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Hydrogen peroxide (H0-) is an efficient oxidant with multiple uses ranging from chemical synthesis to
wastewater treatment. The in-situ H;O, production via a two-electron oxygen reduction reaction (ORR)
will bring H,0, beyond its current applications. The development of carbon materials offers the hope for
obtaining inexpensive and high-performance alternatives to substitute noble-metal catalysts in order to
provide a full and comprehensive picture of the current state of the art treatments and inspire new
research in this area. Herein, the most up-to-date findings in theoretical predictions, synthetic meth-
odologies, and experimental investigations of carbon-based catalysts are systematically summarized.
Various electrode fabrication and modification methods were also introduced and compared, along with
our original research on the air-breathing cathode and three-phase interface theory inside a porous
electrode. In addition, our current understanding of the challenges, future directions, and suggestions on

the carbon-based catalyst designs and electrode fabrication are highlighted.
© 2022 Published by Elsevier B.V. on behalf of Chinese Society for Environmental Sciences, Harbin
Institute of Technology, Chinese Research Academy of Environmental Sciences. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
1.1. Multiple applications of H»0,

Hydrogen peroxide (H,0-) is a universal oxidizing agent which
can be utilized either alone or in combination with other reagents
for various purposes, such as pulp and textile bleaching [1],
chemical synthesis [2], and wastewater treatment [3]. In the envi-
ronmental field, H,O, is used in many advanced oxidation pro-
cesses (AOPs), such as Hy0,/UV, H,0,/Fe?*, and H,0,/03 [4]. In
these H,0,-based AOPs, strong oxidant -OH radicals (E°(-OH/
H,0) = 2.80 Vsyg) are generated in situ. Afterwards, this free radical
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can non-selectively oxidize various contaminants at relatively high
rate constants in the order of 108-10'® M~ s~ [5]. Moreover, the
self-quenching of -OH radicals makes their lifetime in water as
short as a few nanoseconds [5]. AOPs have been widely applied for
the degradation of various pollutants such as antibiotics, herbi-
cides, insecticides, endocrine-disrupting chemicals, pharmaceu-
tical and personal care products (PPCPs), and effluent organic
matter [6], showing their potential for water and wastewater
treatment in the future [7,8].

1.2. Current status of H»0, production

1.2.1. Anthraquinone oxidation process

Currently, over 95% of commercially produced H,0;, worldwide
is derived from the anthraquinone oxidation (AO) process (the
alternate name is auto-oxidation process) [9]. Hydrogen, anthra-
quinone, and air are employed as raw materials in the AO process.
The alkylanthraquinone precursor dissolved in an admixture of

2666-4984/© 2022 Published by Elsevier B.V. on behalf of Chinese Society for Environmental Sciences, Harbin Institute of Technology, Chinese Research Academy of
Environmental Sciences. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:nli@tju.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ese.2022.100170&domain=pdf
www.sciencedirect.com/science/journal/26664984
www.journals.elsevier.com/environmental-science-and-ecotechnology/
www.journals.elsevier.com/environmental-science-and-ecotechnology/
https://doi.org/10.1016/j.ese.2022.100170
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.ese.2022.100170

J. An, Y. Feng, Q. Zhao et al.

Environmental Science and Ecotechnology 11 (2022) 100170

Abbreviations

Carbon materials

AC activated carbon

CB carbon black

CF/GF carbon felt/graphite felt

CNF carbon nanofiber

CNT carbon nanotube

EEGr electrochemically exfoliated graphene
HPC hierarchical porous carbons

MC mesoporous carbon

MWCNT multiwall carbon nanotube
OMC ordered mesoporous carbon
rGO reduced graphene oxide

RVC reticulated vitreous carbon
RSAC reed straw activated carbon

SPG spectrographically pure graphite
SWCNT  single-wall carbon nanotube
Techniques & systems

BES bioelectrochemical system

DFT density functional theory

EAOP electrochemical advanced oxidation process
HER hydrogen evolution reaction
LCD liquid crystal display

MAS magic angle spinning

MEC microbial electrolysis cell

MFC microbial fuel cell

NMR nuclear magnetic resonance

OER oxygen evolution reaction

ORR oxygen reduction reaction

PC peroxi-coagulation

POP persistent organic pollution

RDE rotating disk electrode

RRDE rotating ring-disk electrode

SRS statistical Raman spectroscopy
Reagents

AQDS anthraquinonedisulphonate

BMP-dca N-butyl-3-methylpyridinium dicyanamide
CoPPy Co-polypyrrole

CoTMPP  cobalt tetra-methoxy-phenyl porphyrin
DHN dihydroxynaphthalene

EMIM-dca 1-Ethyl-3-methylimidazolium dicyanamide
HMT hexamine

PANI polyaniline

PEI polyethylenimine

Ppy Polypyrrole

PTFE polytetrafluoroethylene

TBAQ tert-butyl-anthraquinone

TETA Triethylenetetramine

organic solvents is catalytically hydrogenated and then oxidized to
obtain a diluted solution of H,0; at 0.9—1.8% (wt). The following
liquid-liquid extraction and distillation processes produce
concentrated Hy0; solution at 35—50% (wt) (Fig. 1a). The major
drawbacks of the AO process are (1) the use of large quantities of
hazardous organic solvents, (2) highly concentrated H,0, is
explosive, which brings potential risks during transport and
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storage, (3) about 0.1% (wt) H,0, at most is needed in the waste-
water treatment process, which makes the concentration-dilution
process a waste of cost and energy. These disadvantages and the
decentralized requirements of users motivated the academic
community and industry to develop other H,0, synthesis methods
and go beyond the AO process.

b +2* +
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Fig. 1. a, Schematic of the anthraquinone process. b, The direct synthesis of H,0, from H; and O,. ¢, The Photo-catalysis to generate H,0,. d, The electrochemical H,0, production.
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1.2.2. Direct synthesis

An alternative method is the direct synthesis of H,O, from Hy and
0. In this straightforward batch process [10], gaseous H, and O, are
introduced into the liquid medium with catalysts. The proposed cat-
alytic mechanism for direct synthesis is sequential hydrogenation of
molecular oxygen. Firstly, the H» molecule is dissociated into H atoms
on the surface of the catalyst. Afterwards, an O, molecule adsorbs
onto the surface of the catalyst, followed by reacting with the H atom
and thus forming the HOO* intermediate. H,0O; is finally obtained by
hydrogenating the HOO* intermediate (Fig. 1b)[11]. Although the first
patent was granted in 1914, there is still no industrial process based on
the direct synthesis for over 100 years because of the following three
critical disadvantages [12,13]: (1) Safety - the direct synthesis avoids
transportation of H,O, to the site, but Hy is more explosive relative to
H,0,. The Hy and O, mixture gas has to be diluted by other “inert”
gases (N, or CO,) to operate below the lowest explosive limit, which
also limits the productivity of HyO3; (2) Competing side reactions - the
hydrogenation of O, towards H,0, (4H = —135.9 k] mol~!) is along
with the direct formation of H,0 (4H = —241.6 k] mol~ '), the further
reduction to H,O (4H = —105.8 k] mol~!) and H,0, decomposition
reaction (4H = —211.5 k] mol~1) (Fig. 1b), which are all thermody-
namically more favored than the desired main synthesis reaction; (3)
Cost of catalyst - Although noble metal catalysts, such as Pd, Pd—Au
and Pd—Sn, are proven to be effective, the rareness and high price
of these materials make the direct synthesis hard for large-scale
applications.

1.2.3. Photo-catalysis

Photo-catalysis through proton-coupled electron transfer is
another alternative to generate H,O0-. Briefly, in the heterogeneous
photocatalytic process, an optical semiconductor is activated by
irradiation of an appropriate light source to form photo-generated
electron/hole (e~/h™, Fig. 1¢) pairs, which under certain conditions
induces the reduction of O to produce H;0, [14]. Currently, it is
accepted that H,0, can be produced via either a one-step two-elec-
tron direct reduction or a two-step one-electron indirect reduction
route [15]. Photo-catalysis has emerged as a promising alternative
since it only requires an optical semiconductor, water, oxygen, as well
as sufficient and renewable light as the driving force. As a hot topicin
recent research, multiple photo-catalysts have been investigated and
employed, including TiO,, graphite carbon nitride (g-C3N4), metal-
organic compounds and their modification materials. However,
photocatalytic HO, generation is still in its initial stage with several
problems that need to be solved, such as poor selectivity toward 2 e~
0, reduction, relatively low response to sunlight, and high recombi-
nation rate of photo-generated species [ 15]. Moreover, the H,0; can
be further reduced with e~ or decomposed by the irradiated UV light
(A <400 nm), which causes the H,0, production rate to be lower than
the above two methods [14,16].

1.2.4. Oxygen reduction reaction

The electrosynthesis of H,O, via two-electron oxygen reduction
reaction (ORR) is attracting growing attention. The electrosynthesis
of H,0, was first reported by Berl et al., in 1939 by applying acti-
vated carbon as a cathode to achieve a 90% current efficiency [17].
Based on the two-electron ORR pathway, the Huron-Dow process
was developed in the 1980s (by Dow and Huron Technologies, Inc.)
to produce dilute alkaline H,O, onsite (Eq. (1)) for pulp and paper
bleaching (Fig. 1d) [9]. Although it was successfully commercialized
in 1991, the inherent disadvantages includes corrosion of the
electrodes from the highly alkaline environment, carbonate for-
mation from CO, and the high Ohmic resistance in the system
limiting its further development [12]. As a variant of the Huron-
Dow process, the electro-Fenton (EF) process was first investi-
gated and developed by Brilla's research group and Oturan's group
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in the 1990s [18,19]. The EF technology is based on the continuous
H,0, generation on a cathode (Eq. (2)) in an acidic electrolyte. -OH
radicals are generated via Fenton's reaction (Eq. (3)) with the
addition of a sufficient amount of Fe?* ions. The homogeneous
regeneration of Fe?>* on the cathode (Eq. (4)) makes the persistent
organic pollution (POPs) continuously degraded in EF. Until now, EF
has become the most popular electrochemical technology to
degrade a variety of POPs, including pesticides [19], dyestuffs [20],
PPCPs [21,22], and industrial pollutants [18]. Moreover, novel
electrochemical advanced oxidation processes (EAOPs) based on
the cathodic generation of H,O, were developed for remediation of
wastewater, such as photoelectro-Fenton [23], sono-electro-Fenton
[24], peroxi-coagulation [25], and electro-peroxone processes [26].

H0 + 03 + 2 e~ — HOz + OH™ (1)
0, + 2H" + 2 e~ — Hy0, (E* = 0.68 Vsye) )
Fe’* + Hy0, — Fe>* + -OH + OH~ (3)
Fe’t + e — Fe?' (E° = 0.77 Vsug) (4)

Highly efficient cathode and the optimized system are two
crucial prerequisites for the development of these EAOPs. Recently,
substantial research has been devoted to the prediction and design
of catalysts for electrochemical two-electron ORR and some of the
progress has been previously presented in several reviews
[12,27—-35]. However, systematic and comprehensive reviews on
carbonaceous two-electron ORR catalysts from the angle of mech-
anism and catalyst design to electrode fabrication have not been
reported. As an emerging research field, it is necessary and indis-
pensable to review and summarize the latest work on the devel-
opment of these areas. Furthermore, from our point of view, the
rapid development of electrode fabrication technology requires
solid theoretical research in material science and catalytic science,
as well as continuous optimization in engineering. In this review,
we discuss the recently discovered mechanistic understanding of
carbon materials catalysis and present important developments in
carbon-based catalysts for two-electron ORR. Currently there are
only a few comprehensive studies on two-electron ORR materials
and the close correlation between two-electron ORR and four-
electron ORR reactions. In the following sections we present
some enlightening mechanisms and research results on four-
electron ORR for the first time, including the predictive design by
density functional theory (DFT) calculations and controllable
doping/functionalization configurations as well as the construction
of porous structures and defects to guide two-electron ORR design
(Chapter 4). The remaining uncertainty on the real active sites for
two-electron ORR are illustrated and discussed. Depending on the
raw carbonaceous material and the operation mode, we also sys-
tematically summarize the preparation and modification methods
for the formed carbon-based electrodes (Chapters 6, 7, and 8).
Finally, we provide a detailed perspective on the challenges and
opportunities in this rapidly developing field. We attempt to take
full advantage of carbon-based materials in constructing highly
efficient two-electron ORR catalysts and provide a thought for the
amplification and application of electrocatalytic synthesis Hy0;
with high efficiency and low cost. Additionally, based on the
knowledge amassed from the references and our former work
experience, we hope to provide guidance and suggestions for future
research by summarizing the inconsistent or divergent experi-
mental and computational methods. We encourage future studies
to use more unified experimental methods and expressions, while
avoiding the oversights from previous studies.
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2. Mechanism of the oxygen reduction reaction

The mechanism of electrochemical ORR is outlined in Fig. 2a.
Generally, the ORR involves either a four-electron transfer pathway,

2-electron pathway H,0, (1)

20" 0*+HO

T T

2 HO* HO* HO* 2H,0+2* 2H,0+*

.
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Fig. 2. a, Schematic of unified two and four-electron oxygen reduction reaction
pathways. The dissociation of O—0 bond (red arrows) engenders the undesired four-
electron pathway. b, Theoretically calculated Sabatier volcano plots for the two-
electron (green) and four-electron (red) oxygen reduction. The limiting potential
(vertical axis) was plotted as a function of AGygo+ (upper horizontal axis) and AGyo+
(lower axis). Two-electron pathway equilibrium potential (Uoozmzoz =07 V) is
shown in the dotted line, and the four-electron pathway equilibrium potential
(UOOZ/HZO = 1.23 V) is plotted as the dashed line [36]. ¢, Corresponding H,0, selectivity
for previously developed electro-catalysts. Data adapted from literature [141] for
Vulcan XC 72R; literature [151] for Printex L6 and pristine rGO; literature [120] for CNT;
literature [87] for CMK-3 OMC, N-doped CMK-3 OMC and black pearl 2000; literature
[36] for Pt—Hg; literature [72] for Ag—Hg and Cu—Hg; literature [44] for Au and
Pd—Au; literature [85] for N-doped C; literature [102] for F-doped C; literature [107] for
B&N-doped C; literature [118] for O-CNT; literature [121] for N&O-doped C; literature
[137] for Co—N—C; literature [145] for MnO,-CB.
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which reduces O, to H,0 (Eq. (5)) and is attractive for fuel cells, or a
two-electron pathway to produce H;0; (Eq. (2)), which is desirable
for environmental remediation [36]. Overall, the direct four-
electron ORR involves multiple steps and intermediates (HOO*,
HO*, O*), which can be divided into the dissociative and associative
way, depending on the oxygen dissociation barrier on the catalyst
surface (Egs. (6)—(13)) [37,38].

0, +4H' + 4e~ — 2H,0 (5)

Dissociative pathway: the O—O bond breaks into two O*, which
could be reduced to HO as the final product.

03+ 2% — 2 0% (6)
20% + 2H" + 2 e~ — 2 HO* (7)
2HO* + 2H" + 2 e — 2H,0 + 2 * (8)

Associative pathway: the activated O, molecule firstly couples
the proton & electron to produce HOO*, and then the O—O bond of
HOO* is cleaved and reduced to H,O.

02+ * + H" + e- —» HOO* (9)
HOO* + H* + e~ — O* + H,0 (10)
O* + H+ e — HO* (11)
HO* + H" + e~ — Hy0 + * (12)
HOO* + * — O* 4+ HO* (13)

Where * denotes an unoccupied active site, and HOO*, HO*, O*
represent the single adsorbed intermediates on the catalyst surface
[36].

Conversely, the two-electron pathway is comprised of two
coupled electron & proton transfers together with one intermediate
(HOO*) (Egs. (14) and (15)) [39].

03+ * + H" + e~ —» HOO* (14)
HOO* + H + e~ — Hy0, + * (15)

From the above reactions and the schematic diagram shown in
Fig. 2a, it is observed that breaking the O—0 bond (Egs. (6) and (10))
is a necessary step in both dissociative and associative four-electron
pathways. Therefore, preventing the O—0 bond from dissociation is
critical in the selective catalysis for H,O, synthesis [30]. Moreover,
the obtained H,0; could be further reduced to H,O, making the
process an indirect four-electron ORR to reduce the H,0; produc-
tion (Egs. (16)—(19)). Consequently, shortening the H,O, residence
time on the catalyst surface is also critical to maintaining the sta-
bility of Hy0; during electro-synthesis. In summary, the ideal
electrocatalyst with high activity and high selectivity toward two-
electron ORR should have the property of minimizing the kinetic
barriers for Egs. 14 and 15 and maximizing the barrier for H,0,
reduction and HOO* dissociation to HO* and O* [36].

H;05 + * + H+ e~ — HO* + Hy0 (16)
HO* + H+ e~ — HO + * 17)
Hy0; + 2 * — 2 HO* (18)
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2HO* +2H" +2e” — 2H,0 4+ 2 * (19)

The performance of the electrocatalyst depends on the binding
energy of the reaction intermediates to the catalyst surface [36].
However, because of the existence of scaling relationships Eq. (20)
between these intermediates, the activity is governed by a single
parameter AGoy« [40,41]. Benefiting from the development of DFT
calculations on numerous close-packed metal surfaces, a volcano
framework has established that the theoretical overpotential re-
lates to the free energy of HO* for the ORR activity (Fig. 2b) [42,43].
In brief, for the materials that bind HO* too weakly (i.e., to the right
side of the peak), the ORR is limited by the activation of O,. The
weak interaction with O* and HO* increases the selectivity toward
two-electron ORR, but simultaneously lowers the ORR activity. For
the materials that bind HO* too strongly (i.e., to the left side of the
peak), the limiting step for the H,0, and H,O production is asso-
ciated with removing HOO* and HO*, respectively. Considering the
two-electron pathway is determined by only one intermediate, it is
feasible to find an electrocatalyst with zero theoretical over-
potential that has an optimal AGyoo+, binding HOO* neither too
strongly nor weakly [43].

AGhoor = AGho» + 3.2 + 0.2 eV (20)

The electrocatalysts for two-electron ORR covers a wide range
from noble metals (Pb, Au, etc.) and metal alloys to carbonaceous
materials. The metal alloys, such as Pd-Au [44,45] and Pt—Hg [36],
were verified to have high selectivity toward H,0, (70.8—92.5%
under 0.1-0.3 V vs. RHE at pH 1). However, the wide application of
these noble-metal catalysts is impacted by their scarcity and high
cost [46]. Accordingly, metal-free and non-noble-metal catalysts
are developed as sustainable alternatives. Carbon materials are a
promising alternative for H,O, electrosynthesis because of their
high abundance, conductivity, activity, and lower price. Most
importantly, with a variety of allotropes, the carbon materials have
multiple morphologies and highly tunable electronic structures.
This unique feature makes them an ideal platform for designing
electrocatalysts at the atomic level [47].

3. Evaluation parameters of two-electron ORR electrocatalyst

The characterization of electrocatalyst performance via the
rotating ring disk electrode (RRDE) technique in a three-electrode
system is necessary for evaluating ORR activity and H0;

Reference r———————— A

. electrode
Working

electrode

Counter
electrode ﬁ
TN

T

Teflon _l_ At glassy carbon disk:
| 2H"+0,+2e - H,0,
——4H+0,+4e —2H,0
I
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¥ [
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Wi : At Pt ring:
| | HO,—»2H+0,+2e
I
I
] I

Fig. 3. Schematic of RRDE & RDE set-up and basic operating principles.
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selectivity in the material design. RRDE is a convective electrode
system containing a disk electrode, a coaxial Pt ring electrode
together with a rotating shaft (Fig. 3) [48]. In the RRDE, the ORR
takes place on the disk electrode to generate both H,0, and HO.
Thereafter, HyO; is radially transferred to the coaxial Pt ring elec-
trode by the forced convection resulting from the rotation of the
electrode. Subsequently, H,0; is oxidized back to O, (Eq. (21)) at
the ring electrode. The overall ORR activity and H,0; selectivity
could be quantified by analyzing the corresponding reduction disk
current (ip) and oxidation ring currents (ig), respectively [49]. The
selectivity of H,0; is quantified by the Faradaic efficiency (Araradaic)
and the average transferred electrons number (n).

HZOZ — 02 + 2]‘]Jr —+ 2e” (21)
ig

Afaradaic :% x 100% (22)

- Al (23)
lip| + %

where N represents the collection efficiency of the RRDE, which
means the fraction of product from the disk to the ring, based on
the geometries of the ring and disk electrodes [30].

Rotating disk electrode (RDE) is another tool for assessing the
catalyst ORR activity. Compared with RRDE, the coaxial ring elec-
trode is removed in the RDE system (Fig. 3). The hydrodynamic and
electrochemical properties of RDE are related to the Koutecky-
Levich (K-L) equation [50].

1 1 1 1 1

=4+ = + 24
J Jk Ju nFkGo o 6onFcy Dl v tw .

where jx and j; are the Kkinetic-limiting current density and
diffusion-limiting current density (mA cm2), n stands for the
electron-transfer number, F is the Faraday constant (C mol™), G
and Dy are the bulk concentration (mol cm~3) and O, diffusion
coefficient (cm? s 1) in the electrolyte, v is the kinematic viscosity
of the electrolyte (cm? s—!), w represents the angular velocity (rad
s71), and k is the electron-transfer rate constant. n and k can be
obtained from the slope and intercept of K-L equation, respectively.

Typically the onset potential or overpotential (») in (R)RDE tests
are used to compare the activities among different electrocatalysts.
And the selectivity of newly designed electrocatalysts toward H0,
is mainly quantified in terms of n and A. In Tables 1 and 2, the
performance of newly developed electrocatalysts on (R)RDE are
systematically summarized.

4. Design of high-performance carbonaceous electrocatalysts
4.1. Pristine carbon materials

Before discussing the carbon catalysts, it is vital to discuss the
different types of obtained carbon materials. There are three allo-
tropes as dictated by the carbon precursor [51]: graphite (sp®
bonding), diamond (sp®), and amorphous carbon (disordered
mixture of sp? and sp). Due to the different combinations of carbon
atom hybridization, carbon allotropes with different structures and
properties are obtained. Until now, most of the two-electron ORR
catalysts are graphite carbon and amorphous carbon.

Graphite is formed by multilayered two-dimensional (2D)
sheets of sp® hybridized carbon atoms with hexagonal lattice in the
basal plane. The edges of its planes have terminations with carbon
atoms arranged with zigzag or armchair configurations, and a van
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Table 1
RRDE settings and results of the new developed carbon-based materials summarized in Chapter 4.
Material Type RRDE test settings RRDE test results
Electrolyte Rotating Scan rate Ring Onset Potentials Selectivity Electron Potential Reference
Conditions (O»- speeding (mVs~!) Potential - - (%) transfer window
saturated) (rpm) Current density to ' Potential number
define onset potential
N-doped porous 0.1 M KOH 900 5 unknown —0.03 mA cm~? 0.72Vvs. 93 2.1 <0.6V vs. RHE [87]
carbon RHE
N-doped MC 0.5 M H,S04 1500 5 1.2Vvs. unknown unknown 95 21 0.3 Vvs.RHE [89]
RHE
N-doped CMK-3 0.5 M H,S04 1600 5 1.2Vvs. —0.03 mAcm? 0.55Vvs. 98 2.1 0.3 Vvs.RHE [85]
by EMIM-dca RHE RHE
N-doped CMK-3 0.5 M H,S04 1600 5 1.2Vvs. —0.01 mAcm 2 049 Vvs. 985 2.01 0.35V vs.RHE [86]
by PEI RHE RHE
N-doped 0.5 M H,S04 1600 10 1.1 Vvs. unknown unknown ~97 2.06 0.6 Vvs.RHE [91]
macroporous RHE
carbon
F-doped HPC 0.05 M H,S04 800 10 1.3Vvs. —02mAcm? 043 Vvs. 975 2.05 0.2 Vvs.RHE [100]
RHE RHE
N, S-doped MC 0.5 M H,SO4 1600 5 1.25 Vvs. unknown 032Vvs. 75 2.5 0.06V vs. SHE  [102]
SHE SHE
B, N-doped 0.1 M KOH 1600 10 1.2Vvs. —0.5mAcm? 08Vvs. 85 23 0.5VvsRHE [107]
Carbon RHE RHE
N, O-doped OMC 0.5 M H,SO4 2500 10 1.2Vvs. —0.1mAcm? 0.55Vvs. ~95 2.1 04Vvs.RHE [119]
RHE RHE
O-CNT 0.1 M KOH 1600 10 12Vvs. -0.05mA unknown ~90 22 0.4—0.65Vvs. [116]
RHE RHE
oxidized CB 0.1 M Na,SO4 unknown 5 —0.4 V vs. unknown —0.14 Vvs. 52.6—-56.1 ~2.9 -035t0-0.6V [117]
Ag/AgCl Ag/AgCl vs. Ag/AgCl
Co-CB composite 0.1 M HClO4 900 5 1.2Vvs. unknown unknown 80-90 unknown 0.1-04 Vvs. [120]
RHE RHE
Ce0,-CB 1 M NaOH 1600 5 0.2 Vvs. unknown unknown 44 3.1 unknown [139]
composite Hg/HgO
SnNi-CB 1 M NaOH 1600 5 0.2Vvs. unknown unknown 88 22 unknown [141]
composite Hg/HgO
V,05-CB 1M NaOH 1600 5 0.2 Vvs. unknown unknown 68 2.6 unknown [140]
composite Hg/HgO
WO, 7,-CB 1 M NaOH 1600 5 0.3 Vvs. unknown unknown 87 23 unknown [144]
composite Hg/HgO
MnO,-CB 1 M NaOH 1600 5 unknown unknown unknown 96 21 unknown [143]
composite
Ce0,-CB 1 M NaOH 1600 5 0.2 Vvs. unknown unknown 88 2.2 —0.4V vs. Hg/ [147]
composite Hg/HgO HgO
Nb,05-rGO 0.1 M K,SOy4, pH =2 900 5 1.0 Vvs. unknown unknown 85.3 2.28 —0.2 to —0.4V [149]
composite Ag/AgCl vs. Ag/AgCl
Ta,05-CB 0.1 M K5SO4, pH =2 900 5 1.0Vvs. unknown unknown 83.2 23 -03to -0.5V [146]
composite Ag/AgCl vs. Ag/AgCl
Pd-CB composite 0.1 M K3SOy, 900 5 1.0V vs. unknown 035Vvs. — 29 —0.15t0 0.51 V [148]
pH =25 Ag/AgCl Ag/AgCl vs. Ag/AgCl
Fe304-rGO 1 M KOH 1600 10 1.3V vs. unknown unknown 62 2.8 —0.6 Vvs. SCE [150]
composite SCE
Fe304-CB 1M KOH 1600 10 1.3Vvs. unknown unknown 68 2.7 —0.6 Vvs.SCE [150]
composite SCE
Co-Ny & OFGs-C 0.1 M KOH 1600 10 unknown unknown 0.84Vyvs. 856 23 0.78V vs. RHE  [135]
RHE
Co-TETA-C 0.1 M HCIO4 1600 20 1.2Vvs. unknown unknown ~95 21 0V vs. RHE [131]
catalysts RHE
CoTMPP-CB 0.05 M H,S04 200 2 1.1 Vvs. unknown unknown 80 24 0.3-04Vvs. [125]
SCE SCE
defective OMC 0.1 M KOH 1600 10 1.2Vvs. unknown 0.7Vvs. 80 24 0.5Vvs.RHE [158]
RHE RHE
N-Doped 0.1 M KOH 1600 10 12Vvs. —0.01 mAcm 2 unknown 82 24 0.1-0.5Vvs. [160]
Graphene RHE RHE
0-CB 0.1 M KOH 1600 10 unknown djp/dE > 0 08Vvs. ~60 ~2.8 0.26—0.36 V vs. [118]
RHE RHE
Mn—O/N@NCs 0.1 M HCIO4 900 unknown 1.2Vvs. unknown 047Vvs. 74 2.5 0.2V vs.RHE [134]
RHE RHE
B-CB 0.1 M KOH 1600 5 12Vvs. —0.1mAcm? 0.773 V vs. 85 23 04-0.7Vvs. [101]
RHE RHE RHE
OGFs modified 0.1 M KOH 1600 10 1.2Vvs. —0.15mAcm™2 083 Vvs. ~80 24 02-08Vvs. [115]
activated coke RHE RHE RHE
N-rGO & CNT 0.05 M NaySQy, 1600 10 1.2Vvs. unknown —0.072V  unknown unknown unknown [259]
pH=3 SCE vs. SCE
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Table 2
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RDE settings and results of the new developed carbon-based materials summarized in Chapter 4.

Material Type RDE test settings

RDE test results Ref

Electrolyte Conditions  Rotating Scan rate Onset Potentials Selectivity Electron transfer Potential
_ it -1 %
(Oz-saturated) speed (rpm) - (mV's™5) Current density to define  Potential %) number
onset potential
N-doped OMC 0.1 M KOH 2500 10 unknown —-0.1Vvs. ~85 23 —0.35 V vs. Ag/ [90]
Ag/AgCl AgCl
P-doped 0.1 M Na,SO4 1600 5 unknown unknown 47 3.06 —0.4 vs. SCE [256]
MWCNT
N,S-doped MC 0.1 M KOH 1600 10 0.02 mA cm 2 0.8 Vvs.RHE ~100 2 0.15-0.5 Vvs. [105]
RHE
HPC derived 0.05 M H,SO4 unknown 10 unknown unknown ~90 2.1-2.38 —0.1to -05V [158]
from MOF-5 vs. RHE

MC: mesoporous carbon.

der Waals interaction along the transverse direction between the
layers that is relatively weak. Apart from naturally existing
graphite, the discovery of graphene and carbon nanotubes (CNTs)
expanded the categories of sp” carbon materials. Graphene (a single
layer form of graphite) is a 2D sheet honeycomb structure
composed of sp? carbon atoms. Due to the remarkable electrical,
thermal, physical, optical, and mechanical properties together with
high specific surface area, it has received increasing attention
[28,52]. Graphene can be prepared by a variety of processes,
including mechanical cleavage [53], chemical vapor deposition
growth [54], epitaxial growth [55], electrochemical exfoliation of
graphite [56], and thermal/chemical/electrochemical reduction of
graphene oxide (GO) [57]. Among those, the mechanical cleavage
method results in high-quality graphene sheets but low yield,
which cannot meet the large demand for graphene. The GO
reduction method is considered to be one of the most promising
routes for large-scale graphene production, which restores the
essential properties. However, the production of graphene with
minimum defects remains challenging. CNTs are tubular cylinders
of carbon atoms that can be conceptually viewed as one or up to
dozen graphene sheet(s) that are rolled up into a single-wall carbon
nanotube (SWCNT) or a multiwall carbon nanotube (MWCNT) [51].
CNTs have been at the forefront of materials research in the last
decade due to their high electrical conductivity (~5000 S cm™!)
[58], high surface area (~2630 m? g~ 1) [59], high charge mobility
(~100,000 cm? V-1 s71) [60], as well as chemical stability, and
significant mechanical strength. Currently, SWCNTs and MWCNTSs
are mainly produced by three techniques: arc-discharge [61], laser-
ablation [62], and catalytic growth [63]. Among these methods,
catalytic growth of nanotubes by the chemical vapor deposition
(CVD) is the dominant mode of high-volume CNT production. In
2013, bulk purified MWCNTs were sold for less than 100 $ kg~ ! [64].
The decrease in CNTs price increases their potential for application
in various technological areas such as the chemical, medical,
aerospace, energy, and automotive industries.

Carbon black (CB) is an amorphous particle of nearly pure
elemental carbon, consisting of grape-like aggregates of spherical
primary particles, with the aggregates clustered into larger-sized
agglomerates [65]. CB has relatively low quantities of extractable
organic compounds and total inorganics (usually <1%) [66]. As a
manufactured commercial product for over a century, it has plen-
tiful applications as well as a variety of different trade names and
physicochemical properties. A variety of CB grades with different
properties (surface area, structure, aggregate size, abrasion resis-
tance, etc.) are manufactured by controlling the conditions of the
oil furnace production process. The most widely used CB material is
Vulcan XC-72(R) (produced by Cabot Corporation, US) which is
used in 80% of electrocatalysts [67], due to the large surface area
(~250 m? g~ 1), high mesopore and macropore percentage (54%),

and good electric conductivity (4.0 S cm™! at the packing fraction of
0.3 and 74 S cm~! at 0.4) [68,69]. In addition to Vulcan XC-72(R),
there are some other commercial CB materials such as Printex L6,
Black Pearls 2000, Acetylene Black, and Macsorb [70].

Ordered mesoporous carbon (OMC) is a type of carbon material
with regular arrays of uniform mesopores. The OMCs with different
compositions vary from pure organic/inorganic frameworks to
organic-inorganic hybrid frameworks have been widely investi-
gated and reported in the past two decades. Normally, OMCs can be
prepared by two different methods, the hard templating process
(nano-casting strategy) by using mesoporous silicas and a soft
templating process (direct synthesis) via self-assembly of block
copolymers/surfactants and carbon precursors [71]. Except for high
surface areas, OMCs also have outstanding special properties,
including tunable pore sizes, alternative pore shapes, periodically
arranged monodispersed mesopore space, and uniform nano-sized
frameworks [72].

Because of the above outstanding physical and chemical prop-
erties, tremendous investigations have been conducted to reveal
the ORR catalytic characteristics of graphene, CNTs, CB, and OMCs.
However, the electroactivity of pristine carbon catalysts still lags
behind that of their metal counterparts because pristine carbon
materials are inert to the adsorption and activation of O and ORR
intermediates (Fig. 2c) [36,44,73]. They always show high over-
potentials and thus unpromising catalytic property toward ORR
[74]. Therefore, the catalytic properties of carbon materials need to
be improved by doping, functionalization, and structural
regulation.

4.2. Heteroatom doping

Heteroatom doping refers to replacing part of carbon atoms in
the carbon skeleton by other heteroatoms, including N, O, B, P, S,
halogens, etc. (Fig. 4a) Because of the differences in atomic size,
electronegativity, and binding states, heteroatom doping can
regulate the spin and charge distribution, tune the absorption and
activation of the ORR intermediates, and further change the cata-
lytic performance of carbon [74,75]. For instance, B and P dopants
tend to give electrons to carbon due to their lower electronegativity
(B: 2.04; P: 2.19) compared with carbon (2.55), which creates a
partial positive charge on the dopant atoms [76]. In contrast, ni-
trogen with higher electronegativity (N: 3.04) tends to rob elec-
trons from carbon to generate a partial positive charge on the
carbon atoms. Typically, the formation of partial positive/negative
charges can both promote the interaction between the catalyst and
0, and the adsorption of O, on the carbon materials. Though S
doping does not disrupt the charge uniformity of carbon materials
because of its similar electronegativity (2.58), larger size, and
greater polarizability of the S atom enhance the spin density and
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Fig. 4. a, Schematic illustration of the X-doped graphene lattice, which shows the
possible positions of different dopants. b, Typical nitrogen species in N-doped carbon
skeleton. ¢, Schematic of S-doped graphene clusters, including S atoms adsorbed on
the graphene cluster surface (Type 1) replacing S atoms at zigzag or armchair edges
(Type 2); SO2 replaced at zigzag or armchair edges (Type 3); and S ring connecting two
pieces of graphene (Type 4) [98].

charge delocalization on the neighboring carbon atoms to promote
the ORR [77,78].

As a convenient method to tune the electrochemical catalytic
properties of carbon materials, doping has been utilized widely in
developing ORR catalyst materials. Here, carbon materials with
multiple heteroatoms doping for H,0, production are reviewed.

4.2.1. Single doping by N

N-doping is the most extensively and promising form to modify
sp? carbon for ORR for two reasons: one, N has a similar atomic
radius as C, allowing it to easily replace C atoms without lattice
mismatch; and two, the higher electron affinity of N makes the N
dopant easy to change the atomic structures and electron ar-
rangements of the carbon skeleton [46,74,78]. First synthesized by
Gong et al. [75], N-doped carbon materials for four-electron ORR
have attracted much attention. Typically, there are two strategies
for fabricating N-doped carbon catalysts. The first one is post-
doping of porous carbons in the presence of nitrogen-containing
precursors, which can effectually control the structures of the
catalyst. However, the N-doping efficiency of post-doping is low
and diverse. The other method is direct (in-situ) doping during the
synthesis of catalysts to enhance the N-doping content and vary the
N-doping structure. Nevertheless, the pore size and porosity of the
catalyst are difficult to be precisely controlled in direct doping.

Resulting from different synthetic precursors, catalysts, condi-
tions, and procedures, there are various forms of N dopant that
exist in the carbon skeleton, such as pyridinic N, pyrrolic N,
graphitic N (or quaternary N), and pyridine-N-oxide (Fig. 4b).
However, not all N dopant-related dopants on the carbon materials
constitute highly catalytic active species. There is debate on the real
active sites in N-doped carbon for ORR. In general, planar pyridinic-
N can enhance the electron-donating capability and weaken the
0—0 bond due to its lone electron pair. As a result, pyridinic-N is
thought to be the active site for four-electron ORR [79]. Guo et al.
[80]. Reported that carbon atoms adjacent to pyridinic-N are the
real active sites for ORR in acidic media. Others have suggested that
pyrrolic-N plays a key role in reducing O, to H,05, and pyridinic-N
is the site for reducing H,0, to H,O [81,82]. Conflictingly, Geng,
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et al. [83] believed that graphitic-N instead of pyridinic-N might be
responsible for the two-electron ORR. Kabir et al. [84] claimed
graphitic-N contributes significantly to peroxide generation in
0.5 M H,S04. The co-generation and co-existence of different types
of N-doping species in the carbon materials are inevitable, making
it difficult to distinguish their contributions. Moreover, the inter-
transition of the different doping types induced by temperature
makes the situation even more complex.

In the recent 7—8 years, the N-doped carbon two-electron ORR
catalysts have been systematically investigated to obtain different
results on two-electron ORR active pores. N-doped OMC with a
mean pore diameter of 13.2 nm was obtained from the ionic liquid
N-butyl-3-methylpyridinium dicyanamide (BMP-dca) at 800 °C by
hard-templating strategy using silica nanoparticles [85]. Hy0;
production rate reached 0.17 g gzt h~! with a current efficiency of
65.2% at 0.1 V (vs. RHE). The RDE verified that the resultant material
was highly active for the selective H,0; generation. However, a
comparable material synthesized at 1000 °C was favorable to the
four-electron ORR [86]. The authors assumed the lower degree of
delocalization, higher N content, and exposure of pyrrolic-N sites
may favor the two-electron process.

Sun et al. [87] fabricated a series of N-doped OMC materials by
pyrolysing the mixture of 1-Ethyl-3-methylimidazolium dicyana-
mide (EMIM-dca) and CMK-3 at different temperatures. Compared
with six potentially suitable two-electron ORR carbon materials
(Ketjen black EC 300J, Ketjen black EC 600]D, Black pearls 2000,
Vulcan XC 72R, Graphene nano-plates, and CMK-3), the structural,
compositional, and other physical properties were correlated with
their catalytic performance. For six pristine carbon materials, large
BET surface areas, positive zeta potentials, and high defect sites
were all beneficial for HO, generation. Dissimilarly, the H,0,
selectivity of N-doped carbon catalyst is governed more by the N
doping effect. The selectivity of the optimal N-doped material
reached 95—98% in the potential range of 0.1-0.3 V (vs. RHE). In
order to get a better understanding of the potentially related
mechanistic roles of the different N species during the two-electron
ORR, a novel N-doped OMC was prepared by annealing the mixture
of CMK-3 and polyethylenimine (PEI) in the N, atmosphere;
achieving the highest H,0, selectivity of 95—98.5% with the po-
tential range of 0.1—0.4 V [88]. Analyzing chemical state trajectories
of N species in the catalysts suggested pyridinic-N played a key role
as an active site in acidic solution, while graphitic-N groups seemed
to be active catalytic moieties in neutral and alkaline conditions.

Other N-doped porous carbons were prepared from para-
formaldehyde cross-linked collagen by sintering at various temper-
atures (400—800 °C) [89]. Higher carbonization temperature brought
more porous and sheet-like structures into the materials, and led to
the formation of graphitic-N structure, the removal of oxygen-
containing functional groups, and the decrease of N content, thus
enhancing graphitic crystallinity. According to the electrochemical
tests, N-doped carbon prepared at 400 °C showed excellent two-
electron ORR with a selectivity of 93% over a wide potential range
from 0.17 to 0.6 V (vs. RHE) due to the combination of pyridinic-N,
pyrrolic-N, and the surface oxygen-containing functional groups.

Since ORR generally proceeds on the surface of the catalysts, the
unexposed active sites hidden in the catalyst body contribute little
to the catalytic activity [74]. Therefore, the appropriate doping
location and catalyst micro-configuration are more crucial than the
gross doping content.

To obtain a special carbon material with N-doping mainly at the
surface, to provide active sites and high graphitic carbonaceous
core to provide high electrical conductivity, N-doped graphitic
carbon materials were fabricated by sequential pyrolysis of aniline
and dihydroxynaphthalene (DHN) inside the SBA-15 hard silica
template (Fig. 5a) [90]. To cover the template surface with
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Fig. 5. a, Schematic of the N-doped OMC formation using SBA-15 as hard template. The N atoms in the N-doped OMC are illustrated: pyridinic-N (N;), graphitic-N (N3, N3), pyrrolic-
N (Ny4), and oxidized pyridinic-N (Ns). b, Reconstructions of the N-doped OMC sample from different orientations (I and II). HR-TEM images of N-doped OMC (IIl and IV), with the
illustration of the parallel carbon rods position and the graphitic layers (0.34 nm spacing). ¢, LSV curves of the N-doped OMC conducted in 0.1 M KOH O,-saturated solution at the
scan rate of 10 mV s~' under different rotation speeds. d, the corresponding K-L plots (= vs. w~'/2) at different potentials for N-doped OMC Adapted from the literature [90], with
permission from Elsevier. e, Schematic of the BCN materials models calculated in this research. C atoms: gray; N atoms: blue; B atoms: pink. %X is defined as the amounts of C atoms
replaced in h-BN substrate over the total substrate atoms amounts. Likely, for BN domains configurations %X composition is determined as the number of BN pairs replaced in
graphene substrate over the total substrate atoms number. f, Theoretical volcano plots for two-electron (red) and four-electron (black) ORR, respectively (II). The volcano plots are
based on the RHE. Triangle marks or diamond marks represent the ORR activity of the N or B doped in the raw (N-Gr or B-Gr) and defect (N-Gr-D or B-Gr-D) graphene, respectively.
The performance of N-Gr-D is from literature [110], while the catalytic performances of Pt (111) metal and PtHg, alloy are from literature [36,111], respectively. Adapted from the

literature [109], with permission from American Chemical Society.

monolayered aniline, the amount of aniline employed was deter-
mined based on the precise calculation of the molecular cross-
sectional area of precursor and total pore volume of the template.
The resultant materials displayed an ordered, hexagonal array of
carbon rods, with a narrow pore size distribution centred at 4.3 nm,
and specific surface area of 877 m? g~ ! (Fig. 5b). The novel N-doped
OMC exhibited outstanding performance with a transfer number of
2.1, and a Hy0; selectivity of 95% (Fig. 5¢). Which attributed to the
high surface area, regular mesopores structure, a graphitic char-
acter, high content graphitic-N andpyridinic-N configurations.
Except for the N species, other influence factors were also
investigated. Park et al. [91] studied the effect of the mesopores to
discover that N-doped carbon materials with 3.4—4 nm well-

ordered mesopores had high activity and selectivity (>90%) for
H,0, synthesis. In comparison, micropore-dominant N-doped
activated carbon showed a higher onset potential than N-doped
OMC, but a lower selectivity (56—60%). The excellent mass transfer
of mesoporous structure enhanced the release of H,0, within a
relatively short contact time, which resulted in high selectivity
toward H0; synthesis. Hasché et al. [92] proposed that the elec-
trochemical formation mechanisms for peroxide are dependent on
the pH and the species of electrolyte, as well as the respective
change of the peroxide species from H;0; to hydroperoxide. In
order to obtain a kinetic understanding of N-doped carbon catalysts
in acidic media, a porous N-doped carbon with a surface area of
992 m? g ! was obtained by carbonization of polyimide
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nanoparticles through a two-step pyrolysis [93]. RRDE revealed
that lower catalyst loading on the disk suppresses the further
reduction of H,0; in the catalyst matrix layer. When the catalyst
loading density decreased to 30 pg cm~2, the H,0, selectivity was
much higher than 80%. This study provided quantitative insight
into the ORR mechanism over an N-doped carbon catalyst.

4.2.2. Single doping by other heteroatoms

Although N-doped carbon materials have been investigated
extensively, carbon materials doped with B, P, S, and halogens have
also been explored recently for their potential applications for
electrocatalysis of ORR. However, almost all of the B/P/S doped
carbon materials demonstrated an affinity for four-electron ORR
instead of two-electron ORR for H,0; generation [94—97].

Zhang et al. [98] studied the formation energy, electronic
structures, transition states, and energy barriers of S-doped gra-
phene clusters by DFT calculation to predict ORR activity of four
types of S-doped graphene clusters (Fig. 4c); including S atoms
adsorbed on the graphene cluster surface (Type 1), S atom
replacement at the graphene cluster armchair edge or zigzag (Type
2), SO, substitution at the graphene edge (zigzag and armchair.
Type 3), and two graphene clusters connected by an S ring (Type 4).
Carbon atoms with high spin density or positive charge density are
the active catalytic sites, which are often located at the zigzag edges
or close to the SO, doping structure. Two-electron ORR proceeds on
the substitutional S atom with a high charge density, while four-
electron ORR occurs simultaneously on the carbon atoms with a
high positive spin or charge density.

Considering the high electronegativity of Fluorine (3.98), the
carbon electronic structure can be adjusted significantly by F atom
doping. In addition, F-doping regulated the electron transfer
properties by inducing polarization and changing the Fermi level
[99,100]. Recently, a F-doped hierarchically porous carbon catalyst
was developed from an aluminum-based metal-organic framework
(MOF, MIL-53) precursor [101,102]. The selectivity of the ORR
pathway strongly depended on the F doping species configurations.
The covalent CF, and CF;3 facilitate the two-electron pathway
because of the strong adsorption of O, and the weak binding energy
of the HOO* intermediate. Hence, the fabricated F-doped catalysts
exhibited a high H,0, yield of 113—793 mmol h~! g, and
selectivity reached 97.5—83% in the potential range of —0.1 V
to —0.6 vs. RHE (pH 1).

In 2021, Xia et al. [103] systematically studied the effects of
different dopants (B, N, P, S) in carbon material on its performance
in 2e~ ORR performance. Among all these dopants, B-doped carbon
shows the highest activity and selectivity, with an onset potential of
0.773 V (vs. RHE) while maintaining over 85% selectivity across a
broad potential window in 0.1 M KOH. BET, XPS, XAS, and Raman
results excluded the possible morphological, structural, and elec-
tronic side effects on 2e~ ORR. DFT calculations revealed the B-
doped at single vacancy has nearly-zero overpotential, while
molecule dynamics at constant potential indicates that the energy
barrier for the 2e™ pathway is lower than its 4e~ counterpart.

4.2.3. Co-doping by various heteroatoms

It has been recently proven that the co-doping of multiple types
of heteroatom into carbon materials would increase the density of
electrocatalytic active sites for two-electron or four-electron ORR
processes [78]. N & S, N & B, and N & P co-doped carbon materials
have been investigated for catalyzing two-electron ORR. The com-
parison of N-doped, S-doped, and N & S co-doped mesoporous
carbons showed that a higher N content enhanced the catalytic
activity while the effect of sulfur was opposite [104]. Though the N
& S co-doped carbon showed a lower activity, the selectivity toward
H,0, (75%) was higher than N-doped samples (67—69%). In similar
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work, mesoporous carbons doped with either N, S, or both, were
obtained by a one-pot molecular precursor auto-assembly followed
by hydrothermal carbonization [105]. The dopant molecule was
found to govern the ensuing structure and resulted in different
average mesopore sizes (3.5 nm, 8.2 nm, 32 nm, and 34 nm cor-
responding to un-doped, N-doped, S-doped, and N & S co-doped
carbons). The RDE test demonstrated that no beneficial effect was
achieved by the co-doping of S & N. The best performance for two-
electron ORR was achieved by N-doped catalyst with 4% (wt) N
content and about 80% pore volume in the mesopore range.
Dissimilarly, Zhu et al. introduced N, S atoms into a carbon-based
cathode [106]. Results showed the optimized N & S co-doped
cathode presented over 42% improvement of H,O, yield, which
was higher than single N/S doping. Mechanism studies show that
“End-on” O, adsorption was achieved by adjusting electronic na-
ture via N doping, while HOO* binding capability was tuned by spin
density variation via S doping.

Hybrid boron-carbon-nitrogen (BCN) materials have been
tested for several catalytic applications [107,108]. To increase the
selectivity toward H,0; production, B & N co-doped carbons were
prepared. BET surface area, together with the total content of B and
N dopants were modulated by controlling the initial co-monomer
precursor ratios [109]. Compared to solely N-doped carbon, the
final loading of N by co-incorporating B with N increased signifi-
cantly due to the formed isolated patches of h-BN, which provided
higher activity and selectivity for the two-electron ORR. Moreover,
systematic DFT calculations were performed to study the structures
of different size h-BN domains doped into graphene, and different
size C domains doped into an h-BN lattice [110,111]. The relation-
ship between stimulated limiting potential and HO* adsorption
energy is shown in Fig. 5d. The results predicted 13% h-BN to have
the best two-electron ORR performance.

Li et al. confirmed that N & P co-doping increases the two-
electron ORR activity of cotton-stalk-derived activated carbon fi-
bers significantly [112]. Co-doping N & P in the carbon lattice
slightly changed the pore structures. Remarkably, (NH4)3PO4
treatment could not only embed N and P into the carbon skeleton
but also introduced additional mesopores on the catalyst.

4.3. Functionalization

Chemical functionalization is another powerful “regulation
screw” to tailor the electron density and/or electron density dis-
tribution in the materials by introducing specific electrophilic/
nucleophilic, ionic, or chiral sites. Oxygen functional groups (OFGs)
are the most popular species modified onto carbon-based
materials.

Surface OFGs are often introduced into carbon materials by
oxidation treatment. OFGs break the electrical neutrality of sp?
carbon lattice to enhance the ORR activity. Zhong et al. [113]
discovered that the carboxyl group (O=C—OH) could weaken the
CNF—0 bond more easily and exhibit the highest four-electron ORR
activity. Moreover, all the OFGs on CNFs were found to be easily
bonded with H20; to furtherly reduce H,0; to H,0, thus making n
of the resultant materials close to 4. Until now, this was the chal-
lenge to further pinpoint the active site to a specific group still
remains.

Recently, it was found reactivity of OFGs will change in different
environments [114]. Kim et al. [115] prepared a mildly reduced
graphene oxide (mrGO) by heating purified GO at 100 °C flowing N
overnight. The mrGO, which kept parts of the OFGs, showed stable
peroxide formation activity together with highly selective at low
overpotentials (about 0.01 V) in 0.1 M KOH solution. The experi-
ments proved that carbonaceous catalysts with epoxy or ring ether
groups situated either at plane edges or on their basal planes,
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exhibited remarkable two-electron reactivity, which was able to
produce HO3 with nearly 100% selectivity and high stability (15 h at
0.45 V vs. RHE) in alkaline conditions. In other research with N-
doped rGO [116], sp? carbon sites located next to oxide regions were
identified as dominating the ORR activity by experimental and DFT
calculation, which underlined the importance of OFGs rather than
nitrogen functional groups (NFGs). These references suggested that
the enhancement effect of OFGs on H,0, production activity re-
quires a synergistic contribution of the carbon lattice environ-
ments. Based on this assumption, Sun, et al. [117] provided a novel
idea into the coupling role of carbon cluster size and OFGs in H,0,
production. An activated coke electrocatalyst with size-tailored
amorphous carbon clusters modified by OFGs yielded high activ-
ity (onset potential 0.83 V vs. RHE), high H,0; selectivity (~90%),
and long-term stability. Based on this result and a series of control
experiments, it was concluded that the size-reduced amorphous
carbon lattices with abundant edges contributed to the high ac-
tivity, while the basal carbon atoms in ether-modified small-size
carbon planes are the most active sites towards Hy0; selectivity.

Lu et al. [118] demonstrated a facile approach to oxidize the raw
CNTs by HNOj3 to obtain O-CNTs. The O-CNTs drastically lowered
the needed overpotential by ~130 mV at 0.2 mA compared with raw
CNTs and increased the selectivity from ~60 to ~90%. Based on DFT
calculations, ester groups (C—O—C) in the basal plane of the gra-
phene and O=C—OH in the armchair edge were proved active and
selective for H,O, production.

Zhang et al. [119] introduced OFGs onto the Vulcan XC-72 CB by
a simple calcination method at 200—600 °C exposed to air. Char-
acterization results showed both structural defects and OFGs con-
tent increased with the calcination temperature. Furthermore,
many types of OFGs, such as C—O—C, C—OH, C=0, and 0=C—OH,
were successfully introduced onto the CB surface. With calcination
at 600 °C, the RRDE onset potential increased from -0.27 V
to —0.14 V (vs. Ag/AgCl) and the H;0; selectivity increased slightly
from 47.0-56.2% to 52.6—56.1% at —0.35 to —0.6 V (vs. Ag/AgCl).

In order to reveal the nature and quantity of two-electron ORR
active sites in the alkaline media, Lu, et al. [120] synthesized various
oxidized carbon black (OCB) with adjustable surface OFGs (C=0,
O=C—O0H, -C-OH) by HNOs3 treatment at 30—120 °C. The OCB-
120 °C had the most stable ring current and A of ~60% at
0.26—0.36 V (vs. RHE). It was also observed that the intrinsic ac-
tivity of O=C—OH is much higher than that of C=0.

To investigate the synergistic influence of different N doping
species and OFGs in carbon materials on the H,0, production, N &
O co-doped OMC was fabricated from HMT (hexamine), Pluronic
F127, and resorcinol by a one-step hydrothermal method at
600—900 °C [121]. The 700 °C carbonization sample had
443 m? g1 BET surface area, and COOH, C=0, total N, graphitic N
content together with the highest zeta potential and pyridinic N,
C—0—C content (Fig. 6). DFT calculations on the account of the
adsorption energy of HOO* were applied to study the interactive
effects between N species and OFGs (Fig. 6i). Compared with the
pure graphitic carbon (—0.608 eV), pyridinic N (—0.289 eV),
graphitic N (—0.494 eV), COOH (-0.362 eV), C—0—C (-0.175 eV)
doped carbon possessed a lower HOO* adsorption energy, which
positively affects the production of H,0,. Among these, pyridinic N
& C—0—C co-doped carbonaceous catalyst exhibited the lowest
HOO* adsorption energy (—0.092 eV), which accelerated the HOO*
protonation toward H,0,. Combined with the ideal dispersed per-
formance, the 700 °C carbonization sample had the highest activity
and selectivity (~95%) at 0.4 V vs. RHE.

OFGs can also be in-situ introduced onto the carbon-based
electrode by physical/chemical/electrochemical methods to pro-
mote H,0, yield. These will be described in detail in Chapters 6 and
7 based on the electrode type and the method.
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4.4. Metal and metallic compound

4.4.1. Non-precious metals decorated carbon

Non-noble metal (NPM)-based materials have been investigated
as four-electron ORR electrocatalysts for more than a few decades.
Recently, some researchers tried to load NPMs onto the carbon to
test their catalytic performance for two-electron ORR. In 2011, se-
ries transition metal-carbon composite catalysts (M =V, Fe, Co, Ni,
Cu, Zn, Sn, Ba, Ce) were obtained by heating the mixture of Vulcan
XC-72 CB and metal nitrate salts at a high temperature of 900 °C in
N, [122]. As shown in Fig. 7a, it is clear that Co-activated samples
have outstanding performance for the electrosynthesis of H,0;
than other samples in an acid medium. An optimized catalyst with
4% (wt) Co showed a high H,0; selectivity of 80—90% at 0.1-0.4 V
(vs. RHE). The selectivity of ORR is also related to the geometric
arrangement of atoms on the surface of the catalyst [123]. HOO*
normally binds onto atop sites, whereas O* binds onto hollow sites.
Eliminating hollow sites will specifically destabilize O* without
necessarily changing the activity. Therefore, Siahrostami, et al. [36]
predicted that catalysts such as Co-porphyrins that lack hollow
sites might have high selectivity toward H;0,. Zhang et al. [124]
developed a Co-based catalyst with a negligible amount of onset
overpotential and nearly 100% selectivity by modulating the oxygen
functional groups near the atomically dispersed cobalt sites. It was
revealed that the presence of epoxy groups near the Co—N4 centers
exceptionally enhanced H,0, generation.

4.4.2. Metal carbonitrides

Because of the incremental improvement witnessed in NPM
electrocatalysts, various novel efficient NPM-based catalysts were
developed. Among these NPM-based electrocatalysts, metal car-
bonitrides, including non-pyrolyzed transition metal macrocycles
and pyrolyzed NPM-N-doped carbon (M-N-C) (M = Fe, Ni, Co, etc.)
catalysts, have shown the most promising potential because of
their efficient activity toward ORR.

The investigation of non-pyrolyzed transition metal macro-
cycles on ORR dates back to the 1960s since Jasinski [125] first
discovered the promoted ORR performance by cobalt phthalocya-
nine with a metal-N4 center. The electronic configuration of the
metal centers is beneficial to bond with the O, molecule and sub-
sequent reduction of O, [125]. Subsequently, multiple M — Ny
macrocycles, such as porphyrins, phthalocyanines, and tetraa-
zaannulenes, have been widely investigated [126]. It was found that
these catalysts are prone to catalyze two-electron reductions if they
are adsorbed onto the surface of the electrode. The surface elec-
trochemical behavior of adsorbed Co tetra-methoxy-phenyl
porphyrin (CoTMPP) was investigated at different pH values
[127]. The Co center one-electron redox process and the Ng-ring
two-electron redox process were recognized during the ORR. The
adsorbed CoTMPP displayed strong activity for both O, reduction
and peroxide reduction. O, can only be reduced to the stage of H,0,
in acidic conditions. In contrast, in neutral or alkaline solutions, the
ORR was observed through a two-electron pathway in the low
potential polarization range (0.13 to —0.5 V vs. SCE) and the overall
four-electron pathway to H,O in the high potential polarization
range (about —0.5 to —1.5 V vs. SCE). However, the major problem
of these non-pyrolyzed transition metal macrocycles is deme-
tallation from the active sites resulting from the collapse of the
macrocyclic structure caused by peroxide and superoxide in-
termediates during ORR [128,129].

Enlightened by the high ORR performances of the transition
metal macrocyclic complexes, pyrolyzed NPM-N-doped carbon (M-
N-C), prepared via the thermal treatment of either metal Ng-
macrocyclic complexes or the mixture of metal salts, carbon and
nitrogen precursors, have been extensively investigated. Until now,
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the role of the transition metals in the M-N-C catalysts is still
controversial, and numerous types of active sites were inferred to
be responsible for four-electron ORR activity [126,128,130], while
the investigation on two-electron ORR was limited.

Jaouen and Dodelet [131] have confirmed that Fe or Co, together
with N, followed by a pyrolysis treatment, resulted in catalytic sites
highly active for two-electron or four-electron ORR. Fe-activated
carbons are active for H,O production, and Co-activated carbons
are reported to be responsible for reducing O, toward H,O,.
However, according to the review by Bezerra et al., 2008, both
Fe—N—C and Co—N—C materials catalyze the ORR mainly through a
four-electron process instead of a two-electron process [132].
Campos et al. [133] reported that the electrocatalytic performance
of Co catalysts obtained from nitrogen-ligands is greatly affected by
heat treatment. Once the heat temperature exceeded 500 °C, a drop
in HyO, selectivity resulted from the progressive formation of
metallic cobalt particles. H,O, reduction was almost invisible
without cobalt or when the cobalt is in the form of a complex. Olson
et al. [134] have studied the ORR mechanism of Co-polypyrrole-C
(CoPPy/C) in alkaline media through structure-to-property
analyze. Initially, two-electron ORR occurred on a Co-Nx type site
to form HO3. The HO3 species further reacted either to form OH™
via electrochemical reduction or to form OH™ and O, by chemical
decomposition. It was speculated that decorating CoxOy/Co nano-
particles appears to be the site of HOz destruction.

In summary, the M-N-C catalysts (where M = Fe or Co) were
thought to exhibit high activity towards the four-electron ORR
following the peroxide formation-reduction pathway (0, — H,0, —
H,0) in acidic media [135]. The active sites for H,0O, generation and
reduction all exist in the catalysts. To obtain efficient M-N-C cata-
lysts for H,O, formation, the suppression of H,0, further reduction
is pivotal. Recently, researchers have tried to obtain highly active
and selective M-N-C two-electron ORR catalysts by introducing
other functional groups. Byeon et al. [136] demonstrated that co-
doping of MnO nanoparticles together with Mn-Nx moieties into
carbon are efficient for peroxide production A of 74% at 0.2 V (vs.
RHE). The favored two-electron ORR resulted from the increasing
number of Mn-Nx sites inside the mesoporous N-doped carbon.
Moreover, strong evidence showed that a further reduction of H,0,
was remarkably suppressed by adjacent MnO species. Li et al. [137]
pointed out that the atomic Co-Nx-C sites improve the ORR activity
but lack the selectivity for H»O» generation, while OFGs promote
the selectivity for the two-electron ORR but exhibit limited kinetics
for ORR. Therefore, a rational combination of Co-Nx-C sites and
OFGs into 3D interconnected conductive hosts was prepared by
heating the predesigned precursor prior to HNO3 treatment (noted
as Co-POC-0). The Co-POC-0 exhibited excellent catalytic perfor-
mance in KOH (0.1 M) with a high onset potential (0.84 V vs. RHE)
and selectivity of over 80%. Moreover, the synergy effect of atomic
Co-Nx-C reactive sites and OFGs was identified by the control
samples with only atomic Co-Nx-C reactive sites (Co-POC-R) or only
OFGs (POC—O0) (Fig. 7b—f).

4.4.3. Metal alloy/oxide decorated carbon

Multiple metal oxides, especially group IV and V metals, are
proven to be catalyst supports to replace carbon materials due to
their abundant surface hydroxyl groups and chemical stability in
acidic electrolytes [130,138]. However, their bulk form exhibit
extremely low ORR activity resulting from the poor electrical con-
ductivity and reduced reactive sites for oxygen species adsorption.
Recently, alloying, forming highly dispersed nanoparticles, and
reducing the crystalline sizes have been reported as an effective
way to enhance the catalytic activities of metal oxides by increasing
their exposed reactive sites, surface available defects, and electrical
conductivity. Different carbon varieties were modified by various
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metal alloys or metal oxides with nanostructure to improve the
two-electron ORR of carbonaceous electrocatalysts. Typically, the
synthesized or purchased metal composites were supported onto
the carbon by a modified polymeric precursor method [139] or sol-
gel method [140]. Vulcan XC-72(R) with n 31-2.5 and
A = 41-73% was used frequently in Santos' team as the support to
study the catalytic capacity of two-electron ORR. After being
modified with V,0s, SnNi, WO, 72, MnO,, or W@Au, the n of
metallic nanostructure modified CB decreased to 2—2.6, while 2
increased to 68—96% [141—146]. Among them, a core-shell type
W@Au nanostructures (1% W@Au/CB) presented the highest
selectivity toward H,0; with n of ~2 [147].

Printex L6 CB (BET surface area of ~250 m? g™, primary particle
size of 18 nm and density of 1.8 g cm~—>) with a A of 65.3—68% and n
of 2.6—2.7 was another important carrier to develop metal com-
pounds nanoparticles modified carbonaceous electrocatalysts for
two-electron ORR [148,149]. After preparation optimization, 4%
Ce0,/CB specimen showed a A = 88% and n = 2.2 at —0.4 V vs. Hg/
HgO, while Ta;05/CB (5% (w/w) Ta/C) exhibited a 4 = 83.2% and
n=23at-0.3to-0.5V (vs. Ag/AgCl). A A of 1% Pd/CB was over 80%
at about 0 V (vs. Ag/AgCl) [150]. In another work, the synthesized
rGO with mean particle size of 5.7 + 0.8 nm showed A = 73.7% and
n = 2.52. With the NbyOs loading, Nb,Os5/rGO composite (Nb/
GO = 15% w/w) exhibited A = 85.3% and n = 2.28 (—0.20 to —0.40 V
vs. Ag/AgCl) [151]. In contrast, after loading 5% Fe304 nanoparticles,
the A of Fe304/rGO was only 62% [152].

Based on the above research, the conclusions were that the
decoration of metallic nanostructures would bring more acidic
oxygen species or special morphology to the surface of the carbons,
resulting in a more acidic and hydrophilic surface, and thus
improving H,0, generation by enhancing oxygen adsorption or
oxygen diffusion.

4.5. Engineering defect and porosity

Some researchers claimed the doped heteroatoms are the real
ORR active sites in the carbon structures [81,82,84,87], however,
another group of research recently proved that defects created by
heteroatoms might be the actual active sites [153,154]. Some novel
carbon-based electrocatalysts were developed with the guidance of
this newly established defect-driven catalysis mechanism. In this
section, we will not discuss this mechanism debate. Instead, we will
provide a new insight on the mechanism for ORR and give specific
examples on promoting two-electron ORR by creating different
defective carbon materials.

Perfect and defective graphene clusters are summarized and
plotted in Fig. 8a. The Graphene with G585 divacancy defects (con-
sisting of two pentagons and one octagonal) facilitated the O,
adsorption and lowered the following reaction energy barriers. DFT
calculations showed that the point and line defects in graphene could
tailor the local electronic structures and the distributions of nearby
carbon atoms [155]. A pentagon ring located at the zigzag edge, the
odd number of octagon ring, and fused pentagon ring line at the edge
of the defective graphene are all proposed to be ORR active sites
(Fig. 8). Hu and co-workers proposed that pentagon and zigzag edge
defects are more reactive in four-electron ORR [156]. Moreover,
defective graphene fabricated by N doping following a removal
approach was a trifunctional catalyst for the four-electron ORR,
hydrogen evolution reaction, and oxygen evolution reaction [157].
DFT models predicted N-doped into the graphene is beneficial to
lower the adsorption energy of O, but unfavorable for the reduction.

These results proved the versatility of the defect-driven catalysis
for electrocatalysis. However, until now, insufficient effort has been
placed on understanding what defective active sites selectively
promote the two-electron ORR. Only a few research applied the
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spectra of obtained MesoC and MicroC. d, XPS survey scan for obtained MesoC and MicroC. The C1s peak spectrum is shown in the inset. e, NEXAFS spectra of the C—K edge for
different catalysts. f, RRDE LSV curves at 1600 rpm in 0.1 M KOH O,-saturated electrolyte. g, H,0, selectivity at a different applied potential. Corresponding K-L plots of MesoC (h)
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surface from literature [111]. PtHg4 and Pd—Au alloys are from literature [36]. Adapted from the literature [160], with permission from the American Chemical Society.

defect-driven catalysis mechanism to design and explore two- exhibited H,0; selectivity of 80.9—95% in acid solution (pH 1 and
electron ORR materials.

Carbonization of MOF-5 under H, will transform sp?-C bonds to ORR. This research certified the un-doped and un-functionalized
sp>-C bonds [158]. The harvested hierarchical porous carbons (HPC) defective carbon also has potential for the two-electron

4), with both defects and sp3-C acting as active sites of two-electron
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mechanism. However, later researchers presented opposing views
about the active sites. For example, Tao, et al. [159] confirmed that
the defect sp® carbon atoms served as main active sites for four-
electron ORR instead of two-electron ORR. Chen et al. [160], Kim,
et al. [161] all stated the active sites of two-electron ORR are from
sp? carbons.

Chen et al. [160] have experimentally and theoretically inves-
tigated the defect and pore size effect to the electrochemical H,0;
synthesis. Two porous carbon catalysts (predominantly micropo-
rous/mesoporous carbon, Micro C, and Meso C) were synthesized
from similar precursors but different synthetic procedures. Char-
acterizations showed the two materials had similar chemical
identity and content of defects but different pore structures (sur-
face area, pore size, and pore volume) (Fig. 8b—e). Electrochemical
tests showed both carbons exhibit high activity with an onset po-
tential of about 0.7 V (vs. RHE) and selectivity of >70% toward H,0,
(Fig. 8f—i). The better performance of the Meso C was attributed to
the easier mass transfer in mesoporous structures. Spectroscopic
analyses revealed that microporous/mesoporous carbon (Micro C
and Meso C) contain sp’-type defects that might be the reactive
sites for the two-electron ORR. DFT calculations indicated that the
pentagon edge, single vacancies (SV), and 585 double vacancies
(DV) in 2D graphene sheets are too reactive to contribute to ORR.
While some of the defect configurations (555-6-777, 555—777 line
defect, and 555—777 point defects) were identified as having
comparable activity with PtHg4 (Fig. 8j and k) (the ideal catalyst
until now shown in Fig. 2b and c) for the two-electron ORR. Kim
et al. [161] developed two N-rGO materials with different defect
compositions. Based on the nuclear magnetic resonance technique
and other X-ray-based tools, sp’ carbon defects associated with
epoxy or ether groups were identified to play a more critical role in
promoting H»O, formation than other functionalities, such as N
defects or carboxylic acid edge sites.

In recent research [162], the functionalized graphene sample
with the largest electrochemical active surface area and the highest
in-plane carbon defect density did not show the most efficient ORR
activity and H,0, selectivity, which was due to excess in-plane
carbon defects that would lead to a conductivity decrease. In
comparison, the graphene sample with the lowest in-plane carbon
defect density had the highest H,0, selectivity. These results
emphasized that the optimization of graphene precursors defect
site density is pivotal for adjusting the catalysts’ catalytic activity
and reaction pathway. Defect modulation is regarded as a bur-
geoning strategy to regulate the electronic structure of carbon-
based materials.

5. Evaluation parameters of H,0,-generating electrodes

The Electrode is the key component of the electrochemical cell
because it contacts the electrolyte and provides the reaction sites
for the reactants. Ideal carbon-based electrodes must possess a
large surface area, suitable porosity, internal channels, and low
electronic resistance for high electrochemical activity. The
following chapters mainly introduce the development of formed
carbon-based electrodes, including general electrode preparation
methods, various physical and chemical modification methods, and
their applications. There are two kinds of modification methods for
enhancing two-electron ORR activity of the electrodes: (1) modify
the pristine electrodes (graphite plate & rod, graphite felt, reticu-
lated vitreous carbon, and activated carbon fibers, Fig. 9a) by
physical/chemical methods to tune the surface properties or to load
effective two-electron ORR functional groups (N, O) onto the elec-
trode surface; (2) use the pristine carbon electrodes as support and
introduce other highly active & selective carbon materials, such as
CNTs, CB, and graphene (Fig. 10a). For example, carbon felt and

15

Environmental Science and Ecotechnology 11 (2022) 100170

d

ACF

Graphite plate, particle, rod

Fig. 9. Photos and SEM images of graphite (a), graphite felt (b), reticulated vitreous
carbon (RVC) (c), and activated carbon fibers or fabrics (ACF) materials (d). Adapted
from the literature [168,192,218,232], with permission from Elsevier.
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Fig. 10. a, Different types of carbon electrode modification. b, Schematic mechanism
on H,0, production on conventionally submerged electrodes, GDE, and air-breathing
cathode.

carbon paper are often used as soft current collectors for in situ
construction of electroactive nano-carbon structures due to their
simple handling and excellent conductivity.

Various electrochemical testing techniques can be applied to
investigate the electrochemical activity and interface properties of
formed electrodes, including linear sweeping voltammetry (LSV),
cyclic voltammetry (CV), electrochemical impedance spectroscopy
(EIS), chronoamperometry (CA), and scanning electrochemical
microscopy (SECM) in the three-electrode system [163]. The above
test results can be used to support the demonstration of electrode
performance and mechanism analysis. In our estimation, the most
critical parameter is the H,0, yield and the current efficiency of the
electrodes. In order to contrast the performance of electrodes
clearly and intuitively, the expression of H,O, yield in this paper
was uniformly transformed to mg h™! unless specially noted. The
current efficiency (CE, also known as Faradaic efficiency) of the
cathodes was calculated from Eq. (25):

nFCy0,V

CE= x 100% (25)

where n is the number of the transferred electrons from O, to H,0,
(n = 2), F represents the Faraday constant (96,486 C mol~!), CH,0,
represents the concentration of H,0, (mol L™1), V stands for the
bulk volume (L), I is the current (A), and t is the time (s). The per-
formances of all mentioned cathodes are summarized in Table 3,
including the electrolyte conditions, operation mode, H,0, yield,
and CE.
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Table 3

Environmental Science and Ecotechnology 11 (2022) 100170

H,0; yield with CE of the cathodes and their operation conditions in literature summarized in Chapter 6,7 and 8. The value with ‘cal’ means the value was not given directly and
it was calculated by us. The value with ‘obs’ means the value was not given directly and it was observed in the figure.

Electrode type Electrode Size Electrolyte Conditions Potential/ Air/O, Flow Rate  H,0, Yield Current Ref
Current Efficiency (%)

PPy/AQDS modified graphite 3 x3.5cm 100 mM NaySOy, pH = 3, —065Vvs. 05:20Lh! 4mgh™! 64—73 [172]
200 mL SCE

anodized GF 5x 2 x05cm 50 mM Na,SOg4, pH = 6.4, —0.65 V vs. 05: 0.4 L min~' 153 mgh™! 79 [196]
130 mL SCE

hydrazine hydrate modified GF 5x2x05cm 50 mM NaySOy4, pH = 6.4, —0.65Vvs. 03:04Lmin"! 11.5mgh! 81 [189]
130 mL SCE

CB modified GF 5 x4 x 0.5cm 50 mM Na,SOy, pH = 7, 100 mA no external 473mgh™! 75 [202]
100 mL aeration

HNO; modified GF 27 x 7 cm 50 mM NaySOy4, pH = 3, 20V 0: 4 Lmin™! 742.5 mg h™! unknown [194]
2500 mL

KOH activated GF at 900 °C 2 x2cm 100 mM Na,S0y, pH = 3, —0.7Vvs.SCE 0: 0.6 Lmin~! 40 mg L' h~' unknown [192]
volume unknow

KOH activated GF at 400 °C 6 x4 x05cm 50 mM NaySOy4, pH = 3, 50 mA 0,: 0.6 L min~! ~30 mgL™! ~94.6 (cal) [193]
300 mL

N,0 and S doped GF 8 x8x05cm 50 mM NaySOy, pH = 3, 640 mA 0,:036Lmin"" 479 mgh™! 11.8(cal) [191]
400 mL

gaseous acetic acid activated GF unknown 50 mM NaySO4, pH = 7,30 mL —0.7 V vs. SCE O,: 0.6 L min~' 103 mgh! 75 [195]

polarity reversal anodized GF unknown 50 mM Na,SOy4, pH = 7, 100 mA no external 8.1 mgh! ~13 (cal) [197]
180 mL aeration

graphene ink-coated carbon cloth 5 x 3 cm 50 mM K»SOy4, pH = 3, 80 mL 1.25 mA cm 2 air: 0.2 L min~! 2.72mgh™!' 114 (cal) [211]

Commercial graphene foam cathode 5 x 4 cm 50 mM K504, pH = 3,150 mL 0.4 mA cm~2 air: rate unknown 1 mgh~! 18.1 (cal) [207]

(Graphene Supermarket USA)

EEGr & CB modified GF 2 x25cm 50 mM Na,SOy4, pH = 7, —0.9 V vs. SCE air: 0.7 L min~! 385mgh~' ~57 (obs) [214]
100 mL

MWCNT & CB modified GF 2 x 5cm 50 mM NaySOy4, pH = 5.5, 120 mA air: 0.6 Lmin~! 48 mg h! 63 [206]
300 mL

ErGO on LCD glass electrode 10 cm? 50 mM Na,SOy4, pH = 3.5, —1.5V vs. Ag/ air: 1 L min~! 225mgh™! 59 [210]
150 mL AgCl

Ns-doped EEGr & CB modified GF 4 x 2.5 cm 50 mM NaySOy4, pH = 7, —1.1 Vvs. SCE air: 0.75 L min~! 86 mgh™' unknown [216]
100 mL

N-doped EEGr & CB modified GF 4 x 2.5 cm 50 mM Na,SOy4, pH = 7, —0.9 V vs. SCE air: 0.7 L min~! 62mgh! unknown [215]
100 mL

electrochemically oxidized GF 2x3x05cm  5gL ' Na2504, pH = 7, 100 mA 0,:05Lmin~'  9mgh’ ~14 (cal) [198]
120 mL

N-doped carbon modified GF 2 x 2cm 50 mM Na,SOy, pH = 7, 100 mA no external 6mgh! ~9.3 (cal) [200]
150 mL aeration

N-doped carbon electrodeposited on GF 2.5 x 3 cm 50 mM NaySOy4, pH = 3, —0.6 V vs. Ag/ air: 0.6 L min~! 4.6 mgh™! unknown [201]
100 mL Agcl

Janus GF 2x3x032cm 50 mM Na,SOy4, pH =7, 50 mA no external 89 mgh! 28.1 (cal) [278]
150 mL aeration

QEEGr composite electrode 5x 2cm 50 mM Na,SOy, pH = 3, —1.2 Vvs. Ag/ air: 1 L min~" 5mgh! unknown [213]
100 mL AgCl

CNTs immobilized on graphite 4 x 9cm 50 mM Na,SOy4, pH = 3, 100 mA air: 2.5 L min~! 1.4 mgh! ~2.1 (cal) [173]
1000 mL

graphite-CNT sandwich-like cathode 8x2x1cm 100 mM NaySOy4, pH = 3, —1.3 Vvs SCE air: 2.5 L min~! 376 mgh™! 40 [178]
100 mL

pPPY/MWCNT modified on graphite 10 cm? 100 mM Na,SO4, pH = 3, —0.55Vvs. air:03Lmin~! 34mgh'  unknown [176]
volume unknown SCE

PANI/MWCNT modified on stainless steel 6 cm? 100 mM Na;SOy4, pH = 2, —0.6 V vs. SCE air: 0.3 L min~! 1.1mgh! ~42 (obs) [177]
150 mL

N & S co-doped electrode 1x2cm 50 mM NaySOy4, pH = 3, 50 mA 0,:04Lmin"'  1.59mgh! 5 (cal) [106]
100 mL

Commercial ACF felt 20 cm? 50 mM Na,SOy4, pH = 3, 500 mA 03: 0.1 Lmin™! 36mgh! ~1.1 (cal) [226]
500 mL

Commercial ACF 10 x 9 cm 50 mM NaySOy4, pH = 3, 889 mA cm 2 air: 045 L min~' 47mgh™! -1 (cal) [228]
1000 mL

ACF@rGO@OMC Cathode 3 x3cm 100 mM Na,SOy, pH = 7, —0.7 Vvs SCE 0,: 0.3 L min~! 28 mgh! 40.4 [231]
100 mL

ACSS composite electeode 2 x4cm 50 mM Na,SOy4, pH =7, 100 mA no external 1.9mgh™! ~3 (cal) [230]
180 mL aeration

Commercial ACF felt 4 x 5cm 50 mM Na,SOy4, pH = 3, 18 mA cm~2 unknown 41 mgh! 1.8 (cal) [229]
125 mL

anodically polarized RVC electrode 3.2 x 2.5 x 0.5 cm 250 mg L' Na,S04, pH =7, 24 mA 0,:04Lmin~' 64mgh! 43(4h [222]
400 mL average)

Commercial RVC electrode 2x25x1cm Na,S04/NaHSO, buffer 35 mA 0: 0.2 Lmin™! 9.6 mg h™! ~43 (cal) [221]
solution, 100 mL

Vulcan XC-72 CB PTFE GDE 3.1 cm? 50 mM NaySOy4, pH = 3, 300 mA 0,:0.02Lmin~!' 532mgh~! unknown [237]
100 mL

TBAQ/Printex L6 CB GDE 19 cm? 100 mM K,SOy4, pH =1, —1.0 Vvs SCE 0,: 0.2 bar 803 mgh™' unknown [246]
400 mL

Ta,0s/Printex L6 GDE 3.4 cm? 100 mM K,SOy4, pH = 2, —1.0 V vs. Ag/ 0,: 0.2 bar 11.2mgh™! unknown [148]
400 mL AgCl
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Electrode type Electrode Size Electrolyte Conditions Potential/ Air/O, Flow Rate  H,0, Yield Current Ref
Current Efficiency (%)
Pd/Printex L6 GDE 2.7 cm? 50 mM NaSOy4, pH =25,  333mAcm 2 0,:05Lmin~' 151 mgh™! 265 (cal) [150]
150 mL
W@Au/Vulcan XC-72R GDE 4.9 cm? 100 mM K,SO0y4, —1.1 V vs. Ag/ O,: 0.2 bar 21 mgh™! unknown [147]
100 mM H,S04, 350 mL AgCl
WO, 72/Vulcan XC-72R GDE 4.9 cm? 100 mM K,SOy4, —1.3 Vvs. Ag/ 0,: 0.2 bar 102.4 mg h~! unknown [144]
100 mM H,S04, 350 mL AgCl
V,05/Vulcan XC-72R GDE 19 cm? 100 mM K,SO4, 100 mM —1.5 Vvs. Ag/ 0,: 0.2 bar 77.5mgh™'  unknown [142]
NaOH, 250 mL AgCl
CeOy/Vulcan XC-72R GDE 19 cm? 100 mM NaOH, 250 mL —1.1 Vvs. Ag/ O3: 0.2 bar 50.8 mgh™' unknown [141]
AgCl
MnO,/Vulcan XC-72 GDE 3 cm? 100 mM K,SOy4, —1.1 V vs. Ag/ 0,: 0.2 bar 684 mgh~' unknown [145]
100 mM H3S04, 350 mL AgCl
Vulcan XC-72R CB GDE 5x2x005cm 200 mM NaySOy4, pH = 4, 520 mA air: 0.055 Lmin~' 158 mgh™!  ~48 (cal) [241]
15 mL
CNT GDE diameter 2.5 cm 50 mM Na;SO4, pH = 3, 100 mA 02:0.14Lmin~! 243 mgh~! ~38(cal) [247]
250 mL
TBAQ modified CNT GDE diameter 3 cm 50 mM NaySOy4, pH = 3, 50 mA air: 04Lmin~" 301 mgh™! 948 [250]
300 mL
(Co, S, P)-decorated MWCNT GDE 20 cm? 50 mM Na,SOy4, pH = 3, 800 mA air: 8.6 kPa 2253 mgh™! 51-54 [255]
2500 mL
CoS,-MWCNTs GDE 3 cm? 50 mM Na,SOy4, pH = 3, 300 mA 0, 952 mgh~! ~50 (cal) [254]
150 mL 0.2 bar,0.5 L min~!
N-rGO & CNT-PTFE GDE 2 x2cm 50 mM NaySOy4, pH = 3, —02VvVsSCE 0,:045Lmin~' 1.1mgh™'  unknown [261]
100 mL
MWCNT&CB-PTFE GDE 28.3 cm? 50 mM Na,SOy4, pH = 7, 100 mA 0,:009Lmin"! 413 mgh! 65.1 [262]
123.5 mL
P-doped CNT GDE 4.5 x 6 cm 100 mM NaySOy4, pH = 7, —0.7Vvs SCE 0,: 021 L min~' 2066 mgh~' 885 [256]
160 mL
CB & graphite-PTFE GDE diameter 3.5 cm 50 mM Na,SOy4, pH =7, 86 mA no external 503mgh!' 92 [267]
840 mL aeration
CB & graphite-PTFEq 57 GDE diameter 3.5 cm 50 mM Na,SOy4, pH = 7,28 mL 140 mA no external 746 mgh™' 84 [273]
aeration
rGO & graphite-PTFE GDE 12 cm? 50 mM NaySOy4, pH = 3, 24 mA 0,:20Lh7! 125 mgh™!  ~40 (obs) [257]
200 mL
F-doped HPC coated on carbon paper 7.5 cm? 50 mM NaySO4, pH=2,30 mL —0.6 V vs SCE O,: 0.3 L min~' 658 mgh~! unknown [101]
floating cathode from Oxidized CB 9.6 cm? 100 mM Na,SO4, pH = 6.8, —1.0 Vvs. Ag/ no external 51.8mgh™! ~62.7 [119]
50 mL AgCl aeration
Quinone Compounds Modified CB GDE 19 cm? 100 mM K,SO04, 1900 mA 0,: 0.2 bar 77.1 mg h! -64 [171]
100 mM H,S04, 400 mL
CB@CF NADE 3x 1.7cm 50 mM Na,SOy4, pH =7, 1200 mA no external 518.5mgh™! 66.8 [277]
250 mL aeration
GF—HNO3—EC-N; 2 x 2cm 50 mM Na,SO4, pH=3,50mL OVVvsRHE =~ 0,:0.08 Lmin~! 9mgh' 86 [199]
floating GF electrode 2x3x032cm 50 mM NaySOy4, pH =7, 100 mA no external 133mgh™! 21 [283]
180 mL aeration
g-C3N4@GDE 1cm x 2 cm 50 mM NaySO4, pH = 3,50 mL 50 mA 0,: 04 L min~! 52mgh™’ 16.3 (cal) [263]
Anthraquinone modified C3N4 GDE 1 cm? 500 mM PBS, pH = 7.4, —-0.22 Vs 0, purge, rate 1.02mgh™! 422 [245]
volume unknown RHE unknown
Ni—O—C GDE 1 cm? 1 M NaySOy4, pH =7,20mL 0V vs RHE O, flow, rate 593 mgh™' 904 [276]
unknown

6. Development of immersed carbon-based materials
electrodes

6.1. Graphite based cathodes

6.1.1. Graphite rods, plates, and particles

Graphite has excellent chemical stability and electrical con-
ductivity. Furthermore, it is relatively easy to get at a low price.
Early graphite-based electrodes were usually made of graphite rods
or plates (Fig. 9a) [164,165]. In 2010, a spectrographically pure
graphite (SPG) rod was applied as a cathode in a microbial fuel cell
(MFC) without any energy input to synthesize H,0, with a yield of
0.46 mg h™~! and the CE of 69.5% [166]. 3D graphite particle elec-
trodes (GPE) prepared via extrusion-spheronization method from
graphite-polytetrafluoroethylene (PTFE) were also used in MFCs to
generate H,0, [167]. Although anodic COD removal, electricity
generation, and cathodic H,O, production were realized in one
single system, H,0, yield was relatively low as 0.13 mg h™~L Acidic
pretreatment on raw graphite powder promoted the surface area
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and the OFGs content of GPE to increase the H,0, yield of MFC by
41%(0.19 mg h~1) [168]. Whereas the yield of H,0, in the MFCs was
still sparse due to the relatively low current density provided by the
bio-anode.

In the abiotic electrochemical system, the H,0, yield mostly
depends on the performance of the cathode. Thus research efforts
aimed to improve H,0; yield by modifying graphite electrodes.

Polymer-modified electrocatalysts are very promising materials
for ORR [169]. Consider quinonoid compounds were often used to
modify electrodes because then can stop the ORR at the peroxide
stage [170,171], Polypyrrole/anthraquinonedisulphonate (PPy/
AQDS) composite film modified graphite produced H,0, with the
yield of 4.2 mg h™! and CE of 64—73% at —0.65 V (vs. SCE) [172].
Quinonoid compounds were also employed to modify other kinds of
carbon-based cathodes, and they will be discussed in the following
chapters. In 2011, commercial MWCNTs (surface area 233 m? g,
outer diameters 8—15 nm, inside diameters 3—5 nm) were immo-
bilized onto graphite surface by Khataee and co-workers [173].
1.4mgh~! of H,0, was yielded while a CE of about 2.1% was achieved
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at 100 mA. Conducting polymers, such as Ppy and polyaniline (PANI),
are widely used as catalysts or catalyst supports for ORR due to their
stability, ease of electro-polymerization, and high conductivity
[174].Rabl et al. [175] presented results that Ppy and PANI coating on
carbon electrodes considerably improved the H,0, selectivity by
preventing undesired side or further reactions of H,O, to H,O. Based
on the above properties, Ppy/MWCNT and PANI/MWCNT nano-
composites were fabricated and electro-polymerized onto the
graphite electrode or stainless steel [176,177]. ORR activity of
different concentrations of MWCNT was investigated. The PANI/
MWCNT nanocomposite modified stainless steel cathode with
MWCNT content of 2% (wt) generated 1.1 mg h~! of H,0, with a CE of
about 42% at —0.6 V (vs. SCE), 2.5 times higher than raw stainless
steel, which was due to the superior electrocatalytic activity of
MWCNT. Meanwhile, 2.5% w/w Ppy/MWCNT had the highest ORR
electrocatalytic activity and H;0, yield was increased by 70% to
3.4mgh~'at —0.55V (vs. SCE). Recently, Chu, et al. [ 178] fabricated
multi-layer super-hydrophobic cathode by mixing graphite powder
with CNT and PTFE. The hydrophobic property of carbon powder and
heat treatment induced strong aerophily of cathodes, by which the
cathode could adsorb more air bubbles under the air aeration than
the hydrophilic cathode, and it exhibited an ideal performance for
H,0, generation at 37.6 mg h~! with an observed CE of 40% with
60 min of electrolysis.

H,0- yield on graphite-based cathodes is not usually satisfac-
tory because of the small surface area of graphite rods, plates, or
particles. The graphite cathodes could only be used under very low
current density in the early prototype design. Although modifica-
tion led to a significant improvement in the performance of ORR,
the H,0; yield and CE of graphite-based electrodes were still
relatively low for application. Recently, 3D porous electrodes are
becoming increasingly popular to counteract the low yield limita-
tions of 2D electrodes in the electrochemical cells [179].

6.1.2. Graphite felt based cathodes

Graphite felt (GF) or carbon felt (CF) are the most frequently
used commercially available carbon materials. (GF is obtained from
the graphitisation of the CF). As a typical 3D electrode (Fig. 9b), GF
has excellent features such as good electrical conductivity
(3704 S m~') [180], high volumetric surface area (22,100-
22,700 m? m~3), good mechanical integrity, high chemical resis-
tance and stability, it is easy to fabricate and scale-up, and has a low
cost [181]. It has been extensively used for H,O, production in the
field of EAOPs for wastewater treatment.

Raw CFs (provided by Carbon-Lorraine Company) were applied
as electrodes in EAOPs to electrogenerate H,O, and fabricate an
electro-Fenton system to successfully degrade 2, 4-
dichlorophenoxyacetic acid, p-Nitrophenol, pentachlorophenol,
methyl parathion, malachite green, and phenol [182—187]. In early
studies of EAOPs, pollutant degradation pathway and in-
termediates, optimal technical and economical degradation con-
ditions, the kinetic mechanism of degradation were the major
concern, rather than the performance of H,0, production. Never-
theless, as demand continues to increase, researchers are
demanding higher performance of GF/CF based cathode, which
gave rise to surface modification or coating techniques.

OFGs were verified to increase the hydrophilicity of carbon
materials and thus promote the transfer of both electrons and
dissolved oxygen [188]. Furthermore, OFGs or defects associated
with OFGs are identified as two-electron reactive sites of carbon
materials [115,118,161]. Therefore, increasing the number of OFGs
on the electrode surface becomes the primary choice for electrode
modification.

Zhou et al. [189,190] used hydrazine hydrate to increase O and N
functional species content on the GF microfilaments surface. With
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the stronger hydrophilicity and faster electron transportation of
modified GF, the H,0; yield improved 160% to 11.5 mg h~! with CE
of 82% at —0.65 V (vs. SCE). Ou et al. [191] successfully loaded O, N,
and S-containing functional groups onto the GF by modification
through the concentrated H,SO4, KMnOg4, and NH3 activation. With
better hydrophilicity and conductivity, the modified GF realized
479 mg h™! of H,0, yield with CE of 11.8% at 640 mA, which was
73% higher than the raw GF. Wang et al. [192] activated GF with
KOH at a high temperature (900 °C) to harvest electrodes with
higher surface area, higher hydrophilicity, and more OFGs for
higher a Hy0, yield. The H,0O, yield of activated GF reached
40 mg L~! h™! (volume unknown) at —0.7 V (vs. SCE). After acti-
vating the GF cathode, the apparent rate constant of dimethyl
phthalate degradation in the electro-Fenton system increased from
0.02 min~' to 0.20 min~ .. However, large amounts of energy were
required due to the high temperature in this method. In 2020, Lai
etal. [193] demonstrated GF cathodes treated with NaOH at a lower
temperature (400 °C) facilitated the OFGs loading and enhanced
hydrophilicity. As a result, the modified GF realized about
30 mg h~! of H,0, yield with CE of 94.6% at 50 mA. In order to
develop simple methods to achieve large-scale modification, Jiang,
et al. [194] investigated the HNO3 and KOH reagents treatment
under a much milder temperature (70 °C). Though both methods
could increase the OFGs content, surface area, hydrophilicity, and
HNOs; treated GF exhibited better performance to synthesis;
resulting in 742.5 mg h™! of H,0, at 20 V applied voltage, 8% and
69% higher than the KOH modified GF and unmodified GF,
respectively. Acid pretreatment was also applied to activate GF via a
low-cost and simple gaseous acetic acid activation [195]. The H,0,
yield of activated GF is enhanced by 6 fold—10.3 mg h~! with the CE
of 75% at —0.7 V (vs. SCE) due to higher contents of macropores,
micropores, sp> carbon bonds, defects, and OFGs.

Anodization was applied on GFs to increase the H,0, yield of
electrochemical modified GFs by 170% due to the generation of
carbonyl, carboxyl, quinone, and ester groups [196]. However, CE of
anodized GF decreased from 87% to 79%, indicating the anodizing
modification encouraged both two-electron ORR and four-electron
ORR. Electrode polarity reversal was also applied for situ anodically
modification of GF to improve the hydrophilicity of the electrode
surface and O, mass transfer [197]. With high contents of carbonyl
and hydroxyl groups, the H,0, yield of GFs increased by 2.9 times,
reaching 8.1 mg h~! at 100 mA.

Comparing three oxidation modifications, Wang, et al. [198]
discovered that the H,0, yield of electrochemically oxidized carbon
fiber generated was 9 mg h™!, 11.6 times that of raw CFs, and
16—98% higher than H,0, oxidized CFs and Fenton (-OH) oxidized
CFs. However, after 10-rounds of continuous runs, the H,O, pro-
duction of electrochemical modified GFs decreased by 42—61% due
to the loss of 0=C—OH species, and the destruction of the electrode
structure. In the most recent research, the activity and selectivity of
GF electrodes were improved for H,0, electrogeneration by inte-
grating chemical oxidation, electrochemical oxidation, and thermal
treatment [199]. It was reported that HNO3 oxidation facilitated
OFGs and defects formation, while electrochemical oxidation
favored carboxyl removal and carbonyl groups formation. More-
over, the following thermal treatment engendered the rebounded
hydrophilicity and thus enhanced the activity. The modified elec-
trode (GF—HNO3—EC-N;) benefited from the above treatments, and
exhibited a 5-fold higher H,0, yield, 9 mg h~! with CE of 86% at 0 V
(vs. RHE) than the pristine samples.

Highly active and selective materials were also applied onto GFs to
improve the H,0, yield. For example, ZIF-8 was carbonizated under a
N, atmosphere to load N-doped porous carbon onto the GF [200]. The
existing graphitic-N and sp® carbon promoted the electron transfer
between catalyst surface and O, molecules, as well as accelerating the
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ORR. With optimal condition, H,0, yield increased 10 times and
reached 6 mg h~! with CE of about 9% at 100 mA. Another N-doped
carbon modified GF prepared by electro-deposition of PANI, carbon-
ization, and activation was applied in electro-Fenton to generate and
activate H,0, to remove 85% of phenol in 180 min with a residual H,0,
accumulation of 4.6 mg h—' [201].

Vulcan XC-72R CB was deposited on GF to increase the surface
area as well as the pore volume of the electrode. This modification
improved the H,0, yield by about 10.7 times to reach H,0,
47.3 mg h™! with CE of 74.6% at 100 mA [202]. This was a milestone
in developing a highly efficient modified GF electrode, because
H,0, yield was improved to tens of mg h~! at 100 mA with CE far
more than 10%. Vertical-flow electro-Fenton reactor, peroxide-
coagulation system, and flow-through electro-peroxone systems
were developed based on this CB modified GF electrode to realize
different wastewater treatment functions [203—205]. Most
recently, an MWCNT & CB co-modified GF was fabricated [206].
Although the hydrophobicity was slightly increased (contact angle
increased from 145.2° to 154.9°), higher BET surface, pore volume,
and OFGs content caused by modification still improved the ORR
activity. As a result, a comparable H,0, yield of 48 mg h~! with CE
of 63% was obtained at 120 mA.

6.1.3. Graphene decorated cathodes

In the past 7—8 years, graphene has been regarded as a promising
material for H,O, electrogeneration. In 2016, Mousset et al. [207]
tested three commercial pristine graphene materials (2D graphene
monolayer, 2D graphene multilayer, and 3D graphene foam) as
electrodes for H;0, generation. Although 3D graphene foam
exhibited the least hydrophilicity, it could surprisingly achieve the
highest H,0, generation,0.6 mg cmec > at —0.61 V (vs. Ag/AgCl), due
to the contribution of higher surface area as well as superior elec-
trical conductivity. However, compared with other carbon materials,
the H,O, electrogeneration from graphene was not satisfactory,
indicating that pristine graphene itself was not the preferred elec-
trode for two-electron ORR. Graphene was mostly used for coating
various substrates to improve the surface area and the conductivity
of raw electrodes and thus increase the catalytic performance.

Le et al. [208] loaded homogeneous dispersion of GO onto the CF
and investigated the effect of electrochemical, chemical, and thermal
reduction of GO on the electrodes performance. The reduction of GO
was beneficial to H,O, production because it enhanced hydrophilic
characteristics and conductivity, as well as created more active sites.
Though thermal reduction exhibited the highest electrochemical
properties, electrochemical reduction had both high performance as
well as low cost, which is regarded as the best modification method
[209]. Analogously, GO was drop-casted onto a substrate disposed of
liquid crystal display (LCD) glass, and then electrochemically reduced
to form an ErGO-LCD electrode [210], which generated H,0, with the
yield of 2.3 mg h~! at —1.5 V (vs. Ag/AgCl).

Encouraged by the above results, electrochemically exfoliated
graphene (EEGr) was utilized as the functional coating material to
decorate carbon cloth (CC) [211] and carbon-fiber brush [212]. After
the optimization of EEGr and Nafion concentration, the EEGr
decorated cathodes increased by 40—100% in H,0, yield, and
26.3—106% in phenol degradation rate in EF processes.

Quinone-functionalized electrochemically exfoliated graphene
(QEEGr) was coated on the CC electrode to generate 5 mg h~! H,0,,
which was 9 times higher than the unmodified CC [213]. The
presence of the quinone group was thought to facilitate two-
electron ORR, thus initiating H>O, generation without compro-
mising the electrode electrical property. Moreover, QEEG-Fe304
coated CC composite electrode could continuously generate reac-
tive oxygen species for complete degradation of Bisphenol A.

EEGr and Vulcan XC-72R CB co-modified GF cathode were
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developed to generate 38.5 mg h~! of H,0, at —0.9 V (vs. SCE) in a
neutral solution, which was 2 times that of the unmodified cathode
[214]. N-doped graphene (N-EEGr) was derived by mixing the EEGr
with ammonium nitrate followed by calcination under a Ny at-
mosphere to activate H,O, to -OH for organics degradation, rather
than increase the electrochemical generation of H,O, [215]. A
significantly different result was obtained with another N-EEGr
modified electrode by loading the mixture of CB, Nx-EEGr, and PTFE
on the GF [216]. The Nx-EEGr was prepared by annealing of mel-
amine and graphene mixture under a N, atmosphere, where x
represented the mass ratio of melamine to graphene. The opti-
mized N3-EEGr-CB-GF cathode improved H,0, yield to 86 mg h™!
due to the generated active graphite N and pyridinic N species and
C=C. Moreover, the presence of pyridinic N was able to catalyze
H,0; to produce -OH, which is beneficial to overcoming the effect
of the initial pH on EF [201,217].

6.2. Reticulated vitreous carbon-based cathode

RVC is a disordered glassy porous carbonaceous material with a
solid foam network structure (Fig. 9c). RVC has an exceptionally
high surface area, high void volume, rigid structure, and low
resistance to fluid flow [218]. These properties encouraged the
applications of RVC in diverse areas such as sensors and monitors,
chemical catalyst supports, and energy conversion [219]. Over the
last 10 years, the corresponding research showed that the perfor-
mance of RVC as cathodes for H,0; synthesis are comparable or
even better relative to the GF electrode.

Coria et al. [220] investigated the mass transport of GF, RVC and
boron-doped diamond (BDD) cathodes during two-electron ORR in
a filter-press electrolyzer to discover that the performances of
porous GF and RVC with higher limiting currents were obviously
better than the non-porous BDD cathode. Petrucci et al. [221]
confirmed that electrogeneration of H,O, on a RVC electrode was
210% and 60% higher than that of graphite and CF, respectively,
under 5 mA cm~2. This observation was due to the better oxygen
diffusion and larger reactive surface from a porous 3D structure.

Recently a RVC electrode modified by anodic polarization was
developed for drinking water disinfection. The H,0, yield was
6.4 mg h~! with a CE of 43% at 24 mA, which was about 4 times of
the unmodified RVC cathode [222]. The modification and applica-
tion of RVC electrodes has gradually gained attention [223].

6.3. Activated carbon-based cathodes

ACFs are considered as a group of advanced porous materials
with a fiber shape and a well-defined porous structure (Fig. 9d)
[224]. Except for the extremely large surface area
(2000—2500 m? g~ '), the micropores of the ACFs are directly
exposed to the surface, which reduces the mass transfer resistance
and enhances the adsorption of various compounds. ACFs and their
modification composites were extensively utilized in environ-
mental remediation, such as the adsorption of organic and inor-
ganic pollutants in water/air, capacitive deionization, the
degradation of organic pollutants, and microbial decontamination
[225]. However, only a few studies have focused on the catalytic
production of H,0; from ACF.

Commercial ACF felt was utilized in an electro-Fenton system to
degrade Acid Red 14 and levofloxacin [226,227]. Although almost
100% of Acid Red 14 or levofloxacin and 61—70% TOC were removed,
the H;O, yield property of the ACF cathode was only about
3.6 mg h~! at 500 mA with poor CE of 1.1% in the absence of Fe**
during 180 min of electrolysis, which means most of the electricity
was wasted. Similarly, a commercial ACF cathode was utilized in an
electro-Fenton system for cationic red X-GRL degradation with a
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maximum H,0; yield of 4.8 mg h~! and CE of about 1% [228]. Zhang
et al. [229] compared the electrocatalytic properties of two ACFs,
which shared similar pore volumes as well as pore diameters but
varied BET surface areas. Results showed that ACF with a higher
surface area was correlated to faster H,O, and -OH accumulation.
However, the better ACF only had a H,0, yield of 41 mg h~! and CE
of about 1.8%.

In 2018, Zhou et al. [230] proposed an activated carbon-stainless
steel mesh composite cathode (ACSS), which integrated H,0,
electrogeneration and activation together with pollutants adsorp-
tion. Although H»0, yield was only 1.9 mg h~! at 100 mA with a CE
of 3%, the ACSS enabled the iron-free electro-Fenton feasible under
neutral pH to remove 61.5% of reactive blue after 90 min. Ren et al.
[231] successfully prepared a novel multilayer ACF-based com-
posite cathode with rGO as the conducting layer and OMC as the
oxygen diffusion channel. The electroactive surface area, oxygen
diffusion rate and electron transport rate were all increased, and
the H,0, yield of ACF@rGO@OMC electrode reached 2.8 mg h~!
with CE of 40.4% at —0.7 V (vs. SCE).

In summary, on a few activated carbon-based cathodes have
been employed for HyO, production and until its catalytic selec-
tivity is substantially improved the potential for further applica-
tions will be limited [232].

7. Development of gas diffusion electrode

Generally, cathodes mentioned in the last chapter are immersed
in the electrolyte. The gaseous O, is dissolved into the electrolyte by
aeration, and then the dissolved O, diffuses with the electrolyte
into the internal pores of the cathodes and reacts at active sites
(Fig. 10b). However, the immersed cathodes are usually unable to
maintain high H,0, yield and CE at large current densities (usually
>10 mA cm~2) because of the low solubility and inferior O, mass
transfer [164]. Lower CE of immersed cathodes results in the waste
of the electricity and brings hidden safety trouble due to higher
parasitic HER [233]. The birth of gas diffusion electrode (GDE)
solved these challenges. As a kind of film electrode, GDE often
consists of a reactive catalyst layer (CL), a gas diffusion layer (GDL),
and an optional current collector. Applied for the electrogeneration
of H,05, the hydrophilic CL, which faces to the electrolyte, provides
the reactive sites for the ORR, while the hydrophobic GDL facing to
reactant gas provides a stable gas diffusion channel for the oxygen
towards the catalyst layer and prevents electrolyte leakage. CLs are
usually fabricated from the mixture of carbon-based catalyst
powder and the binder, followed by being coated/rolled/painted/
sprayed onto the gas diffusion layer. Based on the species of the
main catalyst in the CL, the GDE can be sorted into carbon black-
based-, carbon nanotube-based- and hybrid carbon GDE.

7.1. Carbon black-based GDE

The most widely utilized carbon materials for GL preparation
are the Vulcan XC-72(R) and Printex L6 CB. GDE has been developed
by E-TEK by painting Vulcan XC-72 CB and PTFE wet paste mixture
uniformly onto a face of the carbon cloth. The H,0, yield of Vulcan
XC-72 CB-based GDE was 82.7 mg h~! with CE of about 29% at
450 mA. Based on this electrode, several different EAOP systems
were developed, and numerous target POPs were successfully
degraded [18,234—240]. Although the advent of GDE substantially
altered the mass transfer of O,, there is still much room for CE
further improvement by promoting the CL catalytic activity and
selectivity. Developing from Vulcan XC-72R CB and PTFE via a
rolling method, the harvested GDE produced 158 mg h™! H,0, at
520 mA with CE of 48%. Unlike traditional GDE, the CL of the
electrode simultaneously acted as a GDL [241]. The GDE was also
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prepared by pressing and sintering a series of metal oxide modified
Vulcan XC-72R CB mentioned in Chapter 4.3.2. With 0.2 bar pres-
surized pure O supply, H0, yield of W@Au/CB GDE, CeO,/CB GDE
and MnO,/CB GDE were 21, 51, and 68 mg h™! at —1.1 V (vs. Ag/
AgCl) [141,145,147]. Meanwhile, 102 mg h™! of H,0; was generated
from WO, .72/CB GDE at —1.3 V [144], and 102 mg h~! of H,0, was
generated from V,05/CB GDE at —1.5 V [142]. Nevertheless, CE was
not calculated or mentioned in those studies, which makes it hard
to compare those GDE with others’ intuitively.

Compared to Vulcan XC-72 CB, Printex L6 CB was demonstrated
to be a better choice for H,O, generation due to more oxygenated
acid species content and higher hydrophilicity [242—244]. When
the aforementioned 5% Ta;05/CB material was made into GDE, the
H,0; yield was 11 mg h~T at —1.0 V (vs. Ag/AgCl) [148]. As quinones
have been investigated as efficient catalysts for the improvement of
two-electron ORR [245], GDEs were developed by modifying CB
with different amounts of tert-butyl-anthraquinone (TBAQ) [246].
According to RRDE results, 1% TBAQ/CB showed the highest selec-
tivity (89.6% with 2.2 electrons exchanged). The obtained GDE
realized a H,0, yield of 80 mg h™! at —1 V (vs. SCE). Rocha et al.
[171] investigated the electro-activity of various quinone com-
pounds (acenaphthoquinone (APQ; acenaphthylene-1,2-dione),
menadione (MDA; 2-Methyl-1,4-naphthoquinone), and Alizarin
Red S (ALZ; 1,2- dihydroxyanthraquinone)) modified CB for H,0;
production in an acid medium. The results showed that 1% of 1,2-
dihydroxyanthraquinone was efficient for two-electron ORR and
the resultant GDE realized a H,0; yield of 77.1 mg h~T at 1900 mA
(CE = 6.4%), which was 116% higher than the unmodified CB GDE.

7.2. Carbon nanotube based GDE

In 2009, Zarei et al. [247] developed CNT-based GDE by bonding
the ointment mixture of commercial MWCNT and PTFE to 50%
PTFE-loaded carbon papers and calcined at 350 °C under Ny at-
mosphere. H,0, yield was 24 mg h™! with CE of about 38% at
100 mA. The prepared GDE was utilized for C.I. Basic Yellow 2
removal via peroxi-coagulation, as well as C.I. Basic Red 46 degra-
dation through the oxalate catalyzed photo-electro-Fenton
[248,249].

During the synthesis of modified GDE, the carbon materials also
serve as a template or a platform that will disperse or adsorb the
modifying reagents. The subsequent heat/hydrothermal treatment
caused a uniform distribution of active sites associated with
modified moieties. Therefore, the impact of carbon supports was
different. Considering the contribution of quinone compounds to-
ward two-electron ORR, Lu, et al. [250] investigated the ORR ac-
tivity of different TBAQ modified carbon materials (carbon aerogel,
CNT, CB, graphene doped CB) to discover the TBAQ modified CNT
exhibited the highest H,0, yield (30.1 mg h~" at 50 mA), which was
27% higher than the unmodified CNT GDE and 9—56.4% higher than
other TBAQ modified carbon GDEs. The characterization results
showed more C—C sp® carbon, and OFGs content together with the
mesoporous structure resulting in the outstanding performance of
the TBAQ modified CNT GDEs.

According to the former results in Chapter 4, Co-based catalysts
in the form of Co oxides, Co chalcogenides, or Co nanoparticles are
the most efficient electrocatalysts for enhancing two-electron ORR
in the acidic medium [133,251-253]. The spraying of CoS;-
MWCNTs was employed to manufacture GDE [254]. In the galva-
nostatic test, the H,0, yield of CoS,-MWCNTs GDE reached
95 mg h™! with CE of about 50%. CoS, particles were proven to play
a significant role in enhancing the two-electron ORR as well as
preventing H,O, from further reduction to H,O to some extent.
Enlightened by the above research, (Co, S, P)-decorated MWCNTSs
were prepared through a hydrothermal route [255]. The
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electrocatalyst was mixed with 2-propanol and Nafion. The mixture
ink was sprayed onto a carbon cloth several times together with a
carbon microporous layer to form the GDE. Compared with un-
decorated MWCNT GDE, (Co, S, P)-decorated MWCNTs GDE
enhance the electrocatalytic H,0, production to about 225 mg h™!
with CE of 51-53% at 800 mA.

Recently, GDE was fabricated by rolling, pressing, and calcining
the mixture of P-doped CNTs and PTFE [256]. The successful doping
of P increased the activity of CNT, which exhibited about 0.2 V more
positive onset potential and 100% higher current density at —0.8 V
(vs. SCE). However, P-doping decreased the selectivity of two-
electron ORR with n changing from 2.6 (CNTs) to 3.06 (P-CNTs).
Although P-CNTs tended to four-electron pathway, the P-CNTs GDE
still had excellent performance with a H,0, yield of 207 mg h~! and
CE of 88.5%, which was obviously higher than CNTs-GDE (67 mg h™!
with CE of 64.7%). This result demonstrated the difference between
the RRDE calculated selectivity and electrolysis calculated CE,
which in fact was the difference between the theoretic selectivity of
the material and the actual selectivity of the electrode in operation.

7.3. Hybrid carbon GDE

Recently, researchers began to take advantage of the structural
and physical properties of different carbon materials and started to
investigate the mixture of different carbon materials as a catalyst.
Carbon composite materials containing at least two kinds of car-
bons were reviewed in this section.

Xu et al. [257] investigated the performance of graphite-PTFE
GDE and rGO & graphite-PTFE GDE to discover H,0; yield of rGO
& graphite-PTFE GDE (12.5 mg h~! with CE of about 40% at 24 mA)
was nearly four times higher relative to graphite-PTFE GDE, due to
the addition of rGO improved electrochemical conductivity and
mesopores contents [258].

Typically, rGO aggregation is an overlooked issue during the
fabrication of electrodes. Because of the strong hydrophobic in-
teractions between nano-sheets, rGO can aggregate easily in solu-
tion or in the drying process [115,259], which substantially reduces
the accessibility of the reactants toward rGO basal planes on the
electrodes [118]. CNTs stacked between rGO nano-sheets prevent
the rGO from restacking to increase basal space and bridge the
defects to enhance the electrical conductivity [260]. Liu et al. [261]
fabricated a novel N-rGO & CNT-PTFE GDE by doping N atoms in the
rGO & CNT composite. RRDE results showed that the onset poten-
tial of N-rGO & CNT shifted positively in the range of 146—363 mV
with reference to bare rGO, CNT, and graphite. Moreover, N-rGO &
CNT-PTFE GDE generated 1 mg h™! H,0, at a relatively positive
potential (—0.2 V vs. SCE), which was 2—10 times higher than the
reference GDEs.

Chen et al. [262] reported that trace MWCNTs could construct
“electron-bridges” interconnecting the CB particles and thus in-
crease the conductivity and porosity of CB. Therefore H,0- yield of
CB & MWCNT-PTFE GDE was 41.3 mg h~! with a high CE of 65.1% at
100 mA. However, once poorly conductive AC embedding into the
hybrid material, the CB particles would be huddled to some scat-
tered aggregates to destroy the bridges, resulting in poor porous
structure and conductivity. Furthermore, H,O, is prone to be
further reduced to H,O with the presence of AC.

Zhu et al. [263] mixed graphite powder with g-C3Ny4 to fabri-
cated g-C3N4@GDE via the rolling method. Characterization results
showed that hydrophilicity could be increased by a g-C3N4 modi-
fication, which could induce fast electrolyte penetration to the
cathode surface. With moderate g-CsNgy mixing, g-C3N4@GDE
generated the highest H,O0, (457.5 uM) compared with pure
graphite GDE (328.2 uM) and pure g-C3N4 GDE (302.2 pM).
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In summary, multiple GDEs based on newly designed high-
performance catalysts were developed, which could realize
maximum H,0; yield in the case of the excellent three-phase
interface provided by GDE. Nevertheless, some technical issues
remain, which require special attention, such as flooding issues
caused by improper water management [264]. When the porous
GDE was supersaturated, the electrolyte hindered the ability of
oxygen to diffuse towards the active sites and thus destroyed the
three-phase interfaces (TPIs) equilibrium and decreased the elec-
trode performance. Characterizing, measuring, and solving flooding
issues are still challenges for both two-electron and four-electron
reactions [265,266].

8. Recent development of air self-diffusion electrode

Compared with the immersed electrode, GDE greatly improved
the utilization rate of oxygen during H,O, production relative to the
CE of the electrode [164]. However, the aforementioned GDE al-
ways needs pressurized air or pure oxygen gas, which increases the
construction cost, reactor complexity, and safety. In order to reduce
costs, while ensuring the satisfied cathodic performance in engi-
neering applications, a novel sandwich-like air self-diffusion
cathode manufactured via rolling method was developed by our
group in 2015 [267], which was a deformation and expansion of our
formerly developed AC-PTFE air cathodes for four-electron ORR
[268—272]. Instead of expensive and multistep-prepared CNTs,
OMC or graphene, commercial carbon powder Vulcan XC-72R CB
and graphite were used to fabricate CL. The mixture of carbon
powders and PTFE was rolled onto a stainless steel mesh (SSM),
while the CB-PTFE breathable waterproof GDL was rolled onto the
other side. This air self-diffusion cathode is a practical design where
oxygen in the air can actively diffuse through GDL to the internal
interface of the CL, which needs no aeration or pressurized gas to
generate H,0,. In order to distinguish our air cathode from GDE, the
former is named “air-breathing cathode” (ABC).

During the exploration of different proportions of CB and
graphite in CL, it was found the pore area and volume of pure CB-
PTFE electrode were 11.6 and 4 times of those of pure graphite-
PTFE electrode, but the pore diameter of the former was only
31.6% of the latter. Both electrodes exhibited poor performance in
electrogenerating H,O, due to the indirect four-electron reaction or
lack of active sites [267]. When two kinds of carbon materials were
mixed together, the hybrid carbon-PTFE CL had moderate pore
diameter, area, and volume. With the optimal mass ratio of CB to
graphite (1:5), H0; yield reached 50 mg h~! (with CE of 92%) in an
electrolysis cell at 86 mA. Aimed at improving the two-electron
ORR activity for efficient H,O, generation, Zhao et al. tuned cata-
lyst mesostructure and hydrophilicity/hydrophobicity by adjusting
PTFE content in CB & graphite-PTFE CL and avoiding calcination
under atmospheric conditions [273,274]. It was found that the
electroactive area was more relevant to the specific surface area of
the 3—10 nm mesopores rather than the total BET surface area, and
the electroactive area decreased from 41 cm? ggt to 19 cm? gt
with PTFE increased from 0.57 g to 4.56 g. Higher PTFE content led
to an excessive supply of H" and induced the H,0, decomposition
and decreased the hydrophobicity to limit the amount of O,
diffused to catalytic sites. The ABC PTFEg 57 with the lowest PTFE
content exhibited super-hydrophobic, highest H,0, yield of
74.6 mg h™!, and highest CE of 84% at 140 mA.

These researchers emphasized the balance among the pore
diameter, specific area, and volume, as well as the balance between
hydrophilicity and hydrophobicity. In former studies, people
devoted themselves to increasing the surface area together with the
hydrophilicity of the electrode by numerous treatments
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[192,197,208,214,275]. However, conflicting results were obtained in
our research. Compared with the coating or sparging method, the
rolling method was an advanced method for catalyst layer fabrica-
tion because it could load more active sites onto the unit area [233].
On the one hand, higher active sites density improves the activity of
the cathode. On the other hand, excessive active sites would further
reduce H,O, in the porous rolling cathode. Dissimilar to the
immersed electrodes, our rolling ABC mainly utilized the O, from the
air rather than the dissolved O, in the electrolyte by aeration.
Consider the two-electron ORR need electron, proton, and O, as
reactants, and each of those is from solid, liquid, air, respectively, the
solid-liquid-air three-phase equilibrium inside the porous catalyst
layer is critical to the high performance of the electrode. Excessive
pursuit of hydrophilicity in the cathode would induce the three-
phase interfaces out of balance and engender the decrease of H,0;
production. Recently, the hydrophobicity property of the electrode
has attracted a growing number of research, and H,0 yield, as well
as stability of the newly developed hydrophobic/super-
hydrophobic/super-aerophilic electrode, have been significantly
improved [276—278]. Some scholars also preferred to use more
hydrophobic materials as substrates for GDE [124].

Based on our optimized highly efficient ABC, multiple electro-
chemical systems have been built for various wastewater (cyano-
bacterial boom water [279], formaldehyde-containing wastewater
[280], phenolic wastewater [163], antiviral drug-containing
wastewater [281]) treatments as well as sterilization and disin-
fection [274]. In conclusion, our series of research demonstrated
highly efficient production of H,0O, via two-electron ORR can be
realized by rolling hybrid carbon cathodes without using noble
metals or other complex chemical promoters. The cheap commer-
cial raw carbon materials combined with an easy manufacturing
process makes the rolling ABC potential for large-scale application
of in situ electrosynthesis of H,0-.

In recent years, the active gas diffusion electrode has attracted
growing attention, and multiple electrodes were developed with
various names. rGO@graphite-based air diffusion cathode (rGO@-
GADC) was applied in an electro-UV/H,0, system for penicillin
sodium degradation to remove 91.1% of penicillin sodium with
56.8% of mineralization current efficiency [282]. A novel “floating
cathode” with half submerged inside the electrolyte synergistic
utilized gaseous O, from ambient air and the dissolved O, in the
electrolyte. With the formation of TPIs, the optimized floating GF
electrode realized a H,0, yield of 13.3 mg h~! with CE of 21% at
100 mA, which was 4.3 times of the submerged GF electrode [283].
A super-hydrophobic natural air diffusion electrode (NADE) was
developed by coating CB onto CF followed by calcination. After the
catalyst loading optimization, H,0, yield reached 518.5 mg h~!
with CE of 66.8% at 1200 mA [277,284]. In the catalysis materials
fabrication field, researchers are also beginning to use self-diffusing
substrates for material modifications to reduce electrode
complexity [285,286].

9. Summary and conclusion
9.1. Difficulty and challenge

The electrosynthesis of H,0, via two-electron ORR provides an
alternative to the mature AO process or the emerging direct syn-
thesis and photo-catalysis. The increased usage and decreased cost
of renewable electricity will transform the chemicals industry.
However, current developments of the cathode are still limited by
at least four major challenges, including designing catalyst mate-
rials with high activity and selectivity, establishing theoretical
calculation models closer to the actual experiments, fabricating
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materials and electrodes by simple and low-cost methods, main-
taining stability over the long-term operation.

1) Designing catalyst materials with high activity and selectivity

Two major challenges, namely improving activity and selec-
tivity, need to be addressed before carbon-based electrocatalysts
can compete with the current state-of-the-art. There is plenty of
scope for the improvement of pristine catalyst materials via
changing the substrate composition, architecture & defects, and
surface property. However, the catalysis mechanism and critical
active sites for ORR on carbonaceous electrocatalyst are still
confusing and controversial [138,287]. There are remaining debates
and discrepancies on the intrinsic properties of the catalytic sites,
the effect of heteroatom/functional groups/defect, micro/meso-
porous, hydrophilic/hydrophobic nature of the materials to the
selectivity to the two-electron ORR process. This ambiguity in
determining the true nature of two-electron ORR active sites in
those carbon-based catalysts hinders the development of efficient
catalysts. The current cutting-edge research is to identify the in-
fluence of a single factor on ORR catalytic activity and selectivity.
Further development is still primarily based on trial-and-error
approaches until now [288], and it is still difficult to realize the
controllable synthesis of various defective or doping carbon ma-
terials. Meanwhile, new mechanisms are emerging continuously:
In contrast to the ordinary ad-O, mechanism, Chai, et al. [39] found
0, adsorption is not required in the new mechanism. Instead, the H
atom on carbon catalyst is abstracted by O, molecule to generate
either a HO3 ion or a HOO- radical and thus generate H;0,.

2) Establish a theoretical calculation model closer to the actual
experiments

In most studies, researchers have reported to successfully
develop ideal two-electron ORR catalysts based on the RRDE or RDE
results when the electron transfer numbers of catalysts were close
to 2. However, there is a significant leap from pure material testing
to realistic electrode operation that is needed. The (R)RDE mea-
surements are in O, saturated, high electrolyte content solution
together with almost unlimited mass transfer. These idealized
systems only provide an upper boundary to the CE to H,0; at most,
while practical equipment tends to underperform. On the one
hand, the internal channels and pore structures of the final fabri-
cated electrode are relatively different from those of a pure carbon
material or testing modes on the (R)RDE. On the other hand, even
with pure O, aeration and magnetic stirring, the O, supply and
mass transfer in 100—1000 mL level real reactors cannot compare
with the conditions of RRDE. At this point, the reference value of
the DFT model and (R)RDE results decrease. Such phenomena
require modeling experiments in order to predict or represent the
real equipment conditions more accurately.

3) Fabricate materials & electrodes by simple and low-cost
methods

It should be noted that catalytic activity and the selectivity of
novel catalysts have only exhibited a marginal increase while the
preparation methods become more intricate, making the materials
deviate from the target of more cost effective approaches. For many
of the aforementioned high-performance catalysts, it is reported
that a lower catalysts loading engenders the active sites sparse
distribution, which decreases the probability of H,0, further
reduction. The selectivity toward H,0; increases while decreasing
the loading amount [87,93]. Typically, catalyst loading density on



J. An, Y. Feng, Q. Zhao et al.

the RRDE was controlled at one hundred pg cm~2 level. Considering
the mass transfer limitations in practical devices, catalyst loading
density on the real electrode should be lower to keep high selec-
tivity. This calls for the highly precise electrode fabrication method.

In the future development, a simple fabrication method with
low costs should be another critical criterion in designing catalysts
and fabricating electrodes.

4) Maintaining stability over the long-term operation

Except for catalytic activity and selectivity, the practical value of
any material or electrode also relies on its long-term stability. Wang
et al. [198] found the performance of the OFGs modified cathode
was reduced after 10-times continuous runs, which was ascribed to
the cathode structure destruction and OFGs content decrease due
to the Hy0; oxidation. This illustrated the poor stability of the
cathode in the long-term operation [289]. Meanwhile, the stability
tests in most previous research are far from enough. Presently,
researchers often document the stability of new fabricated elec-
trodes by showing negligible changes in current response or H,0;
yield after 5—20 h of operation [87,101,102,118,196]. These are not
convincing results to obtain a stable performance conclusion.
Active materials should not be proven stable until they are sub-
jected to more rigorous electrosynthesis trials conducted over
hundreds or even thousands of hours. In the most recent research,
Cao, et al. [290] presented a highly hydrophobic architecture GDE
consisting of densely distributed N-doped carbon nano-polyhedra,
thus enabling the 200 h durable electrolysis at 100 mA cm~2. Li
et al. [291] evaluated the feasibility of electrochemical H,O; pro-
duction with CB-PTFE GDE. The results showed that the GDE could
maintain high CE (>85%) as well as low energy consumption
(<10 kWh per kg H20,) for about 1000 h. This research suggests
that electrochemical H,0, production with GDE holds great
promise for the development of compact treatment technologies.
In the following exploratory research, the long-term stability and
decay mechanism of materials, as well as electrodes in the EAOP
systems, also need special attention. In our recent research [163],
although the rolling ABC showed good stability under the condition
of generating H,O, (H,0O, yield decreased 17.8% after 200 h of
operation), the electrodes decayed obviously when operated in the
EAOP systems. It was found salt precipitation occurred due to the
local alkalinization and enrichment of Na™, which would cause the
block of the active sites and mass transfer channels. Meanwhile, the
-OH generated in the EAOP system would cause damage to the
carbonaceous electrode by adding defects and oxygen-containing
functional groups onto the electrode during the non-selective
oxidation. Four electrode performance decay factors were illus-
trated during the synthetic phenol wastewater degradation. For
actual wastewater treatment, the operating life of the cathode in
such conditions will only be shorter because the components of
sewage are more complex and diverse. Thus, lifetime experiments
under different conditions with longer testing times are suggested
to analyze the correlations of physicochemical properties and
catalyst/electrode performance decay. When the decay mechanism
of the electrode performance in long-term operation is clear and
definite, it can further guide the development and upgrading of the
new long-life electrodes [292,293].

9.2. Future and outlook

The development of carbon-based materials should be com-
bined with theoretical studies, regarded as a requisite aid for cat-
alysts designed or electrode modification to tune ORR selectivity to
H,0,. In particular, the models which can better reflect the per-
formance of catalysts in realistic devices will be more popular. To

23
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achieve these ends, further studies of the fundamental principles is
needed to fully understand the origin of activity enhancement.

Although multiple theoretical simulations and physicochemical
techniques have been applied to reveal the catalytic mechanism of
various carbonaceous materials, it's still hard to distinguish the
nature of active sites of two-electron & four-electron ORR at the
current technology state. More advanced characterization tech-
niques and sophisticated experimental design are needed to
distinguish the active sites for two-electron and four-electron
pathways. Pinpointing such sites or chemical motifs would have
guiding significance for both two-electron and four-electron car-
bon-based catalyst designs in the future. Once the two-electron
active sites are determined, these sites could be purposefully
increased to enable more efficient two-electron ORR or be elimi-
nated from catalysts where four-electron ORR is required.

The ORR needs O, protons and electrons with mole ratio of
1:4:4 (four-electron pathway) or 1:2:2 (two-electron pathway) as
reactants, from liquid, gas, and electrode, respectively. The active
sites that stay in liquid-gas-solid TPIs could efficiently catalyze the
ORR [233,294,295]. The accessibility of the active sites to O, mol-
ecules is critical, but usually deficient due to the low O solubility in
the realistic aqueous solution. Therefore, series electrodes styles,
such as 3D particle electrodes [ 167], “floating” electrodes [283,296],
and GDE, were invented to optimize the catalytic interface.
Recently, scholars tried to accelerate the gas diffusion or tune water
distribution to create more adequate TPIs inside the porous elec-
trodes by porosity control and microarchitecture engineering.
Therefore, superaerophilic CNT-array electrodes [294], super-
wetting electrodes [297], and breathing-mimicking electrodes
[298] were invented to improve four-electron ORR activity. It could
be observed from Eqgs. (26) and (27) that the O, demand of a two-
electron pathway is twice that for a four-electron reaction at the
same Faraday electron flux and proton supply, which means O,
supply is more vital. More simple surface/structure engineering
techniques need to be developed in the future to enhance overall
catalytic performances in H,O, production.

4H" +4e + 10, — 2H0 (26)

4H" +4e +2 0y — 2H,0; (27)
Process optimization and cost-efficiency are at the core of a
suitable treatment strategy [299]. From the engineering perspec-
tive, reducing the cost to an acceptable level is a prerequisite for the
application of this technology. According to Yang et al.‘s calculation
[12], the total costs per mole of Hy0, (Ciotal) Via two-electron ORR
can be calculated and expressed as the sum of two parameters,
electricity costs (Celectricity) and cathode costs (Ceathode) (Eq. (28))

Ciotal = Celectricity + Ccathode
= Delectricity UIt + Pcathode S

= Pelectricity UNF/Arg + Dcathode NF/jtArE (28)
Where, pelectricity Fepresents the cost per unit energy of electricity ($
J=1), U stands for the cell potential (V), n = 2, which represents the
electrons transfer number for generating H,0,, F stands for Faraday
constant (96486 C mol™!), and Ag is the Faradaic current efficiency.
Meanwhile, pcathode iS the capital cost per unit cathode area ($
cm~2), j represents the current density (A cm2), and ¢ is the total
operating time of the cathode over its lifetime (s). As Agr stands for
the denominator for electricity costs as well as cathode costs, it is
clear that high CE plays a significant role in the performance of the
electrode as well as the economic efficacy of the process.
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Meanwhile, in the cathode costs part, decreasing the numerator
Pcathode and increasing cathode lifetime t can also reduce the overall
cost of the H,0, synthesis, which highlights the relevance of costs
of raw materials and preparation process together with electrode
stability.

Except for stability [163], longer-term goals for H,0, electro-
synthesis should focus on scalability: moving from benchtop ex-
periments to syntheses on pilot or even industrially relevant scales
[29]. Rapid H,0, accumulation to desired concentration in large
volume aqueous solution is the prerequisite of up-scaling [233].
Therefore, a more realistic aim would be to increase the current
density on the electrodes in the H,O, electrosynthesis without
lowering selectivity. This would improve the synthesis efficiency
and decrease the costs (Eq. (26)). Traditional carbon electrodes such
as graphite rod/plate/particle, GF, and ACF are inefficient for H,0;
production in bi-dimensional configurations due to the limited
dissolved O, mass transfer in water [300]. In the presently available
literature, most studies focus on selectivity on the premise of
neglecting the current density. For those electrodes that can only
withstand low current density, they have to be fabricated bigger
and bigger to increase H,0, production at higher current flux,
which makes them impractical for applications. Recently, multiple
GDEs have been reported for faster H,O, productions with high
current efficiencies. These GDEs could maintain the current effi-
ciency over 70% at current densities >25 mA cm~2 [301—304].
Based on these electrodes, numerous contaminations were
degraded in EAOP systems at pilot/pre-pilot plant scale (2.5—100 L).
Developing electrodes with efficient H,O, production at large
current flux is the inevitable trend in the future. Until now, the
largest air cathode so far came from Zhang et al. [305]. A 707 cm? air
cathode was utilized in a 3 L EF reactor for efficient Rhodamine B
degradation. The shape and operating conditions of film air cathode
determine that it cannot be enlarged without limit. As a result, new
electrode and auxiliary equipment structures need to be developed
to accommodate modular assembly. Reactors applied for EAOP
treatments of wastewater are also needed to be well developed to
fulfill the optimum properties of the electrodes [306]. More effort
should be dedicated to other aspects such as equipment, scale-up,
engineering, and economic issues in applying EAOP technologies
to real wastewaters at an industrial scale [300].

The various applications of aqueous H,0; will require a certain
H,0, concentration and may only tolerate a certain pH range [29].
According to RRDE & RDE measurements shown in Tables 1 and 2,
all the catalysts showed higher O, reduction activity in alkaline
media than in acid media. However, they were also less selective
toward H;0,. In the practical application of H,0,, wastewater
treated by AOPs is often in acid media, while pulp and paper
bleaching is usually in an alkaline environment. Here it is recom-
mended that researchers could first focus their efforts on H,0»
electrogenerating under acid conditions: AOP treatments only need
0.1% (wt) content of H,0,, which is two orders of magnitude below
the demand for bleaching, making the application relatively easier.
Moreover, Proton conducting polymeric membranes are much
more technologically mature and cheaper than hydroxide con-
ducting counterparts [307].

9.3. Guidance and suggestions

In our review, there are multiple differences in systems, method,
expression and, calculations, which make comparisons among the
different research difficult. We suggest the following studies can
use more unified experimental methods and expressions while
avoiding mistakes described below.

Environmental Science and Ecotechnology 11 (2022) 100170

1) System: in the electrogeneration of H,O, experiments or (R)RDE
tests, except for pH value, different types and concentrations of
electrolyte were used. Until now, the most commonly used
electrolyte in the electrolysis is 50 mM Na,SO4 with a pH of 3 or
7, while O, saturated 100 mM KOH or 500 mM H3SO4 electrolyte
is often employed in the (R)RDE tests.

2) Method: in general, the cathodic electrogeneration of H,O;, was
conducted through galvanostatic mode in a two-electrode sys-
tem connecting to a DC power or via chronoamperometry at
constant potentials in a three-electrode system powered by a
potentiostat. We found that a slight change in the distance be-
tween the reference electrode and the working electrode would
dramatically change in H,0, yield. Therefore, it is not easy to
transversely compare the H,O, yield at chronoamperometry
because the researchers did not specify the distance between
the electrodes. Moreover, as shown in Table 3, CE of electrodes
operated in chronoamperometry mode are usually unknown
and even cannot be calculated by us due to the unpublished
current flux. Considering the three-electrode system has many
disadvantages, including the high cost of the equipment and the
fuzzy parameters in the practical water treatment processes, the
electrogeneration of H,O, through galvanostatic mode in a two-
electrode system is recommended in future investigations. As
summarized in Tables 1 and 2, in the RDE and RRDE tests, some
parameters like onset potential, the definition of onset potential,
and the potential range of calculated n were not given by au-
thors. This would also bring troubles for readers, which should
be avoided in the future.

3) Expression: various expressions were utilized to describe the
H,0, yield in different studies, including mg L~! h~!, mg h~!
cm~2, uM h~!, mmol h™! gl The disunity of units makes direct
comparison different. Although we convert the most H,0 yield
into mg h™! in this review, there are still several results that
cannot be normalized due to the incomplete system parameters
(Table 3). Furthermore, in some research, the newly fabricated
or modified electrodes were directly utilized in the EAOP sys-
tems. The target pollutant removal efficiency/TOC removal ef-
ficiency was the only indicators to evaluate the electrodes, and
the H,05, yield of the cathodes were not mentioned. In our point
of view, H,0, yield expressed in the form of “mg h~!” could
visualize the performance, and it would not be affected by so-
lution volume and electrode area. Furthermore, the CE at a
certain current is the most significant indicator of the cathode
performance. We highly recommend the publishing of H,0,
yield together with the CE and current in the future papers.
Meanwhile, with the development of materials, electrodes, and
the continuous improvement of material requirements, more
advanced and rational parameters or criteria are welcomed to be
proposed in the future.

4) Calculation: there is also divergence in the reactive area of the
immersed cathodes. Some calculated the current density (mA
cm~2) or Hy0, yield (in the form of mg h~! cm~2) via dividing
the projection area of the electrode. However, another group of
researchers [193,200,201], including us [279], all believe the
effective area should be at least twice the projected area because
each side of the electrode is in contact with the electrolyte. This
error in the arithmetic will double the calculation result and
mislead the readers, which should be avoided in the future.

In summary, with the comprehensive and critical review, we
hope to attract scholars from different research fields and use their
knowledge to push electrosynthesis of H,O, to pilot or even
industrially relevant scales.
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