is divided into
noble metal catalysts, transition metal-based catalysts, and
carbon-based catalysts. A timeline illustrating the important
finding is shown in Fig. 2. H,0, is electrochemically pro-
duced on the electrode either using a classic H-cell or flow
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Fig. 1 Schematic of H,O, production via traditional anthraquinone process, the direct synthesis, and electrochemical synthesis with related
demerits and merits. Reprinted with permission [2]. Copyright 2021, Elsevier. (Color figure online)
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Fig. 2 Timeline of some significant findings of 2e” ORR electrocatalyst. PtHg,: Reproduced with permission [11]. Copyright 2013, Springer
Nature. Pd,Hgs: Reproduced with permission [61]. Copyright 2014, American Chemical Society. HPC: Reproduced with permission [131].
Copyright 2015, Wiley VCH. Pt-S,: Reproduced with permission [79]. Copyright 2016, Springer Nature. Co Complex: Reproduced with per-
mission [93]. Copyright 2017, American Chemical Society. g-N-CNHs and O-CNTs: Reproduced with permission [138, 146]. Copyright 2018,
Elsevier Inc. and Copyright 2018, Springer Nature. Pt-CuS, and CoS,: Reproduced with permission [77, 98]. Copyright 2019, Elsevier Inc. and
Copyright 2019, American Chemical Society. PtP, and CoN,: Reproduced with permission [64, 120]. Copyright 2020, Springer Nature. CoNOC
and GOMC: Reproduced with permission [121, 132]. Copyright 2021, Springer Nature and Copyright 2021, Elsevier Inc. Ni, ,P-Vy; and OCG:
Reproduced with permission [100, 134]. Copyright 2022, Wiley VCH. and Copyright 2022, Royal Society of Chemistry. Black: noble metal-
based catalysts. Blue: carbon-based catalysts. Red: transition metal-based catalysts. (Color figure online)

cell with a gas diffusion layer. Therefore, beyond the catalyst-
level designs, the electrode and the reaction reactor with the
capacity for rapid mass transfer and reactants/products cir-
culating can further enable an efficient H,O, production rate.

The research on electrochemical production of H,O, via a
selective 2e™ ORR process is an emerging field. Recent inten-
sive studies have led to the development of various promising
catalysts, electrodes, and reaction reactors [20, 27]. Although
extensive review articles regarding tailoring the 4™ ORR path-
way to the 2e” ORR pathway for H,O, production have been
reported, the attention paid to the complementary of catalysts
with other cell components into an efficient device for H,0,
production is rare. In this review, the recent advances in the
disclosed catalyst design and the improvements made to the
electrode and cell design that enables unprecedented H,O, elec-
trochemical production are discussed. In the last part, a perspec-
tive on some major challenges and opportunities for the rational
design of high-efficient catalysts, electrode engineering, and the
reaction reactor is presented to accelerate the development of
H,0, electrochemical production in future studies.

SHANGHAI JIAO TONG UNIVERSITY PRESS
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Fig. 3 a Schematic for the proposed oxygen reduction reaction pro-
cess. Reproduced with permission [28]. Copyright 2019, American
Chemical Society. b Schematic illustration of the double-layer struc-
ture during ORR in acidic (left) and alkaline (right) conditions. Insets
illustrate the inner- and outer-sphere electron transfer processes.
Reprinted with permission [29]. Copyright 2011, American Chemical
Society. (Color figure online)
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2 Fundamentals of H,0O, Production
from Selective Oxygen Reduction Reaction

2.1 Reaction Mechanism of Two-Electron Oxygen
Reduction Reaction

In general, the ORR is a multistep process that can pro-
ceed with the dissociative mechanism and the associative
mechanism [28]. The dissociative mechanism refers to the
breakage of O—O bond to form O upon oxygen adsorption,
and H,0, . The
associative mechanism means that the O—O bond is main-

which is reduced successively to OH

ads ads*

tained and the final product can be H,O or H,0, depend-
ing on the ability of the catalyst to dissociate the O-O
bond in the *OOH intermediate [28—30]. For the ORR to
produce H,0,, it is generally believed that the O—O bond
cleavage is unfavorable, and the associative mechanism is
dominant. As displayed in Fig. 3a, the O, molecule was
firstly adsorbed onto the active sites, followed by a proton-
coupled electron transfer process to form *OOH [29, 31].
Subsequently, *OOH would be reduced to the final prod-
uct of H,0,, which is desirable for the electrosynthesis of
H,0, [32]. However, provided that the cleavage of O-O
bond occurs, the following reduction of *O would be pro-
ceeded, resulting in the formation of undesirable H,O [33,
34]. Therefore, protecting the O—O bond and modulating
the adsorption energy of *OOH is crucial for achieving
high H,0, production.

In addition, previous studies have shown that different
electrolytes can lead to distinct H,O, electrosynthesis per-
formance because solvation effects, surface-adsorbed spe-

cies (such as OH,_, and electrolyte anions), and other factors

ads
can affect their ORR pathway. Researchers have studied the
ORR performance of Pt/C catalyst in varied pH electrolyte.
It was found that in the alkaline medium, the hydroxyl spe-
cies was strongly adsorbed on the catalyst surface, which
is a source of protons and transfers electrons to the water-
solvated molecular O, (O,-(H,0)n). The mechanism of the
outer-sphere electron transfer for the ORR is dominant in
the alkaline medium. Solvated O, and anions filled the outer
Helmbholtz plane (OHP) (shown in Fig. 3b). O, chemisorption
is not a prerequisite, and this process is not specific and can
proceed on all catalysts. Therefore, all catalysts can be used

© The authors

for H,O, production in alkaline electrolytes. Especially for
metal compounds and other catalysts that is semiconductor,
this mechanism gives the reasons that can be used for H,0,
electrosynthesis. The first step of this mechanism is the O,
molecules are solvated (O,-(H,O)n), followed by proton and
electron transfer to form *OOH intermediates. The selectivity
to H,O, or H,O depends on the cleavage capability of O-O
bonds in the *OOH intermediate. For the metal compounds,
the binding energy of *OOH on the catalyst surface is weak,
thus promoting the desorption of *OOH to form H,0,. It can
be illustrated as:

M-OH + [0, (H,0)n|, + e —M-OH

1
+ (*OOH),4 + OH™ + (H,0) M

n—1

("OOH) 45 + €7 = (HO3) g (@)

In acidic electrolytes, the high mobility of protons leads
to low concentration of adsorbed hydroxyl species on the
catalyst surface. O, molecules are chemisorbed on the cata-
lyst surface, then getting electrons from the electrode. This
mechanism is called the inner-Helmholtz plane (IHP) pro-
cess (shown in Fig. 3b). Therefore, the catalysts used for
acidic H,O, production are conductors, which can facilitate
O, chemisorption and electrons transfer. This mechanism
elaborates that noble metal-based catalysts and the emerging
M-N-C catalysts with high ORR activity can be used for
H,0, production in acidic electrolyte. The elemental steps
for acidic H,O, production are:

0, = 0,, ads 3)
0, s+ ¢ + H" - *OOH )
*OOH + e~ + H* - *OOH 35)

These ORR pathways give an insight into the pH effect
on the H,0, electrosynthesis performance and guide us
to design catalysts. However, there is rare study about the
H,0, production mechanism in neutral electrolyte. In the
neutral electrolyte, the hydroxyl species is barren as well
as the protons. Thus, we should further investigate the
ORR pathway to reveal the underlying pH effect on the
H,0, production.

https://doi.org/10.1007/s40820-023-01044-2
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2.2 Performance Evaluation: Rotating-Ring Disk
Electrode Versus Practical Devices

The current H,O, electrosynthesis performance evaluation
mainly relies on the rotating ring-disk electrode (RRDE)
technique in a three-electrode system. This technique is an
effective yet facile electrochemical method for quantify-
ing ORR activity, electron transfer number (n), and H,O,
selectivity (%) in a laboratory setting. Typically, a glassy
carbon disk with a Pt ring electrode is used as the working
electrode. The ink dripped on the disk was used for H,0O,
production, while the ring is set with 1.2 V (vs. RHE) to
quantify the H,O, amount [35-37]. The negative current at
the disk is used to evaluate the electrocatalyst activity. The
ORR current on the ring is negligible as the ORR occurs
on the disk and the H,O, is oxidized on the ring electrode.
Therefore, the positive current on the ring is in an index of
the H,O, selectivity. The electron transfer number (n) and
H,0, selectivity (%) can be determined by measuring the
current at the disk and the ring as the following equations:

n= Hlgisk] ©)
|Idisk| + Iring/N
200 X 1o /N
H,0,% = ———————— @)
|Idisk| + Iring/N
where I;;,, and I, refer to ring current and disk current,

respectively. N represents the collection efficiency of the
ring electrode, which is generally obtained via the oxida-
tion—reduction reaction of [Fe(CN)6]4_/ [Fe(CN)6]3_. In the
ORR, the value of n closer to 2 indicates the pathway is
toward the 2e~ ORR pathway to produce H,O,, while the
value of n closer to 4 indicates the 4e~ ORR pathway to
produce H,O. The higher H,O, selectivity means that the
2e” ORR pathway is dominant.

The practical H,0O, production performance of the catalyst
can also be evaluated by utilizing electrolyzer configura-
tions. The H,O, electrosynthesis performance under such
devices can represent the “real world” relative to the RRDE
technique and can be used to test catalyst stability and bulk
production over an extended time. The H,0, concentra-
tion can be determined by a traditional Ce(SO,), titration
method. The yellow Ce** ion has a strong absorption peak
around 316 nm and can be reduced by H,O, to colorless
Ce**. Thus, the concentration of H,0, will be obtained
by the concentration of Ce** before and after the reaction.

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

Moreover, the faradaic efficiency (FE) in these real devices
is calculated to evaluate the catalyst performance (H,O, pro-
duction rate, accumulated H,O, concentration, and energy

efficiency).
2Ce*" + H,0, — 2Ce*" + 2H' + 0O, ®)
VCe“ X Cbeﬁ,mCe“ - (VCe“ + Vl electmlyte) X Cafterce4+
Cy.o.(mM) = Y
H,0, 2x VZ,electrolyte
)
FEG = 2XCXVXF (10)

0

where Cyyyq, is the actual produced H,0O, concentration,
Veay refers to the volume of Ce(SOy4),, Vi electrolyte 18

the volume of removed electrolyte from the electrolyzer.

Chetore_°** is the initial concentration of Ce(SO,),, Cyper ot

is the final concentration of Ce(SO,), after H,0O, is added,
Vi, electrolyte Tefers to the total electrolyte volume. In Eq. 10,
C is the H,0, concentration, V is the volume of the electro-
lyte, F is the faraday constant (96,485 C mol™), and Q is the
consumed charge. The value of FE is more meaningful to
evaluate the H,O, electrosynthesis performance compared
to the H,0,% obtained by the RRDE technique.

There could be a distinct gap in the performance evalu-
ation between the RRDE and electrolyzer set-ups because
the RRDE technique tends to overperform while the cata-
lyst performance in practical devices shows a more truth-
ful H,O, selectivity (faradaic efficiency). A recent work by
Yang [7] gave a comparison of the FE of kinds of catalysts
on RRDE (Fig. 4a), gas diffusion electrode (submerged,
air-breathing) (Fig. 4b), and membrane electrode assembly
(MEA) (Fig. 4c). An obvious difference in the selectivity
between the RRDE and the practical devices can be clearly
seen in Fig. 4d. The main reason behind this phenomenon
may be attributed to mass transfer (including oxygen bubbles
to the catalyst surface, ions transport, and the H,O, transport
away from the catalyst surface) and electron transfer (electron
transfer from the substrate to the catalyst). For the RRDE
technique, the produced H,O, at the disk is instantly oxidized
at the ring due to the electrode rotation, which can accelerate
the H,O, transfer and reduce the residence time of H,0, on
the catalyst surface. Moreover, the rotation can promote ion
diffusion and reduce concentration polarization. Neverthe-
less, the solubility of O, in the electrolyte is very low (70 mg
0, L7!). The insufficient O, mass transfer restricts the ORR
performance. In addition, in the case of the device, the accu-
mulated H,O, on the catalyst surface can accelerate the H,0,

@ Springer
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Fig. 4 a Schematic of a RRDE setup. b GDE submerged in 0.1 M HCIO,. ¢ MEA using a three-electrode system. d Faradaic efficiency in vari-
ous laboratory-scale electrochemical cells for H,O, electrosynthesis. Reprinted with permission [7]. Copyright 2018, American Chemical Soci-

ety. (Color figure online)

corrosion process and the catalyst can easily deviate from the
substrate, resulting in a large deviation in H,0O, performance
evaluation. In this perspective, research efforts under con-
ditions that are more representative of the “real world” are
necessary to minimize the gap between fundamental research
and practical implementation.

Currently, catalyst development is mainly focused on tun-
ing the 4¢~ ORR pathway toward the 2e~ ORR pathway to
produce H,0,. With the increasing demand for on-site H,0,
production, the facile electrode preparation has encouraged
more search for the integrated electrode with high activity
and high selectivity. This review will describe the current
insights for H,O, electrosynthesis, in which the rational
catalyst design, their application, and reactor design strate-
gies are highlighted.

© The authors

3 Catalysts for H,O, from the Oxygen
Reduction Reaction

The common catalysts used for H,0, electrochemical pro-
duction include noble-metal-based catalysts, transition
metal-based catalysts, and carbon-based catalysts. Extensive
efforts have been made in the ORR electrocatalysts investi-
gation due to the increasing demand for H,O,. In this sec-
tion, the developed catalysts will be concluded and discussed
in detail.

3.1 Noble Metal-Based Catalysts

Various noble metal-based catalysts for H,O, production
have been studied recently including noble metals and their
alloys, single-atom catalysts, and so on. Noble metal-based
catalysts have been a topic in fuel cells for their high activity

https://doi.org/10.1007/s40820-023-01044-2
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Selectivity in O, reduction to H,0O, as a function of Pd content in Pd,Au,_ . Reproduced with permission [1]. Copyright 2019, Springer Nature.
¢ Schematic representation of oxygen reduction to H,O,. d Free-energy diagram for oxygen reduction to H,O, on a model PtHg, (110) surface.
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HOO* binding energy on a model Pd,Hgs (001) surface. Reproduced with permission [61]. Copyright 2014, American Chemical Society. (Color

figure online)

and stability [38—41]. It was found that noble metals can
produce a trace of H,O, when working in fuel cells [42-45].
Therefore, catalysts that undergo incomplete oxygen reduc-
tion are less useful but may be a candidate for H,0, elec-
trosynthesis [32].

SHANGHAI JIAO TONG UNIVERSITY PRESS

3.1.1 Pure Noble Metals

Several noble metals such as Au, Ag, and Hg that have a
weak interaction with O, were demonstrated to be able
to reduce O, selectively to H,0, [46—48]. The produced
H,0, on the Hg substrate via ORR is stable without further
reduction within the operated potential window (E<0.5 V)
[49]. In contrast, there was an evident drop in the H,0O,

@ Springer
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electrochemical production on the Ag and Au substrate
with a more negative potential of 0.025 V [50]. Moreover,
a 2e” ORR pathway was observed on the Au cluster, espe-
cially on Au(111) and Au(110) surfaces reported in 1983s
[51, 52]. Since then, various Au nanostructures were found
to be active catalysts for H,0, electrochemical production.
For example, Au nanoclusters of Au,s (consisting of 25 Au
atoms) could produce H,0, in alkaline media with a high
H,0, selectivity reaching 90% [53-55]. The enhanced H,0,
electrosynthesis performance on Au,s clusters was strongly
related to the Au cluster with low Miller index faces of the
crystallographic orientation. Au nanomaterials presented
enhanced catalytic activity but low H,0, selectivity because
of higher surface energy. Therefore, there are few reports
about pure noble metals for H,0, electrosynthesis due to
their harsh synthesis conditions.

3.1.2 Noble Metal Alloys

Pure metals with high ORR activity, such as Pt and Pd, have
an extensive application in fuel cells, and they dominate a
4e” ORR pathway. Thus, they can be coupled with weak
interacting metals to fabricate bimetallic/ multi-metallic
catalysts to improve both electroactivity and H,O, selectiv-
ity [56-59]. For example, some successful alloys such as
Pt-Hg, Pd-Au, and so on, have an extensive study for H,0,
electrosynthesis. Schiffrin first found that isolating Pd atoms
within the Au enhanced the H,0, electrosynthesis perfor-
mance compared to the pure Au and Pd metals [56]. O, is
adsorbed “‘side-on” on the continuous active sites, which
makes the cleavage of O—O and H,O production easy. Dis-
crete reactive sites could be formed with Au content increas-
ing and O, prefers “end-on” adsorption, which could hinder
the O—O breakage and promote the H,O, formation (Fig. 5a)
[1]. It was demonstrated that when the Pd concentration was
increased to 8%, nearly 95% H,0, production selectivity was
realized (Fig. 5b). Inspired by this, Schiffrin further adopted
Au (111) as the substrate and computationally selected other
electroactive surfaces containing discrete guest transition
metal atoms as Au-M reactive centers. Isolating Pt or Rh
atoms by alloying with Au could also enhance H,0O, pro-
duction. In addition, Amal et al. [58] reported that Au—Ni
core—shell nanoparticles and Au-Pt-Ni core-sandwich-shell
nanoparticles also exhibited relatively high ORR activity
and H,0, selectivity in 0.1 M KOH [60]. Following this,

© The authors

Stephens [11] identified Pt—-Hg as a promising candidate
(Fig. 5¢). It possessed an optimal *OOH binding energy
along with a smaller thermodynamic overpotential than the
previously reported Pd/Au, indicative of an optimal electro-
catalyst for H,O, electrosynthesis (Fig. 5d). The PtHg is the
only catalyst fulfilling all our criteria for activity, selectivity,
and stability among the screening catalysts. Electrochemi-
cal results revealed that the as-prepared PtHg, possesses
excellent ORR activity with dominant 2e” selectivity under
a wide range of potential in 0.1 M HCIO,. Moreover, PtHg,
also remained high activity after 8000 cycles, verifying its
stability during the ORR process. Inspired by these results,
this group further explored other alloys (CuHg, PdHg, and
AgHg) to replace Pt and found that PdHg exhibited more
superior ORR activity and H,O, selectivity than previously
reported PtHg catalyst (Fig. 5e) [61]. DFT calculations
revealed that the Pd—Hg exhibited the lowest overpotential
(Fig. 5f). The strategy implies that alloying with inert metals
can isolate the continuous active sites and facilitate the end-
on O, adsorption configuration. Using this strong interaction
to prevent the formation of continuous active sites can suc-
cessfully screen catalysts with high activity and selectivity.

3.1.3 Metal-Support Interaction

The transformation from a 4e~ ORR pathway to a 2e~ ORR
pathway for high-performance H,O, production is realized
by alloying with inert metals. The DFT calculations indicated
that the intrinsic property is the O, adsorption model and the
*OOH intermediates binding. Therefore, the major challenge
for 2e” ORR catalysts design is to switch the O, adsorption
mode from “side-on” configuration to “end-on” configura-
tion. Pt/C catalyst has been studied for decades in fuel cells.
Unexpectedly, Choi observed that precisely coating amor-
phous carbon layers on Pt catalysts could induce O, adsorbed
with end-on configuration, which remarkably enhanced the
H,0, electrosynthesis performance (Fig. 6a) [62]. Notably, the
optimized C(Pt)C catalyst showed superior catalytic stability
originating from the protection of the coated carbon layers
compared to the previously studied AuPd alloy. Inspired by
this, Liu created an encapsulating Ti oxide overlayer on the Pd
species by the ball milling method (Fig. 6b) [63]. A reduced
TiO,_, layer was found, and the Pd surface was partially oxi-
dized upon increasing the balling time to 5 h (Fig. 6¢, d). The

https://doi.org/10.1007/s40820-023-01044-2
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electrochemical results indicated when the balling time is
6 h, the obtained catalysts showed excellent H,O, electrosyn-
thesis performance. The Pd catalysts encapsulated with Ti
oxide overlayer show a much higher mass activity related to
the previously reported catalysts and increased long stability.
Combined spectroscopy characterization and in situ techniques
were used to give an understanding of the reaction mechanism

SHANGHAI JIAO TONG UNIVERSITY PRESS

and reaction pathway. In situ Raman spectroscopy results
showed that various oxygenated species were observed over
the 6 h-Pd/TiC sample (Fig. 6e). The observed signals located
at 733 and 846 cm™', which were assigned to the OOH*, cor-
responded to the bridge site and top site adsorption on the
Pd, respectively. The DFT calculations further shed light on
the reaction mechanism. The Ti oxide layer reduced the low
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overpotential (0.07 eV) while increased the negative charge
over Pd because the charge was transferred from the Ti oxide
layer to Pd active sites (Fig. 6f, g). These results revealed that
the electronic and geometric modifications were conducive
to optimal adsorption energies of reaction intermediates. The
powerful interaction of the support and the noble metals can
realize the charge transfer and decrease the surface energy of
noble metals.

© The authors

3.1.4 Surface Poisoning

Although the approach of alloying with weak catalysts to
isolate the active sites could enable catalysts with superior
H,O0, electrosynthesis performance, a high dosage of metals
increases the cost. Alternatively, the incorporation of non-
metal elements, such as P, S, and B, has also been demon-
strated as an attractive and effective way for site isolation.
Particularly, Li et al. [64] designed and synthesized a PtP,
alloy catalyst and explored its electrochemical ORR behav-
ior. PtP, nanocrystals with a uniform size of 3 nm exhibited
excellent H,0, selectivity compared with Pt nanoparticles

https://doi.org/10.1007/s40820-023-01044-2
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(Pt NCs). DFT calculation disclosed the underlying perfor-
mance improvement. The shifted ORR pathway from 4e™ to
2e” originated from the electronegative P incorporation,
which changed the electronic density of Pt and increased
the separation of adjacent Pt atoms (Fig. 7a).

The DFT results further demonstrated a lower free-energy
difference of OOH* to H,0, (0.106 eV) than the 0.180 eV
for that of *OOH to O*, indicating a suitable *OOH binding
energy for H,0, formation (Fig. 7b). In addition, to improve
electrocatalytic ORR stability, the ultra-small PtP, nanopar-
ticles were treated by atomic layer deposition of an alumina
overcoat and post-annealing to suppress PtP, NCs aggrega-
tion (Fig. 7c). The coated catalysts achieved a long-term
(> 120 h) cycle stability with a high H,0, concentration (3.0
wt% with 600 mL) in a neutral medium (pH = 6.6), which
can meet the requirement of medical disinfection and sewage
disposal (Fig. 7d).

Recently, masking partial active metal surface by adsorb-
ing poisonous ions, such as halogen ions, SCN~, CN™ and
S%7, also has been demonstrated as an effective strategy
to improve H,O, selectivity. In 1999, Markovic et al. [65]
studied the effects of Br™ ion on Pt (111) surface and found
that H,0, oxidation currents would increase after Br~ ion
adsorption. Strongly adsorbed Br~ circumvented the for-
mation of paired platinum sites. The effect of S*~ ion on
the Pt (111) surfaces was further investigated in 0.05 M
H,SO, and 0.1 M HCIO, [66]. The strong adsorption of
sulfate ions led to a significant decline in the ORR activity
of Pt catalysts and an improvement of 2e~ ORR selectiv-
ity. Currently, the strategy by the addition of CN™ was also
proved to improve the H,O, selectivity of Pt catalysts [67].
Recently, Niu et al. [68] restudied the influences of SCN™,
S2-, and halide ions on the Pt surface (Fig. 7¢). RRDE
results revealed that SCN™ was the most efficiently poison-
ing agent for Pt/C catalyst (Fig. 7f). Also, the representative
Pt/C-SCN catalyst showed negligible performance loss after
long-term stability. A possible mechanism from a 4¢” ORR
pathway to a 2e~ ORR pathway was proposed, as shown in
Fig. 7g. Adsorbing halogen ions will poison the noble metal
active sites and decrease the continuous active sites, which
is almost equivalent to the noble metal alloying catalysts
by intrinsically modulating the O, adsorption configuration.

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

3.1.5 Atomically Dispersion

Alloying with inert atoms or surface poisoning has been
demonstrated to be effective to isolate the active site,
promoting end-on adsorption for H,O, production. Cur-
rently, researchers are devoted to noble metal minimization
[69-71]. Constructing atomically dispersed catalysts has
received extensive attention, which could lower the cost
and realize end-on adsorption [72—74]. These factors, such
as ligand effect, support effect, and impact of metal loading
has an evident influence on the ORR activity and selectiv-
ity. Lee et al. [75] studied the effect of Pt loading supported
on TiN on the ORR performance. Pt/TiN catalyst with 5
wt% Pt loading exhibited comparable ORR performance to
the commercial Pt/C. The ORR current decreased and H,O,
selectivity increased with the Pt loading decreased. The elec-
trocatalytic activity and H,O, selectivity struck a balance
when the Pt loading was 0.35 wt%. The ORR current showed
a sharp decrease with lower Pt loading although the H,O,
selectivity reached as high as 90%. Lee et al. further inves-
tigated the ORR performance of Pt catalysts supported by
different carriers. They found that the H,O, selectivity of
single Pt atoms anchored on TiN support and TiC support
was 53% and 68%, respectively (Fig. 8a) [76]. The higher
H,0, selectivity on the TiC support was ascribed to the
weaker adsorption energy toward *OOH than that on TiN
(Fig. 8b). Thus, creating atomically dispersed metal sites on
well-defined support is of great importance for H,O, selec-
tivity via regulating the O, adsorption configuration.
Although atomically dispersed catalysts exhibit excel-
lent ORR performance to H,O, electrosynthesis, they
are inclined to aggregation during the preparation pro-
cess because of their high surface energy. To solve this
problem, Li et al. [77] proposed a novel redox-based ion-
exchange method (Fig. 8c) and successfully implemented
a high concentration of single atomic Pt sites (24.8 at%)
on amorphous CuS, hollow nanospheres (h-Pt;-CuS).
The Cu, ¢,S support with abundant vacancies has a self-
reducibility, which can induce efficient coordination and
stabilization with Pt single atoms. Electrochemical results
displayed that the h-Pt;-CuS, catalyst exhibited a H,O,
selectivity of 92-96% over a wide potential range of
0.05-0.7 V (vs. RHE) in HCIO, electrolyte. Importantly,
the h-Pt,-CuS, catalyst could produce H,0O, with a yield of
546 mol kg, ™' h™' (Fig. 8d), which was the highest value
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among the reported atomically dispersed electrocatalysts
for H,0, production.

Metal compounds, such as TiO,, TiN, and TiC, can
stabilize the noble metal single atoms by coordination
interaction or other interactions, but their low electrical
conductivity is not conducive to charge transfer during
electrocatalysis. Carbon-based materials with high surface

© The authors

area and conductivity in combination with their ligand
effect are favorable to stabilizing the noble metal atomi-
cally dispersion. Choi et al. [78, 79] reported that a sulfur-
doped zeolite-templated carbon could stabilize a relatively
high loading of Pt (5 wt%) in the form of isolated atoms
(Fig. 8e). Pt species in Pt/HSC (a high S-content) were
Pt-S coordination instead of Pt-Pt coordination. The
Pt/HSC catalyst exhibited a perfect 2e™ ORR pathway
(Fig. 8f). After a long cycle stability test, the ORR activ-
ity had no significant degradation. Joo et al. [80] recently
presented a “trapping-and-immobilizing” strategy toward

https://doi.org/10.1007/s40820-023-01044-2
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atomically dispersed noble metal catalysts for H,O, syn-
thesis. Precious metal precursors are trapped into a heter-
oatom-doped carbonaceous layer and “immobilized” by
a Si0O, layer during thermal activation. This strategy is
effective to obtain a series of atomically dispersed pre-
cious metal catalysts.

Researchers also study the pH effects on the noble-
metal-based catalysts. Lee et al. [41] reported the dis-
tinct H,O, production performance of Pd—Se-B in vari-
ous electrolytes. Pd—Se—B showed a surprising activity
in neutral electrolyte. Moreover, it exhibited the highest
H,0, selectivity of 90% in neutral electrolyte than that in
0.5 M H,SO, (55%) and 0.1 M KOH (55%) (Table 1). The
markable changes of cyclic voltammetry (CV) curves in
neutral, acidic, and alkaline electrolytes were indicative
of the variable H,0, selectivity. Under repeated hydrogen
underpotential deposition, Pd** was reduced to metallic
Pd, leading to the increasing ORR activity and decreasing
H,0, selectivity. While the Pd—Se-B exhibited negligible
changes under the potential cycling in neutral electrolyte.
This result is against the traditional mechanisms, indicat-
ing that the pH effect is of great significance to the H,0O,
electrosynthesis.

3.2 Transition Metal-Based Catalysts

Compared with the noble metal-based catalysts, transition
metal-based catalysts (such as Fe, Co, Ni, and Cu) have
aroused interest due to their earth-abundant and tunable
electronic structure of the central transition metal atoms
[81-84]. Transition metal-based materials, including metal
complexes, metal compounds, and transition nitrogen-
doped carbon materials, have been reported as efficient
electrocatalysts for O, reduction to H,0O, [85-87].

3.2.1 Metal Complexes

Porphyrin iron in hemoglobin can act as an oxygen carrier
for transport, which can effectively convert inspired oxy-
gen into H,O. Subsequently, a series of metal (Fe, Co, Cu,
Ni) porphyrins, phthalocyanines, and their derivatives are
studied successively as ORR catalysts [§8-92]. Especially,
the represented Fe and Co macrocyclic compounds showed
good ORR activity [93-96]. Factors that direct the reac-
tion pathway are the types of metal-oxygen intermediates,

© The authors

such as binuclear peroxo and electronic and steric effects of
ligands in catalysts [97]. However, the high cost and unsat-
isfactory durability of these catalysts largely prohibited their
practical applications.

3.2.2 Metal Compounds

Jin et al. [98] demonstrated that cobalt pyrite (CoS,) exhib-
ited a well 2e™ ORR performance in acidic solution. The
H,0, selectivity was chemically quantified to be 70% at
0.5 V (vs. RHE). The modest binding of *OOH on the Co
site on the (100) plane of CoS, and the kinetically disfavored
0O-0 bond scission promoted H,0, electrosynthesis because
S could break Co ensemble active sites.

Motivated by this, they further investigated the effect of
homotopy Se embeds in Co lattice on the electrosynthesis
of H,0, (Fig. 9a) [99]. It was found that the embedded Se
atom had a larger atomic radius than the S atom, which can
efficiently enable the separation of the neighboring Co active
sites. The computational results were given to elucidate the
ORR activity and H,0, selectivity. The first step of *OOH
formation was 0.27, 0.24, and 0.35 eV, corresponding to the
¢-CoS, (100), c-CoSe, (100), and 0-CoSe, (101) surfaces,
respectively (Fig. 9b). This result suggested all these three
samples were intrinsically active toward the 2e” ORR. The
2e” ORR selectivity was determined by the capability of
O-0 bond cleavage in the intermediate *OOH. The o-CoSe,
(101) showed a higher OOH* dissociation barrier (0.72 eV)
than the c-CoS, (100) and the c-CoSe, given as the calcu-
lated results. Overall, the DFT results suggest that all CoSe,
are intrinsically electroactive and selective toward H,O,
electrosynthesis. Consequently, the 0-CoSe, exhibited much
more effectiveness than CoS, for the amply electrosynthesis
of H,0, and the accumulated H,O, can effectively remove
the RhB (Fig. 9c) [24]. Besides Co compounds, Ni com-
pounds [100] were also studied as highly efficient and selec-
tive catalysts for the electrosynthesis of H,0O,. Ni vacancies
(Vny)-enriched Ni,_ P-Vy; electrocatalyst was fabricated
as the schematic (Fig. 9d). The as-fabricated electrocatalyst
exhibited excellent 2e~ ORR performance with a FE over
95% in 0.1 M KOH (Fig. 9e). DFT theoretical calculations
were performed to investigate the enhanced H,O, produc-
tion performance on the Ni,_,P-Vy; electrocatalyst. The clos-
est distance of two Ni atoms in the Ni,_ P-Vy; (3.72 A)is
much larger than that of the Ni,P (x2.61 A), far from the

https://doi.org/10.1007/s40820-023-01044-2
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distance of O-O bond in *OOH intermediate (~1.52 A).
Therefore, the *OOH adsorption on Ni,_ P-Vy; prefers
end-on bonding, promoting H,0, electrochemical produc-
tion. The calculated free energy on the Ni,P and Ni,_,P-Vy;
is—1.14 and—0.68 eV, respectively (Fig. 9f). The Ni,_,P-
Vy; delivered the lowest energy deviation (—0.01 eV), dem-
onstrating the best 2e” ORR thermodynamics. Moreover,
the Ni,_,P-Vy; exhibited optimal binding energy of *OOH
(AGxgog=4.21 eV) with end-on adsorption, approaching
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Fig. 9 a Crystal structures, space groups, and lattice constants of 0-CoSe,. b Calculated free energy diagrams of the 2e™ and 4e~ ORR path-
ways on the c-CoS, (100), c-CoSe, (100), and 0-CoSe,. ¢ Chronoamperometry curves of 0-CoSe,/CFP at 0.5 V (vs. RHE). Reproduced with
permission [99]. Copyright 2020, Royal Society of Chemistry. d Schematic illustration of Ni,_ P-Vy;. e The Faradaic efficiency of Ni,_ P-Vy; in
various electrolytes. f Free energy diagram of 2e™ ORR on all models at 0.70 V. Reproduced with permission [100]. Copyright 2022, Wiley. g
LSV curves of the five Ni-B samples. h Free energy diagram for nickel boride clusters. i Charge density distribution of NiB, Reproduced with
permission [87]. Copyright 2022, Wiley. (Color figure online)

the volcano apex (4.22 eV). The theoretical calculations
and experimental results demonstrated that the Ni vacancies
facilitated the electrochemical production of H,O,. Addition-
ally, the practical H,0, production of Ni,_,P-V;in 0.1 M
KOH, 0.1 M PBS, and 0.5 M H,SO, was evaluated by flow
cell technique. The FE in 0.1 M KOH was 80.7%, higher than
thatin 0.1 M PBS (71.1%) and 0.5 M H,SO, (77.1%). These
results proved that neutral electrolyte was not conducive to
the oxygen selectively electrochemically reduction to H,0O,,

@ Springer



86 Page 16 of 34

Nano-Micro Lett. (2023) 15:86

which is in consistent with the OHP and IHP mechanisms.
Following this, various types of metal compounds such as
metal oxides and metal borides are also fabricated for H,O,
electrosynthesis [101-104].

Currently, amorphous transition metal-based materials are
found to own more intrinsic active sites and higher electro-
catalytic activity compared to their crystalline counterparts
due to their short-range order, unique electronic structure,
and more abundant defects [85, 87]. Although there are very
limited studies on amorphous metal compounds as catalysts
for 2e” ORR, the traces demonstrate that the amorphous
metal compounds materials can be competitive catalysts.
Kang et al. [87] found that amorphous nickel borides (Ni;B,
Ni,B, NiB, NiB,, and NiB;) showed better H,0, electrosyn-
thesis performance than the previously reported crystalline
nickel borides (Fig. 9g). In situ Raman revealed the main
active sites are Ni. Especially for the amorphous NiB,, it
delivered excellent electroactivity and H,O, selectivity close
to 100%, superior to the state-of-the-art transition metal com-
pounds. Moreover, the amorphous NiB, exhibited superior
stability decay after undergoing a prolonged time test. DFT
calculation demonstrated that the AGggy« (3.75 €V) value
was approaching to the optimal value of 3.52 eV, indicating
an optimal adsorption/desorption ability for *OOH (Fig. 9h,
i). The optimal adsorption ability of *OOH can protect the
0-0 bond, in favor of H,0, production. Furthermore, the
higher ratio of Ni to B (such as for Ni;B, Ni,B, and NiB)
induced a side-on model adsorption for *OOH presented,
leading to a 4e” ORR. However, when the ratio of B to Ni
was increased, the B atoms could effectively isolate the
neighboring Ni atoms, which promoted an end-on adsorption
model of *OOH, in favor of the preservation of O—O bond
and H,0, production. Following this, Zhang and Hong et al.
[85, 103] noted that the amorphous metal oxides (a-NiO)
also show a balanced electrocatalytic activity and selectivity
toward H,0O, production. The amorphous NiO nanosheets
(a-NiO NSs) show much higher H,0O, selectivity than that
of crystalline NiO nanosheets (c-NiO NSs), although the
electrocatalytic activity is slightly lower. The ORR activity
of a-NiO NSs can be increased by tuning short-range order
and manufacturing more defects. The amorphous materials
are competitive 2e~ ORR catalysts superior to their crystal-
line counterpart. It can be concluded that tuning short-range
order in the amorphous materials can enhance more numbers
of intrinsic active sites and induce unique electronic struc-
ture, thus optimizing the ORR activity. Moreover, apparent

© The authors

unsaturated coordination atoms in amorphous materials pro-
mote more defects, furthering increasing the ORR activity.
Amorphous materials with high ORR activity and 2e” ORR
selectivity can be achieved for H,O, electrosynthesis.

3.2.3 Atomically Dispersed Transition Metal Catalysts

The high cost of metal complexes and unsatisfactory elec-
trical conductivity of metal compounds largely prohibited
their practical applications [105, 106]. Nevertheless, some
studies also reported the significant catalytic activity and
durability improvement of metal complexes through heat
treatment, tracing back to 1964 [107]. The coordination
metal-heteroatom (e.g., Co-N,, Fe-N,) structure can be
maintained, and remarkable ORR performance is achieved
[106, 108—111]. Inspired by this, researchers are dedicated to
transitional metal-nitrogen-doped carbon (M-N-C, M =Fe,
Co, Mn, Cu, Ni) materials, as a promising alternative to the
conventional noble metal-based catalysts (e.g., Pd, Au, or Pt)
[112, 113]. M—N-C materials exhibit high activity compara-
ble to the noble metal-based catalysts with much lower cost
[74, 114-117]. Normally, their ORR activity and selectivity
are affected by the central metal atoms, coordination het-
eroatoms, and other environmental atoms. It is universally
believed that central metal atoms are active sites. Therefore,
the selection of central metal atoms plays a crucial role in
determining the ORR activity and selectivity.

In M-N-C materials, 3d transition metals with different
d orbital electron numbers render them different d band
centers, which can greatly affect the adsorption and des-
orption of reaction intermediate during the electrocataly-
sis process. Therefore, the selection of the central metal
atom is extremely crucial to tuning the adsorption energy
of the reaction intermediate. Strasser’s group [118] stud-
ied a series of 3d transition metals (Mn, Fe, Co, Ni, and
Cu) over M-N-C materials through DFT calculation. Cal-
culated results revealed that the Co—N-C catalyst had an
optimal *OOH adsorption energy located on the top of
the 2e™ ORR volcano. Fe-N-C and Mn-N-C catalysts
possessed strong adsorption ability for *OOH, which
might result in a predominant 4e~ ORR pathway. While
for Cu—N-C and Ni—N-C catalysts, the binding of *OOH
was too weak, which could not perform the ORR process
efficiently. To verify the reliability of the calculation and
unveil the trends in electrochemical H,O, synthesis, a series
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of M—N-C catalysts were constructed by ball milling of
metal precursors and successive high-temperature pyroly-
sis. It revealed that Co-N—C material exhibited the best
2e~ ORR performance, consistent with the DFT calculation
results. The real H,0, productivity over the Co-N-C cata-
lyst was also measured in a microflow cell, reaching 4 mol
peroxide gcmlyst'1 h™! at a current density of 50 mA cm™2,
Subsequently, Liu’s group [119] also demonstrated that the
Co—-N-C catalyst was an optimal 2e~ ORR catalyst with
moderate ORR activity among a series of M—N-C (Fe, Co,

o)
SHANGHALI JIAO TONG UNIVERSITY PRESS
P/

&

Mn, Ni, Cu) catalysts combined DFT calculation and experi-
ment (Fig. 10a, b). In their research, the ORR pathway was
revealed by adopting kinetic analysis. The results showed
that the kinetic current of ORR and reaction orders of O,
were related to O, partial pressure, pH, and the applied over-
potential. The O, partial pressures experiment suggested that
the overpotential increased with the reaction order of O,
increasing. The pH effect experiment results showed that the
reaction order of H was approaching zero, suggesting that
H™ was not involved in the rate-determining step. The in situ
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techniques confirmed that the active sites were Co centers.
The ORR step is illustrated in Fig. 10c, suggesting that the
electron transfer step of adsorbed O, (* +0,— *0O,7) was
the rate-limiting step, while the protonation process was
fast (*+ 0O, +H* 4+e~ — *0OO0H) included in the DFT cal-
culations. The electron transfer step is accelerated with the
overpotential increasing. It is reasonable to assume that the
overall reaction rate is more limited by the O, adsorption
process.

Environmental atoms are not directly connected to the
central atoms. But the introduction of some functional
groups into the local environment of metal-heteroatom-
carbon is another effective way to indirectly change the
electronic structure of active center atoms. For example,
Hyeon et al. [120] calculated the ORR catalytic activity for
the production of H,0 and H,0, of M—N, (Fig. 10d). None
of the M—N, catalysts are proper for H,O, production. It
is significant to slightly modify M—N, for H,0, produc-
tion while maintaining the high catalytic activity. Electron-
rich species, such as O, adsorbed near the Co-N, moiety
(CoN, (0)), could endow a positive charge state of the Co
atom (Fig. 10e). While the electron-poor species, such as
H*, adsorbed near the Co-N 4 moiety (CoN,(H)) would
enable it more negative. Consequently, electron-rich O spe-
cies adsorbed near the Co-N, moiety (Co-N,(O)) would
increase the free energy of *OOH. AGygy« Was increased
to 4.1 eV after O* was adsorbed, approaching the optimal
value for the H,O, production (4.2 eV), which was favorable
for the 2e™ ORR pathway. Electrochemical results revealed
that the as-synthesized Co;-NG(O) catalyst exhibited high
activity and 2e~ ORR selectivity (Fig. 10f). The pH effect
was also studied, as shown in Table 1. The activity tendency
of Co;-NG(O) was 0.1 M KOH>0.1 M HCIO,>0.1 M
PBS. While the H,0, selectivity tendency was different:
0.1 M KOH>0.1 M PBS>0.1 M HCIO,, which could be
due to the different ORR mechanism. Combining spectro-
scopic results and computational modeling, Lu et al. [121]
demonstrated that the presence of epoxy groups near the
Co-N, centers was key to enhancing H,0, productivity. In
the electrochemical measurement process, they found that
the selectivity of the CON@CNTs catalyst toward H,O,
production falls dramatically after long-term exposure to
air. O 1 s spectra showed that the epoxy groups had a dras-
tic decrease, while the ketonic content in the aged CoN@
CNTs sample increased significantly compared with the
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fresh CoN@CNTs. It was speculated that the epoxy groups
would be critical to improving H,O, productivity. Addition-
ally, DFT calculation results also verified that the introduc-
tion of epoxy oxygen bonded to the Co-N, configuration
resulted in a weakened *OOH binding on the Co atoms. The
binding energy of *OOH of Co-N,(20) and Co-N,(30) was
located at the peak of the volcano for the 2e™ ORR. Batch
experiments and DFT calculation results demonstrated that
catalysts with Co-N, configuration bonded to nearby epoxy
groups showed superior activity and selectivity for H,0,
electrosynthesis. The performance is comparable to the
state-of-the-art noble metal-based catalysts in acidic con-
ditions. This work gives us an understanding of the basic
relationship between the coordination environment of atomic
sites and the H,0O, electrocatalytic properties for catalyst
design.

An interesting discovery was recently reported in Qiao’s
group [114]; they demonstrated that the neighboring C adja-
cent to the O could be the actual catalytic active sites in Co
single-atom catalysts for the electrochemical H,O, synthesis.
Specifically, they adopted DFT calculations for the first time
and demonstrated that the ORR activity and selectivity were
mainly determined by modifying the first (N or/and O coor-
dination) and second (C—O-C groups) coordination spheres.
For CoN,, the optimized *OOH adsorption site is the center
Co atom, while for CoN,0, and CoQ,, it is the C atom adja-
cent to the coordinated O atom. The *OOH binding on CoN,
was too strong (3.9 eV), very close to the 4e™ volcano peak.
The *OOH binding was dramatically decreased after replac-
ing coordination atoms N with O. The AG.qy values for
CoN,0, and CoO,(O) were 4.23 and 4.21 eV, respectively,
approaching the peak of the 2e™ volcano (4.2 eV) (Fig. 10g).
This, therefore, improves the 2e” ORR to H,0O, generation
due to the weaker *OOH adsorption. Three kinds of cata-
lyst Co-N,-C configuration (derived from the metal—organic
framework) and CONOC/CoOC (Co?* ions anchored on the
oxidized CB followed by annealing under Ar with/without
NH;) were precisely synthesized to verify the DFT calcu-
lations. Electrochemical results revealed that the CoNOC
catalyst displayed the H,O, selectivity nearly 100% over
a wide range of potential with high activity, while CoNC
exhibited a typical 4e™ ORR process (Fig. 10h). Combined
thiocyanide (SCN™) poisoning experiment and in situ tech-
niques confirmed that the actual active site of CoONOC was
the C atom adjacent to the coordinated O atom. Based on

https://doi.org/10.1007/s40820-023-01044-2
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this discovery, the authors concluded that the design princi-
ples for metal-heteroatom—carbon materials for H,0, elec-
trosynthesis are to regulate the binding strength of *OOH
on different atoms by modifying the atomic configuration.
The proposed molecular-level structure is given in Fig. 10i.
Considering this, the active sites are adjustable via regulat-
ing the coordination atoms/environment.

A wide range of practical applications could be realized
with these low-cost transition metal-based catalysts for
highly efficient H,O, generation, involving organic con-
taminants degradation and disinfection. Organic wastewa-
ter poses considerable risks to the health of both humans
and ecosystems. Cui et al. [117] demonstrated that Cu—N-C

g\
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could produce H,0, at a low cost. The total cost for produc-
ing 10 g L™' H,0, in 0.1 M Na,SO, was only US$2.93 per
m?>, much lower than the traditional anthraquinone method
(Fig. 11a).

Moreover, the produced H,0, can treat the synthetic
wastewater (containing 10 ppm triclosan, 17a-ethinyl oestra-
diol, and cefazolin sodium) to be below the detection limit.
The zebrafish embryo teratogenicity analysis demonstrated
that the effluent was safe for ecosystems (Fig. 11b). With
the goal of global carbon neutrality, sustainable energy is
the most ideal energy supply in the future. The electricity
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generated from wind and solar is an appropriate energy sup-
ply for the onsite production of H,O, [21]. A wide range
of practical applications could be realized with accessible
inputs including sunlight for electricity, air for O,, and water
as shown in Fig. 11c. The potential to deliver a 20 mA cm™>
constant current for H,O, generation remained unchanged
over the whole electrolysis course. The in situ producing
H,0, combined with the green electricity demonstrates a
rapid disinfection efficiency delivering 43% bacteria inac-
tivation in 5 min and more than 99.9999% in 120 min
(Fig. 114).

3.3 Carbon-Based Catalysts
In the past decades, carbon-based materials have been

widely studied in electrocatalysis due to their low cost, high

© The authors

surface area, and high conductivity [122—125]. It has been
well accepted that the electrochemical performances of
metal-free carbon-based materials are strongly determined
by structures. The most effective and facile strategy is to
endow the carbon materials with porous structures since a
large surface area and high pore volume are beneficial for
mass transfer and active sites exposed. Generally, the pris-
tine carbon materials show poor ORR performance because
of electroneutral carbon atoms. It is important to activate the
inert carbon surfaces by creating defective carbon sites and
doping heteroatoms.

3.3.1 Porous Carbon-Based Materials

The most widely utilized structure regulation strategy
is well-developed pore structure, pores volume, large

https://doi.org/10.1007/s40820-023-01044-2
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surface area, and so on [126—129]. The structural prop-
erties play a substantial role during the electrocatalytic
reaction process because they are closely linked to mass
transport and the utilization of active sites [130]. For
instance, a hierarchically porous carbon (HPC) derived
from the metal-organic frameworks (MOFs) was pre-
sented for H,O, electrosynthesis (Fig. 12a) [131]. The
obtained HPC exhibited high catalytic activity and selec-
tivity for electrochemical reduction of O, to H,0, over
a wide pH range (1-7). The HPC catalyst with abundant
micro-, meso-, or even macropores endowed it with plen-
tiful exposed catalytic sites and shortened diffusion paths.
Micropores could expose more active sites and provide
additional active sites for ORR. The meso- and macropo-
res allowed for fast transport of H,O, from the catalyst
surface to the bulk solution and reduced residence time,
thus avoiding H,O, further reduction to H,O. Especially
for the carbon materials with a layered structure, most
of the catalytic sites are buried in carbon layers in which
interlayer spacing is too small to expose the catalytic
sites. Using a template (silica, MgCl,, mesoporous alumi-
nosilicate, and son) can create micropores or mesopores
after template removal and thus expose more active sites
[132]. Joo et al. [133] demonstrated that graphitic ordered
mesoporous carbon (GOMC) nanocatalyst could expose
abundant edge sites via mesoporous silica template intro-
duction, rendering it with 28 times higher mass activ-
ity than that of a basal plane-rich CNT. Lee et al. [134]
also demonstrated that 3D crumpled graphene showed an
increased active surface area and could expose most of
the buried active sites within 2D carbon layers through
the MgCl, introduction.

3.3.2 Heteroatom Doping

Porosity has been demonstrated to affect the performance of
pristine carbon catalysts. The incorporation of heteroatoms
(such as N, B, and P) into the carbon framework also is
shown to be an effective way to improve the H,O, electro-
chemical production performance. Altering the electronic
structure of carbon atoms could result in a pronounced
enhancement of both activity and selectivity for H,O, pro-
duction [135-140]. For N-doped electron-rich carbon nano-
structures, the carbon 7 electrons can be activated by con-
jugating with the lone-pair electrons from N dopants. Thus,

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

0O, molecules get reduced on the positively charged C atoms
neighboring N. Qiao’s group [141] developed nitrogen-rich
few-layered graphene (N-FLG) with a tunable nitrogen con-
figuration for electrochemical H,O, generation (Fig. 12b).
The experiment results showed that the high nitrogen doping
content could effectively alter the electronic structure and
facilitate the O, adsorption. Combined spectroscopic results
and electrochemical performance suggested that the OOH*
intermediates could be substantially preserved with the pres-
ence of a high amount of pyrrolic-N, leading to a 2e™ ORR
pathway on the adjacent carbon atoms (Fig. 12¢), while the
4e” ORR pathway was supposed to preferentially occur on
the carbon atoms adjacent to the pyridinic-N. Moreover, a
positive correlation between the content of pyrrolic-N and
the H,0, selectivity was experimentally observed (Fig. 12d).
Recently, Wang et al. [142] reported a series of nonmetal
dopants, including B, N, P, and S, were anchored on a carbon
support, and the resulting catalysts were screened for H,O,
electrosynthesis. The electrochemical results indicated that
all doping samples showed enhanced performance than pure
C. Among those candidates, the boron-doped carbon (B—C)
catalyst presented the best performance with high activity
(saving more than 210 mV overpotential) under industrial-
relevant currents (up to 300 mA cm_z). Moreover, it main-
tained high H,0, selectivity (85%—-90%) compared with the
state-of-the-art carbon catalyst. DFT calculations revealed
that the boron dopant site is responsible for high activity and
H,0, selectivity due to low thermodynamic and kinetic bar-
riers. The author further studied the pH effect on the H,0,
production. The B—C catalyst showed higher H,O, selectiv-
ity up to 90% than that in 0.1 M Na,SO, (80%) when tested
by the RRDE technique, which is due to the lack of hydroxyl
species. However, the ORR activity and the H,0, selectivity
show negligible difference when evaluated by the flow-cell
device. It was noted that the solid-state electrolyte resulted in
dramatically increased activity and H,O, selectivity, origi-
nating from the decreased distance between the cathode and
the anode. These results all illustrate that for electron-rich
doping (such as N), the O, molecules get reduced on the pos-
itively charged C atoms neighboring N, while for electron-
deficient doping (such as B), O, molecules are reduced on
the positively charged B sites. Two main points to transform
inert sp? carbon into active metal-free ORR catalysts by het-
eroatomic doping can be summarized: (1) breaking the elec-
troneutrality of sp? carbon to create charged sites favorable
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for O, adsorption despite whether the dopants are electron-
rich (as N) or electron-deficient (as B) and (2) maximizing
the effective O, through activating carbon =« electrons.

Except for single atom doping, co-doping/multi-doping
could further optimize the carbon-based metal-free electro-
catalysts [143]. For example, Chen et al. [139] presented
the synergic mechanism of the doped N and F atoms in the
process of electrocatalytic H,O, electroproduction. Nitro-
gen- and fluoride-co doped carbon nanocages (NF-Cs)
showed excellent electrocatalytic performance for H,0O,
electroproduction with high FE both in alkaline solution
(pH 13) (89.6%) and in acid solution (pH 0.35) (88%). The
strong synergistic effect between the doped N and F atoms
facilitated the H,O, electroproduction. The doped N atoms
promoted O, molecule adsorption on the catalyst surface,
while the F atoms facilitated the desorption of the *OOH
intermediate, thus enhancing the catalytic activity and selec-
tivity for H,0, production. Moreover, different electronega-
tive elements co-doping strategy was found to have a distinct
influence on the catalytic activity and selectivity toward
H,0, production. Hu et al. [123] investigated B and N co-
doped sp? carbon materials. The experimental and theoreti-
cal results jointly indicated that when B and N were bonded
together, doping hardly influences the electronic structure of
carbon atoms and the CNTs material remained inert. The B
and N co-doping could turn CNTs into excellent ORR elec-
trocatalysts when the B and N atoms were separated. This
phenomenon could be explained by the distinguish electron-
egativity of B and N atoms. The separation of B from N
prevented the neutralization because N is the electron donor
while B is the acceptor, so they were still capable of conju-
gating with the sp® carbon, as in the single-doping. These
results imply that the heteroatomic doping strategy plays a
pivotal role in regulating this activity—selectivity dilemma.
The essence of heteroatom doping and defects construc-
tion is to break the electroneutrality of sp* carbon to create
charged sites favorable for O, adsorption.

3.3.3 Oxygen Functionalization

In addition to heteroatomic doping, oxygen functionalization
strategies prove to be a facile but powerful method to pro-
mote electrochemical H,0O, production. The oxygen species
can modulate the electronic structure of carbon, thereby con-
trolling the binding energy of OOH* intermediate species
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for optimal electrochemical H,0, production. There are
many methods to introduce oxygen functional groups to
carbon-based materials, such as acid surface oxidation, H,O,
oxidation, alkaline treatment, and oxygen plasma treatment
[144-148].

Cui and co-workers [146] demonstrated a facile and
general approach to carbon catalyst development via sur-
face oxidation to enhance both the activity and for H,0,
selectivity (Fig. 12e). The H,0, production performance
of oxidized CNTs (OCNTSs) was studied in 0.1 M KOH,
0.1 M PBS, and 0.1 M HCIO,. The H,0, selectivity was
increased to 90% with a higher onset potential of 0.80 V in
0.1 M KOH (Fig. 12f). It was found that both the activity
and selectivity of CNTs were positively correlated with the
oxygen content of the catalysts. The ORR activity and H,O,
selectivity tendency were: 0.1 M KOH>0.1 MPBS>0.1 M
HCIO, (Table 1). Introducing oxygen functional groups by
surface oxidation was also effective for other carbon mate-
rials (Fig. 12g). Combined experiment results and DFT
calculations, they assigned the carbon atoms adjacent to
several oxygen functional groups (~COOH and C-O-C) as
the active sites for 2e™ ORR. They also found that KOH
and poly(ethylene oxide) (PEO) treatment could increase the
oxygen functional group. It was noted that the activity and
selectivity via KOH treatment were comparable with nitric
acid surface oxidation. Kim et al. [149] reported a highly
efficient electrocatalyst for H,O, production through mild
thermal reduction of graphene oxide. By using the in situ
Raman technique, they identified the sp*-hybridized carbon
near-ring ether defects along sheet edges as the most active
sites. Most recently, Han et al. [150] prepared the quinone-
enriched carbon catalyst as an excellent catalyst for H,O,
production, and the most active motif of quinone functional
groups in the edge/basal plane was determined using DFT
calculations. Oxygen functionalization processes usually
create a variety of surface oxygen functional groups, whose
type and relative distribution are generally uncontrollable.
Therefore, the true active sites for 2e~ ORR are still elusive.

To understand the true active sites of oxygen-functional-
ized carbon materials, Liu et al. [123] described a chemical
titration strategy to discriminate the H,O, production activity
for different oxygen functional groups. The oxygen-doped
carbon nanosheets (OCNS700, OCNS800, OCNS900, and
OCNS1000) were chosen as model catalysts. The OCNS900
exhibited excellent 2e™ ORR performances with a mass activ-
ity of 14.5 A g7 at 0.75 V (vs. RHE) and remarkable H,0,
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productivity in a flow cell with an H,0, production rate of
770 mmol g~! h~!. The electrochemical results combined
with selective chemical titration experiments indicated that
the C=0 species were assigned as the most active sites for
H,0, electrosynthesis. Following this progress, Joo et al.
[132] further constructed a systematic study to identify the
catalytically active oxygen functional groups with controlled
oxygen functionalities while fixing other structural proper-
ties. The electrochemical tests showed that the activity fol-
lows the same trend with the number of carboxyl groups
(GOMC < O-GOMC-LT < O-GOMC), whereas their Tafel
slopes and H,0, selectivity were almost similar. The relation-
ship between the surface functionality and 2e~ ORR activ-
ity was indicative of the carboxyl group at the edge sites of
graphitic carbons as the major active site for the 2e™ ORR,
and the carbonyl group as a secondary active site (Fig. 12h).

) SHANGHAI JIAO TONG UNIVERSITY PRESS

4 Electrodes, Reaction Cells, and Their
Architecture

Complementary to research on developing promising cata-
lysts is the equally important pursuit of engineering the cata-
lyst and other cell components into an efficient device. The
ideal electrode structure should have sufficient active sites
for oxygen adsorption, fast mass migration allowing rapid
oxygen diffusion and H,0, desorption, and electron transfer
as well as good stability. The cell design plays a great role
in scaling up electrochemical cells from the laboratory scale
to the industrial scale.

The most common way to assess the H,O, electrosyn-
thesis performance is using a rotating ring-disk electrode
[7]. However, the harsh test conditions make it impractical
for a large-scale test. For practical applications, the H-cell
setup was designed to evaluate the H,O, electrosynthesis
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performance of large-area electrodes (Fig. 13a). Once the
H-cell setup occurred, it received considerable attention
for it was easy to operate and could generate bulk H,0,
[27, 151-154]. The electrode was submerged in the liquid
electrolyte. Yamanaka et al. [155] studied the H,O, pro-
duction using an H-cell in a one-pot batch reactor. In this
system, the reported H,O, production reached a maximum
value of 0.289 mmol cm™ h™! at the beginning. However,
the H,0, electrosynthesis performance quickly deteriorates,
leading to low reaction rates, H,O, concentrations, and FE.
The H,0, electrosynthesis performance showed a dramatic
decay in a one-pot batch reactor compared to that tested in
the H-cell with a membrane because the H,0, in bulk can
be decomposed on the anode surface. For the dual-chamber
reactor, the cathode chamber and the anode chamber were
separated with a proton-exchange membrane (PEM). How-
ever, the long distance between the cathode and the anode
leads to the ion diffusion path increase accompanied by the
increased solution resistance. Moreover, the low solubility of
O, in liquid electrolytes further limits the achievable H,O,
production rate. Although H-cells have been widely used
for preliminary catalysts screening, they still cannot accu-
rately evaluate how electrocatalysts and electrodes behave
in industrial reactors because H-cells are not continuous and
the accumulated H,O, on the electrode surface leads to the
further reduction of H,O,.

Initially, to solve the problem of the low solubility of oxy-
gen in the electrolyte, the research has shifted to gas-diffusion
electrodes (GDEs) that are composed of a hydrophobic layer
[156-160]. These GDEs can act as a membrane between the
oxygen gas and the liquid electrolyte. The GDEs are fabri-
cated by depositing the catalyst on the gas diffusion layer and
the three-phase interfaces (TPIs) accelerate the oxygen dif-
fusion and maintain a constant O, flow on the catalyst layer
(Fig. 13b). [161, 162] The O, can be electrochemically reduced
to H,0, as soon as it approaches the catalyst layer, promoting
a high concentration of H,0,. This can effectively circumvent
the problem of the low solubility of oxygen. The integrated
electrodes with the advantages of fast electron transfer were
constructed to reinforce the gas-diffusion channels against
destruction by coating them with a thin gas-diffusion layer
[163, 164]. Moreover, the established gas-diffusion layers can
mitigate the H,O, corrosion process towards the catalyst and
the substrate, thus enhancing the stability and durability of
catalysts. More importantly, recent studies show that PTFE
treatment can slow down the H,O, decomposition due to the
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decreased dielectric constant originating from the PTFE [108].
The substrates were required to supply gas flow channels to
ensure the efficient contact between gas/catalyst and substrate/
the catalyst [165—-168]. The substrate originating from carbon
showed superior compression strength, gas permeability, and
corrosion resistance compared to the metal substrate.

For practical applications, the accumulated high concen-
trations of H,O, near the electrode can be easily decomposed
and accelerate electrode corrosion and catalyst degradation.
Based on the practical experiences in water electrolysis and
fuel cells for several years, the essential of promoting elec-
trolyte flow for a long cycle is proposed. Dual-chamber
reactor developed into a flow type for low-cost H,O, elec-
trosynthesis was reported by Chen et al. [169]. The catalyst
loaded on commercial carbon support typically consisting
of a GDL to enhance the O, diffusion is used as a cathode.
Studies demonstrate that O, can effectively reach the catalyst
surface. The continuous flow of reactants and products can
prevent the accumulation of H,O, near the electrode surface
and accelerate the H,O, inflow to the bulk electrolyte, pro-
moting a higher current density accompanied by a higher
reaction rate. Pérez et al. [170] reported that combined with
a turbulence promoter, the efficiency in the flow cell is close
to 100% with low energy consumption. The study revealed
that the increase of the electrolyte inflow velocity could
bring a progressive enhancement of the current density and
H,0, production. The flow cells make the H,O, practical-
scale production reliable.

Since the direct electrosynthesis of pure H,O, solutions
was up to 20 wt%, there has seen a revival of interest in
H,0, electrosynthesis. In Wang and colleagues’ work [171],
a solid-electrolyte fuel cell was used to produce pure H,O,
solutions with H, and O, separately delivered to the anode
and cathode, respectively. Protons transferred from the cat-
ion exchange membrane (CEM) and HO,™ ions transferred
from the anion exchange membrane (AEM) were combined
in the electrolyte chamber to generate H,O, (Fig. 13c). In
this case, the membrane between the chamber and the elec-
trode avoids flooding in the case of direct contact of elec-
trodes with water. The H,0, concentrations can be varied
by tuning the deionized water flow rate with no impurities
introduced. Over 90% faradaic efficiency was achieved by
using this device. Diverse “catholyte-free” flow reactors
have been designed to obtain highly concentrated H,0O, via
membrane electrode assembly, which combines the compo-
nent of GDE, catalyst, and ion exchange polymer membrane
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Fig. 14 Illustration of the challenges and opportunities in the development of the H,O, electrochemical production. (Color figure online)

into one unit. Based on the previously reported microfluidic
cell, Kenis et al. [172, 173] pioneered a configuration without
membranes that separate each side of the cell. Precise control
over the cell assembly has been demonstrated to be effective
in obtaining high current densities for H,0O, electrochemical
production. Recently, Xia et al. [174] also manifested a high
efficiency of the membrane-free flow cell for H,0, electro-
catalytic generation (Fig. 13d). The maximum FE jumped to
200% because the hydrophilic carbon fiber paper could be
used as cathode and anode to simultaneously produce H,0,.
The hydrophilic layer can decrease dielectric constant of the
aqueous solution, thus increasing the H,O, decomposition
overpotential and slow down the H,0, decomposition pro-
cess [108]. When the cell current arrived at 50 mA cm™2, a
cell voltage was only approximately 1.7 V, whereas 1.98 V cell
voltage was required for conventional cells, sharply reducing
the energy consumption. Thus, biomass conversion reaction
may be chosen for electrochemical oxidation as an attractive
alternative to traditional water oxidation, which can not only
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produce a valuable product but also reduce the cell voltage to
make energy consumption decreased.

5 Summary and Perspectives

In this review, significant advances in the development of
electrocatalytic H,O, production over various catalysts,
electrodes, and other cell components are summarized and
discussed in Table 1. SACs with lower cost are the most
efficient catalysts among the available catalysts for H,O,
electrosynthesis. Much effort has been focused on the design
and engineering of the electrode and electrochemical reac-
tors to realize the industrial production of hydrogen peroxide
via electrosynthesis. Despite significant advances, it is still
in its infancy to realize the scale-up of H,O, electrochemi-
cal production. Therefore, challenges and opportunities are
present for the industrial production of H,0O, (Fig. 14).
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(1) Excavating ORR catalysts with new composition and
structure is still at the heart of the H,O, electrochemi-
cal production. To date, noble-based catalysts have
been thought to be the most efficient ORR catalysts for
H,0, production. However, their high cost and scarcity
restrict their industrial application. Thus, given the cost
issue, precise synthesis of trace precious metal-based
catalysts or precious metal-free-based high-efficient
ORR catalysts is urgently needed. Recently, cost-
effective amorphous materials and single-atom cata-
lysts with maximally utilized active sites are emerg-
ing. Especially for the single-atom catalysts, they are
regarded as the next-generation ORR catalysts with
high ORR activity to enable the H,0O, electrochemi-
cal production large-scale [72, 84]. In the future, sin-
gle atoms catalyst with amorphous structure can be
expected to be explored. Catalysts must be deposited
on the substrate by in situ growing on the substrate,
electrodepositing process, or spraying the catalyst on
the substrate. As one component of the device, the
basic role of the substrate is to load the catalyst and
collect the produced current. More importantly, they
are required to provide gas flow channels to maximize
the electrochemical utilization of gases. Metal sub-
strates, such as SS316L, are easy to be corroded and the
corrosion production increases the contact resistance.
Therefore, more efforts should be devoted to develop-
ing good catalytic and corrosion-resistant electrodes
and studying their effect on the industrial production
of H,0,.

(2) The currently developed in situ techniques can pro-
vide new insight into identifying the active sites and
structure evolution, which is of critical significance for
designing efficient 2e” ORR catalysts. For example,
to gain in-depth into the adsorbed oxygen intermedi-
ates on the catalysts during the ORR process, operando
ATR-IR measurements could be used for characterizing
OOH,; and HOOH,, to confirm the 2e™ ORR path-
way [175]. In situ X-ray absorption near edge structure
(XANES) and extended X-ray absorption fine structure
(EXAFS) could be carried out to identify the change
of coordination configuration and valence states near
active sites [176]. In situ Raman spectroscopy could be
used to probe the chemical bond stretching and bending
vibrations.

(3) With the development of computer technologies, thriv-
ing theoretical chemistry has been demonstrated as an
innovative technology for identifying and developing
new efficient catalysts and predicting the potential reac-
tion mechanism combined with in situ technologies
[12]. For example, Hyeon et al. predicted the reaction
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energetics of H,0, electrochemical production on M—
N,/graphenes (M =Co, Ni, Fe, Pt, Ag, and Ru) and Co—
N,/graphene with 4H*/2H* and O*/20* adsorbed near
the cobalt atom where Co—N,(O) possessed the optimal
OOH* adsorption energies [120]. It is attractive to uti-
lize theoretical chemistry to seek out new catalysts.
(4) Electrochemical production of H,O, via 2e” ORR using
renewable energy is promising from the viewpoint
of practical applications for water disinfection and
wastewater treatment [177, 178]. The green electric-
ity generated from solar and wind farms can realize a
more efficient and cleaner onsite H,O, production [20,
21]. Much of the literature about H,O, production has
focused on the cathode, while the anode is relatively
neglected. Thus, we should combine the future study
on H,0, electrochemical production and seawater,
oxidation of organic small molecules, which is more
attractive than the conventional H,O, electrosynthesis,
integrating various applications [179-181].
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