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The high demand for hydrogen peroxide (H,O,) has been dominantly supplied by the anthraquinone
process for various applications globally, including chemical synthesis and wastewater treatment. However,
the centralized manufacturing and intensive energy input and waste output are significant challenges associ-
ated with this process. Accordingly, the on-site production of H,O, via electro- and photocatalytic water
oxidation and oxygen reduction partially is greener and easier to handle and has recently emerged with
extensive research aiming to seek active, selective and stable catalysts. Herein, we review the current status
and future perspectives in this field focused on carbon-based catalysts and their hybrids, since they are rela-
tively inexpensive, bio-friendly and flexible for structural modulation. We present state-of-the-art progress,
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typical strategies for catalyst engineering towards selective and active H,O, production, discussion on
electro- and photochemical mechanisms and H,O, formation through both reductive and oxidative reaction
pathways, and conclude with the key challenges to be overcome. We expect promising developments

rsc.li/nanoscale would be inspired in the near future towards practical decentralized H,O, production and its direct use.

energy sources and green solutions. Hydrogen peroxide (H,0,)
is an important green chemical that has illustrated great appli-
cation potentials in many fields"* as a clean oxidant in the
paper industry,®” wastewater treatment,”” disinfection® "' and
chemical synthesis,">™® and as a promising energy carrier in
fuel cells."®"® The advantages of having the highest concen-
tration of active oxygen (47.1 wt%) and producing the cleanest
by-product (H,O) make H,0, particularly appealing amongst

1. Introduction

Along with the rapid advances of society, the unsustainability
of fossil fuels as the main energy source and the resulting
environmental disruption arouse pressing needs for alternative
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various oxidants.'® Currently, over 95% of H,0, is produced
industrially via the mature anthraquinone (AQ) process, con-
sisting of a four-step cycle'® (Fig. 1a): (i) hydrogenation of AQ,
(ii) oxidation of hydrogenated AQ to regenerate it and yield
H,0,, (iii) extraction-purification-concentration of H,0, and
(iv) reclaiming the working solutions. However, although the
H,0, yield is high in this large-scale synthetic process, it
involves intensive energy input and chemical waste output.
Furthermore, side reactions (Fig. 1a-v) produce organic by-pro-
ducts and consume AQ when the aromatic ring is hydrogen-
ated, and consequently AQ cannot be recovered fully during
this cycling process. Moreover, there are safety issues associ-
ated with the storage and transportation of unstable H,O,
right from the centralized factory to the end users.
Considering that in many applications, only H,0, diluents
are required, it is unnecessary to endure the risks and energy
cost associated with H,0, concentration and its transpor-
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tation, when it can be produced locally for on-site point of
use.”** The major applications including pulp bleaching and
chemical synthesis require H,0, concentration of less than
9 wt%. Moreover, concentrations as low as 3 wt% and 0.1 wt%
are enough for many medical uses and the remediation of
chemical and microbial contaminations, respectively.>® Thus,
the subsequent dilution of the high concentration H,O,
product (up to 70 wt%) obtained in the AQ process is required,
resulting in an energy wastage. Therefore, the direct synthesis
of H,0, from H, and O, appear to be an alternative and the
toxic by-products can be minimized without AQ as the reaction
carrier (Fig. 1b).>*** Unfortunately, besides the expected reac-
tion of H, + O, - H,0,, a series of undesirable reactions such
as 2H, + O, — 2H,0 also occur, which are even more thermo-
dynamically favored. However, the major challenge involves
handling of the explosive gaseous mixture of H,/O,, which
requires some inert carrier gases (such as nitrogen, carbon
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Fig. 1 Simplified schematic of the different catalytic technologies employed in the production of H,O,. (a) Industrialized anthraquinone process
using H, and O,, following a four-step cycle (i-iv), ending with various applications. Side reaction (v) consumes AQ. (b) Direct synthesis from H, and

O, with inert gas carrier and mixed solvent. Adapted with permission.2°

Copyright 2019 American Association for the Advancement of Science.

Decentralized (c) electrocatalysis and (d) photocatalysis from water oxidation or oxygen reduction mainly via a two-electron pathway.

This journal is © The Royal Society of Chemistry 2020
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dioxide or argon) to reduce the danger.”® Consequently, the
selectivity and productivity are partially sacrificed. To date, the
expensive noble metal catalysts have been exclusively used for
higher selectivity and activity in this reaction. Hence, alterna-
tive routes for the localized synthesis of H,0,, which are cost-
effective, mild, efficient, and environmentally benign, are still
in demand.

The recently emerging H,0, production from water and
oxygen driven by electricity (Fig. 1c) or light (Fig. 1d) has
attracted significant attention.>>***° Compared to the afore-
mentioned two technologies, it is much greener and easier to
handle with lower operating risks. Generally, three key factors
are considered and tuned to optimize the performance of cat-
alysts including: (i) catalyst material engineering, (ii) reaction
setup, and (iii) reaction conditions (solution composition,
pH, promoters, and others). In particular, the catalyst system
as a critical element towards the selectivity of H,0, formation
has been the main focus. A wide variety of materials such as
metal/metal alloys, metal oxides, carbon nanomaterials, gra-
phene, graphitic carbon nitrides and polymer semi-
conductors and their hybrids have been demonstrated to be
effective as electrocatalysts®** and photocatalysts,*> 3%
among which carbon-based materials have attracted signifi-
cant interest. Much effort has been made in the design of
carbon-incorporated catalyst systems for the selective and
active production of H,0O, since they are relatively in-
expensive, bio-friendly and flexible for structure modulation.
Hence, this review presents the current status and future per-
spectives, focusing on a wide range of carbon-based catalysts.
It includes the state-of-the-art progress, typical strategies for
catalyst engineering towards H,O, production, discussion of
the electro- and photochemical mechanism and H,O, for-
mation through both reductive and oxidative reaction path-
ways. Finally, we also present the key challenges to be over-
come towards practical decentralized H,0, production and
its direct use.

2. Basics in catalytic synthesis of
hydrogen peroxide from water and
oxygen

2.1. Oxygen reduction and water oxidation reactions

Theoretically, H,O, can be formed from H,0O and O, via
electrocatalysis or photocatalysis (in the presence of photo-
absorbers).>#*%%% It involves the oxygen reduction reaction
(ORR) and water oxidation reaction (WOR) mainly through a
two-electron (2e”) pathway, which competes with the four-elec-
tron transfer towards H,O and O, (possible redox pathways are
summarized in Fig. 2).*® To date, much progress has been
reported for the 2e” ORR, while the 2e” WOR has been rarely
explored until very recently. However, the possible electron
transfer pathways are much more complex in the water/oxygen
system. The electron-reduction of oxygen can undergo le~
(eqn (1)), 2e~ (eqn (2)), and 4e” (eqn (3)) processes, yielding

16010 | Nanoscale, 2020, 12, 16008-16027
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Fig. 2 Possible reduction pathways from O, to H,O (blue) and oxi-
dation pathways from H,O to O, (green). The black arrows denote the
adsorption and desorption/diffusion of species from the bulk solution
and the catalyst. Oxygen and hydrogen atoms are represented as red
and white balls, respectively. Stoichiometric H,O is omitted for clarity.?®

the superoxide anion O, (OOH is the protonated form of
0,'7), H,0, and H,0, respectively, as follows:*®

0,+e — 0, " E°=—0.33Vvs. RHE (1)
0, +2e +2H" — H,0, E°=0.68 V vs. RHE (2)

0, +4e” +4H' - 2H,0 E°=123Vvs. RHE  (3)

The direct 2e” process and a sequential two-step le~
process are both considered feasible to produce H,0,, depend-
ing on how strong the intermediate OOH* (where * denotes a
site on the catalyst surface) adsorbs on the catalyst surface. For
example, in the case of weak OOH* adsorption, O, dissolves
in the bulk solution and may undergo further reduction upon
re-interaction with the active sites on the catalyst surface. On
the other hand, the WOR can proceed via 1e” (eqn (4)), 2e”
(eqn (5)), and 4e” (eqn (6)) transfer to form hydroxyl radicals
‘OH, H,0, and O, as follows:*°

H,0 —"'OH+e +H' E°=2.73Vvs. RHE (4)
2H,0 — H,0, +2¢~ +2H" E°=1.76 Vvs. RHE (5)

2H,0 — O, +4e~ +4H' E°=1.23 V vs. RHE (6)

Similarly, the adsorption energies of the intermediates for
the 1e” and 2e~ WOR (i.e. OH* and O*) are key factors that
influence the following steps to be the dissociation of OH* to
form "OH, or further oxidation to H,O, or H,O. More complex-
ity arises from the undesirable decomposition of H,O,
through spontaneous disproportionation (2H,0, — 2H,0 +
O,) or homolysis (H,0, — 2'OH). Accordingly, in an electro-
chemical or photochemical unit, H,O, can be formed via
either reaction leading to H,O, or indirect pathways.

This journal is © The Royal Society of Chemistry 2020
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(a) Calculated oxygen reduction volcano plot for the two-electron (blue) and four-electron (red) reduction of O,, with the limiting potential

plotted as a function of AGyo« (lower horizontal axis) and AGpoo+ (Upper horizontal axis). The equilibrium potentials for the two-electron and four-
electron pathway are shown as the dotted line and dashed line, respectively. The range of interesting OH* free energy for high selectivity and activity
is highlighted with the greyscale gradient at its edges, recognizing limitations to the accuracy of DFT. Reproduced with permission.** Copyright 2013
Springer Nature. (b) Activity volcano plots based on calculated limiting potentials as a function of calculated AGoy- for the two-electron oxidation of
H,O to H,O, (black) and the four-electron oxidation to O, (blue). The corresponding equilibrium potentials for each reaction are shown in dashed

lines. Reproduced with permission.** Copyright 2017 Springer Nature.

2.2. Selectivity and activity towards H,O,

Importantly, the screening of efficient and selective catalyst
materials is a priority in the electrocatalytic and photocatalytic
production of H,0,. The trends in electrochemical ORR and
WOR to H,0, have been theoretically predicted by density
functional theory (DFT) calculations on different classes of
materials including pure metals and metal alloys (Fig. 3a),*
metal oxides (Fig. 3b),"" and carbon-based materials,*® with
experimental supporting evidence for some. Here, we intro-
duce briefly the fundamental theoretical basis, which is
suggested to be applicable to other materials. The oxidation
pathway (Fig. 3b) is taken as an example,*" and the reduction
pathway follows a similar rule. The theoretical limiting poten-
tial (Uy, the lowest potential for all reaction steps being down-
hill in free energy) is plotted as a function of Gibbs free energy
of binding the one-electron oxidation intermediate OH*
(AGon~), presenting a volcano relationship. Specifically, the
overpotential (denoted as the difference between Uy, and equili-
brium potential 1.76 V) follows the same correlation as AGoy-,
thus the catalytic activity. The lowest overpotential (zero) at the
peak of the volcano suggests a highest activity of an ideal cata-
lyst with the AGoy~ value located at ~1.76 eV. Otherwise, it will
need certain overpotential to overcome either the uphill OH*
formation (on the right hand of the peak) or the 1e™ reduction
of OH* to H,0, (on the left hand of the peak).

Regarding the selectivity towards H,0,, there is a suitable
range for AGoy~, and thus the OH* binding is not too weak or
too strong. Specifically, catalysts with weaker OH* are less
likely to undergo 4e™ oxidation; however, if AGoy~ is higher
than the free energy for ‘OH formation (2.4 eV), "OH will dis-
solve before two-electron reduction occurs. On the other hand,
O* binding should be weak enough to form H,0, (with free
energy of 3.5 eV) rather than undergoing further oxidation,

This journal is © The Royal Society of Chemistry 2020

hence AGo~ > 3.5 eV. Considering the general scaling relation
between AGo+ and AGog+ (AGor = 2AGop+ + 0.28), the down
limit is then set to be 1.6 eV. With the range of 1.6 eV < AGogn~
< 2.4 eV, one can expect catalysts with high selectivity and
activity towards H,O,.

Therefore, it is important to characterize the selectivity of
catalysts experimentally. Currently, rotating disk electrode
(RDE) analysis can be used to determine the preferred electron
transfer number for electrochemical ORR.>> A rotating ring-
disk electrode (RRDE) in a three-electrode cell can further
provide quantitative measurement of the produced H,O, from
oxygen reduction. Selectivity can be calculated in two ways, i.e.
faradaic efficiency and the fraction of oxygen used to produce
H,0,. However, some researchers have suggested that these
analyses may have some inherent limitations, and instead,
used a modified hermetically sealed electrochemical H-cell to
quantitatively measure the oxygen consumption and H,O, pro-
duction (described as the total electrons consumed per oxygen
molecule (e7/0,)).>* For the water oxidation reaction, selectivity
can be evaluated via the faradaic efficiency, which is defined
as the ratio of charge converted to H,O, to the total number of
charge transferred. The above theory is generally used as refer-
ence for photochemical processes; however, the light response
and separation of photogenerated electrons on the conduction
band (CB) and holes (h") on valence band (VB) are other
important factors.

3. Typical carbon-based catalysts
3.1. Polymeric carbon nitride and its hybrids

3.1.1. Features and history. Polymeric carbon nitride con-
tains aromatic molecules with an alternating arrangement of

Nanoscale, 2020, 12, 16008-16027 | 16011
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Fig. 4 (a) Tri-s-triazine structure on g-C3N4 sheet. (b) Intrinsic C—N aromatic rings on the g-C3N,4 sheet define its electronic properties, rich with
amine groups at the edge of g-C3N4. (c) Different nitrogen vacancies, concept of porous structure and cyano functional group as several possible
active sites. (d) Proposed mechanism for selective H,O, formation on the surface of photoactivated g-CsN,4. Reproduced with permission.>®
Copyright 2014 American Chemical Society. (e) Photoinduced process of g-C3;N4 semiconductor, including light absorption, generation and
migration of charge carriers for surface redox reaction or recombination. Band structure tuning, additional reduction and oxidation sites (e.g. by
modification with organic molecules, cocatalysts or other semiconductors) are some of the general approaches for the optimization of the photoac-

tivity of g-C3N,.

earth-abundant carbon and nitrogen elements.*”> Carbon
nitride catalysts used for the production of H,O, mostly refer
to a two-dimensional (2D) layered structure with heptazine
rings repeating on basal planes (Fig. 4a) with van der Waals
forces existing between each layer, namely graphitic carbon
nitride (g-C5N,).**** With the large amount of C replaced by
N, it possesses a suitable electronic band gap (E,) of ~2.7 eV
and is responsive to light wavelength lower than ~460 nm,
which makes it significantly different to semi-metallic gra-
phene and graphite carbon with relatively higher conductivity
(Fig. 4b and e). Due to its semiconductor property and unique
structure featuring rich Lewis basic functions, Brensted basic
functions and H-bonding motif, g-C;N, has been substantially
investigated in heterogeneous photo- and electrocatalysis as a
photoabsorber and catalyst (Fig. 4b).*>™*® However, the electro-
catalytic production of H,0, with g-C3;N, has been rarely
reported to date far. One possible limitation hampering its
future employment may be that the balance between selectivity
towards the 2e” ORR and sufficient overpotential to afford
higher activity is difficult to achieve before a breakthrough can
be made at this point.

16012 | Nanoscale, 2020, 12, 16008-16027

The pioneering work®® used g-C;N, for photosynthesis of
H,0, and realized visible-light excitation (>420 nm) and
higher selectivity (90%) compared to that of the previously
reported TiO, system. According to the subsequent work by
the same group, the origin of this performance is the inter-
mediate 1,4-endoperoxide species (Fig. 4d) on the surface of
g-C3N,, which selectively promote the two-electron ORR route
(pathway is shown in Fig. 5a), whereas the peroxo species co-
ordinated with Ti'* on the surface of TiO, only enhance the
selectivity up to 32.8%. Also, the decomposition decreased in
the absence of ultraviolet range irradiation. However, their
findings greatly depended on the oxidation half-reaction of
alcohols (such as benzyl alcohol or ethanol) on the photogene-
rated h' side, which provides protons and electrons for the
reduction of O, to H,0,. Subsequently, they further demon-
strated water oxidation to directly generate O, and H' (eqn (6))
by modifying g-C5N, with aromatic diamide*® and graphene®®
for band structure tuning (mainly for positively shifted VB
position) and electron trapping, respectively (pathway is
similar to that in Fig. 5c¢). This solar-to-chemical reaction invol-
ving only water, O, and metal-free catalysts is particularly

This journal is © The Royal Society of Chemistry 2020
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promising for the cheap and sustainable on-site production of
H,0,, paving the way for further development of g-C;N,-based
catalysts towards higher activity and selectivity.

3.1.2. Modification of carbon nitride. Vacancies, additional
functional groups and doped heteroatoms often result in
changes in the electronic structure of the g-C;N, matrix, such
as shift in Fermi levels, shift in the valence/conduction orbital,
and variation in density of states.®*'® Thus, its photo-
response, charge migration/separation and reaction kinetics
can be adjusted for potentially improving its catalytic
performance.

Due to carbon vacancies and amino group termination,
2-C3N, demonstrated a great improvement (by a factor of 14)
in non-sacrificial oxygen reduction to H,0,, and altered the
pathway from a sequential 1e~ ORR to a direct 2~ ORR.>®> The
reduced symmetry of g-C;N, and the electron delocalization
were explained as critical points for these results. Ye’s group
investigated how two types of nitrogen vacancies (NHy and
N,¢, Fig. 4c) in polymeric carbon nitride (PCN) affected the
reductive formation of H,0,.”” According to DFT calculation,
they found a redistributed local energy level and changed
Fermi level. When combining experiments with controlled
vacancies, they explained that NHy assisted charge separation,

This journal is © The Royal Society of Chemistry 2020

whereas N,c activated oxygen more selectively in the 2e”
pathway. Regarding the precise control of defects, the fabrica-
tion procedure should be considered seriously.

The functional groups on the carbon nitride surface can
directly act as catalytic active sites by regulating the adsorption
of reactants and energy profile of reactions. The above men-
tioned KOH post-treatment of g-C;N, and calcination resulted
in the formation of NHy and N, vacancies, but in another
work by Tian and coauthors,’® the one pot calcination of KOH
and g-C3N, precursor (urea) basically introduced cyano groups
(Fig. 4c) on the N position shared by tri-s-triazine units, result-
ing in a different modulation of properties and catalytic optim-
ization. The concurrent breakage of pyridine nitride and cre-
ation of -C=N bonds were observed after annealing the
¢-C3N, matrix under a reductive atmosphere. The resultant
variation in electronic structure including deviation in elec-
trons from melem units and new intermediate energy level led
to a better photochemical performance for the generation of
H,0,.”> By grafting hydroxyl groups on the surface of PCN, an
ultrahigh apparent quantum yield (AQY, 52.8%) was reported
for the photocatalytic synthesis of H,0, in ethanol solution.”®
The hydroxyl groups helped lower thermodynamic threshold
for the conversion of O, into O,”~ (eqn (1)) and its oxidation to

Nanoscale, 2020, 12, 16008-16027 | 16013
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"OH could selectively oxidize ethanol to provide protons on the
VB side for the subsequent reaction from O, to H,0, with
electron/proton transfer. Nonetheless, the activity was reduced
during the recycling test because of the oxidation of the
hydroxyl groups.

Modification with oxygen functional groups is one common
approach in developing effective carbon-based catalysts.”* In
oxygen-rich g-C;N, catalysts, the C-O-C carbon-oxygen group
could greatly lower the energy of protonation of the g-C;N,
structure compared to -NH, and -OH groups, thus improving
the ORR activity with preference for two-electron transfer, and
an AQY of 10.2% was obtained at 420 nm. Recently, a simple
co-polymerization of melem and barbituric acid introduced
C=0O0 groups in the carbon nitride matrix, which resulted in a
positive shift in the top of VB, allowing the oxidation of H,O to
0O, and inducing a sequential 1e” ORR with expended visible
light absorption.>® Notably, oxidized carbon was also reported
to exhibit high 2e” ORR selectivity and activity using other
carbon-based catalysts, for example, carbon nanotubes (CNT)*
and graphene.*® Thus, this approach and the disclosed mecha-
nisms are highly recommended to be the focus of further
studies.

Doping of heteroatoms may alter the reaction pathway to
H,0,. A two-in-one strategy®® incorporating a porous structure
and phosphorous doping enabled H,O, production under
visible light illumination via both indirect 2e” WOR on the VB
side and 2e” ORR on the CB side. The production rate
(1968 pmol g~ h™") recorded was among the highest for pure
water photocatalytic systems driven by visible light. The
authors deduced that H,0, was formed by the combination of
two "OH from one-electron water oxidation (eqn (4)) on the h*
side and a sequential two-step single electron activation of O,
on the e~ side. In contrast, in another similar system (P doped
porous g-C;N, nanosheets),®" the direct 2e” ORR was domi-
nant due to the down-shifted bottom of the CB. Generally, the
oxidation potential of the "OH/H,O reaction is more positive
than the top of the VB of pristine g-C3N,, and thus the detec-
tion of "OH failed for many g-C;N,-based catalysts (not refer-
ring to hybrid catalysts). Nevertheless, the two-channel photo-
catalytic synthesis of H,0O, is extremely attractive for practical
solar-to-chemical application in the future, although more
detailed mechanism studies need to be further conducted for
a clear reaction pathway to H,O,. In addition, halogen doping
was also found to be effective for the photocatalytic synthesis
of H,0, over g-C;N; nanorods.®* Besides, the incorporation of
multiple heteroelements into PCN with other possible con-
figurations was demonstrated by Choi’s group by simple calci-
nation of melamine in the presence of potassium salts.®***
The AQYs were boosted by 17-25 times in comparison to that
of the unmodified carbon nitride (under monochromatic
irradiation of 420 and 320 nm). The incorporation of hetero-
atoms (K, P, and O) was characterized by various spectroscopic
methods, though it was difficulty to give the exact structure
and synthetic mechanism of the modified carbon nitride, for
which the building blocks are usually different from ideal
theoretical models. However, due to the earth-abundant pre-
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cursors and easy synthesis, this optimization route could be
possibly scaled up.

To reveal the relation between the porosity and activity,
Shiraishi’s group®® fabricated a group of g-C;N, catalysts via
the silicon-templated thermal polymerization of cyanamide. It
was found that a moderate surface area showed optimized
activity for H,O, production. However, a further increase in
surface area had a negative effect on the selectivity of g-C3N,
towards the 2e” ORR since the increase in the number of
intrinsic amine groups in mesoporous g-C;N, made it easier
to drive the 4e” ORR, where the authors proposed that melem
units are the active sites for selective 2e” ORR. Hence, excess
defects in porous g-C;N, may reduce the H,O, selectivity by
decreasing the amount of inherent active sites on g-C3N,, and
accordingly a larger surface area, which is believed to decrease
the charge/mass transfer and accelerate the reaction kinetics,
becomes less important. Subsequently, Wang’s group®® fabri-
cated carbon nitride aerogels via a sol-gel process by simply
leaving a water suspension of carbon nitride nanoparticles to
stand, which had highly exposed -NHy and hydroxyl groups to
promote physical interaction forces, and thus form a hydrogel.
The resulting aerogels exhibited an increased production of
H,0, from water and oxygen. Both the hierarchical porous
structure and functional groups including -C=N and hydro-
gen-containing groups synergistically contributed to the
enhancement.

3.1.3. Hybridization strategy. Generally, g-C;N, is coupled
with other components for the purpose of (i) efficient charge
separation by introducing electron traps, (ii) appropriate band
alignment by constructing heterojunction or Z-scheme
systems, and (iii) creation of additional active sites.
Accordingly, one can modulate the charge transfer behavior,
facilitate 4e” WOR towards oxygen evolution (so that the sacri-
ficial alcohol oxidation can be replaced) and create new reac-
tion centers.®””7° The surface of g-C3N, is negatively charged
with rich functional groups (particularly exfoliated 2D g-C3;N,
nanosheets), which as a substrate allows multiple types of
interactions with metals (or metallic species), metal com-
pounds, organic molecules, and other carbonaceous species.

The strong anchoring of metal compounds on g-C3N, is
attributed to the delocalization of long electrons induced by
element-doping (such as P) in the g-C3N, matrix. Xue et al.”*
found that substitutional P facilitated the binding of Co,Ni,P
clusters onto g-C3N, (Co,Ni,P-PCN) by P*-P*~-Co”*/Ni’* centers.
Photogenerated electrons were much favorable to be trans-
ferred to these charged centers, and subsequently the Co,Ni,P
clusters, leaving holes on the g-C3N, substrate. The calculated
H binding energy on CoNiP clusters, AGy~, was close to zero
(the top of hydrogen evolution reaction volcano plots). Hence,
this catalyst system resulted in a unique water splitting route
to H, on the CoNiP clusters and H,O, on g-C3;N, via a direct
2e”~ WOR pathway (Fig. 5c). The hybridization method is also a
crucial point to be considered since robust interfacial contact
and uniform dispersion are widely verified to be significant,
for example when loading metallic nanostructures onto
g-C3N,. Accordingly, Cai et al.”> modified ultrathin g-C3N, with
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the redox of dopamine via a one-pot polymerization to obtain
a homogeneous decoration of silver (Ag@U-g-C3N,-NS). The
activity for H,0, production was improved since the Ag nano-
particles preferred photoformation of H,O, over its decompo-
sition. Meanwhile, Ag@U-g-C3N,-NS presented outstanding
performance in the degradation of common organic pollu-
tants, demonstrating both the application of environmental
remediation and green chemical synthesis. To maximize the
interfacial contact area, the 2D/2D geometry is thought helpful
for a tight interface and promoted mass/charge interaction
between two components.”® Besides metal cocatalysts (which
are often nanoparticles), metallic sulfides (such as MoS,)”* can
serve as e~ acceptors and additional active sites. In our pre-
vious work,” the in situ growth of metallic MoS, on g-C;N,
nanosheets showed an even loading of MoS, nanolayers, while
only random agglomeration could be formed via the ex situ
mixing. Consequently, impressively enhanced activity for the
photocatalytic synthesis of H,O, was achieved via increased
interfacial charge transfer, leading to a better performance in
bacterial inactivation by the photogenerated germicide H,0O,.

Moreover, flexible modification by various organic
molecules®’®’”” has been another strategy of great interest for
the photocatalytic synthesis of H,0, using g-C;N,. For
example, Yang and coauthors®® assembled perylene imide (PI)
on rich inherent amine edges of g-C;N, nanosheets to form a
Z-scheme heterojunction. The photoexcited h* left on the VB
of PI could oxidize water to "OH and the following combi-
nation of two "OH enabled the formation H,O,. Together with
the 2e” ORR pathway, this Z-scheme system resulted in two-
channel photocatalytic H,O, production (Fig. 5d), indicating
the importance in band alignment design for semiconductor-
based photocatalyst hybrids. Recently, the g-C;N, photocatalyst
was modified with cationic polyethylenimine (PEI) molecules
by simply mixing in aqueous suspension due to their opposite
surface charge.”® The variation in local electronic environment
was demonstrated by both DFT calculation and experimental
characterization. The possible route for H,O, formation was a
sequential two-step 1e~ ORR based on the O,-dependent per-
formance and detection of O, . The intermolecular electronic
interaction in PEI/g-C;N, together with intrinsically protonated
PEI serving as a H' relay promoted both the activity and
selectivity for the photocatalytic synthesis of H,O,. As men-
tioned above, AQ can selectively serve as an oxygen reduction
site, and cobalt species can act as a water oxidation site for O,
evolution. In a recent report, loading both of them as reductive
and oxidative sites on C;N, resulted in inhibited charge recom-
bination for an enhanced H,0, production rate and selectivity.
A center/edge approach was proposed to separately load single-
atom Co and AQ molecules based on the rational design of the
fabrication procedure, such as homogeneous dispersion of Co
precursor and rich amino groups at the edge of C3N, to bind
with carboxylic groups in the AQ precursor, instead of unregu-
lated loading and distribution of two cocatalysts.”®

In the electrocatalytic production of H,0,, an example of a
g-C3Ny-based gas diffusion electrode (GDE) was reported,
where by covalently modifying with AQ, the generation rate of
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H,0, increased by 20 times and 4 times, respectively, com-
pared to that of the bare g-C;N, GDE and AQ-g-C3;N, conven-
tional immersed electrode.’® g-C;N, was proven to be an
amiable substrate for chemically bonding AQ (20 wt%) as an
electrocatalytic redox reaction center for H,0, formation from
2e7-ORR, although the overpotential (900 mV) was relatively
large for an optimal performance due to the weak conductivity
of ¢g-C;N, and the maximum faradaic efficiency was only
42.2% (which could be caused by hydrogen evolution reaction
(HER) on the g-C3;N, surface covered with AQ). Furthermore,
combining g-C3;N, with a conventional electrode (activated
carbon (AC) fiber) could drive the photoelectrochemical (PEC)
production of H,O, to directly degrade phenol.®'

Reduced graphene oxide (rGO) is another well-known elec-
tron mediator for photoexcited charge separation on
semiconductors.”®*>®* Electronic interactions were found in
some multiple-component photocatalyst systems based on
g-C3N,, where rGO accepted photoexcited e~ from g-C3;N, and
promoted the reductive production of H,O, (inherent oxygen
functional groups on rGO possibly being the active sites).

3.2. Graphene and its hybrids

3.2.1. Modification of graphene. Graphene is a single well-
defined layer of sp>-hybridized carbon. Its unique properties
(such as high electronic conductivity and stability) and 2D
structure make it a widely used catalyst or catalyst support,
mostly in terms of graphene oxide (or rGO) and heteroatom-
doped graphene, because pristine graphene is considered inert
in catalysis.*»® Oxygen functional groups, defects, and doped
elements are generally the active sites in reactions catalyzed by
graphene-based materials, originating from the change in elec-
trical state.®®

Specifically, thermally reduced graphene oxide was studied
as an electrocathode to catalyze oxygen reduction to H,0,.>*
The overpotential was as low as 10 mV and completely selective
2e” ORR was realized, exceeding that of the state-of-the-art cat-
alysts reported at that time (Fig. 6b). According to the FTIR
spectra (Fig. 6a), the peak assigned to the ring ether groups at
the sheet edge of 600 °C mrGO (mild reduction of graphene
oxide) was much more obvious than that of the other samples.
Combined with results of a series of spectroscopic analyses
and in situ Raman spectroscopy (which has not been exploited
before), the sp>-hybridized carbon near-ring ether defects were
identified as the active sites, while for F-mrGO (few-layered
mrGO) the epoxy groups on the basal planes were the active
sites (Fig. 6¢). The likely overoxidation during the fabrication
of graphene (typically by Hummers’ method) induces abun-
dant in-plane carbon lattice defects, which may improve the
catalytic activity when the density of defects is appropriate or
negatively influence the performance when the defects are
excessive (one possible reason is the lower electrical conduc-
tivity).®” This was explored by Han and coauthors using gra-
phene/GO precursors with different defect densities in the
electrochemical reaction for 2e~ ORR to H,0,.%% After
ammonium hydroxide treatment of the precursors to induce N
doping, the highest selectivity was found with the lowest
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Fig. 6 (a) FTIR spectra of various mrGO powder samples. (b) Mass
activity of different electrocatalysts for H,O, production. The data pre-
sented as dashed lines was measured in acidic conditions (0.1 M HCIO,)
and that as solid lines was measured in basic conditions (0.1 M KOH). (c)
Idealized schemes of proposed low-overpotential active sites on
F-mrGO and F-mrGO (600). Reproduced with permission.>* Copyright
2018 Springer Nature.

defect density precursor, and the activity was optimized at 0.2
V (vs. RHE). This indicates that the content of in-plane carbon
lattice defects should be controlled when designing carbon-
based electrocatalysts for the production of H,0,.

Hydrogen peroxide is commonly used in advanced oxi-
dation processes to degrade organic pollutants. Su and coau-
thors modified a graphite felt cathode with regulable N-doped
graphene.®® According to their investigation, graphite N was
proven to favor the 2e™ reduction of O,, while pyridinic N cata-
lyzed H,0, to produce ‘OH, which was the dominant oxidant
for the following phenol degradation. Compared to conven-
tional electro-Fenton system, the dependence on solution pH
was greatly minimized in this electrochemical process.

Notably, bare graphene oxide, possessing a semiconducting
band gap, was demonstrated to directly catalyze H,O, pro-
duction driven by simulated sunlight in the absence of an
organic electron donor.”” A higher production rate was
achieved at a higher pH; however, more severe photocorrosion
occurred because of the possible reduction of graphene oxide.

3.2.2. Hybridization strategy. Composite catalysts based on
graphene are usually employed to improve the photocatalytic
synthesis of H,0,, where photoabsorbers (e.g. TiO,, carbon
nitride, CdS and coordination polymers) are adopted to
initiate the photoexcitation of charge carriers and rGO acts as
an electron mediator and reduction active site.”’®* In our pre-
vious work utilizing photogenerated ROS for water disinfec-
tion, the promoted formation of H,0, was responsible for the
generation of oxidative species on two different TiO, semi-
conductor-based ternary nanocomposites catalysts modified
by rGO nanosheets.”>®” Two distinct routes were observed for
the formation of H,0, by, specifically, the photoreduction of
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O, via a 2e” pathway on TiO,/rGO/WO;, where a Z-scheme
system was constructed between TiO, and WO;, and the
recombination of “OH on TiO,/carbon dots/rGO, where carbon
dots functioned further as an e acceptor, with charge carrier
migration mediated by rGO in both routes. However, the
adjustment of selectivity towards H,O, was not a priority since
a higher inactivation performance was the ultimate objective.
Another ternary hybrid consisting of triplet-triplet annihil-
ation (TTA) upconversion (UC) chromophore, CdS and gra-
phene oxide nanodisks (GOND/CdS/TTA-UC) was established
as a multi-functional photocatalyst for low energy photon exci-
tation.”” The photoresponse of the CdS semiconductor was
extended from the wavelength of 505 nm to 635 nm via the
TTA-UC effect, and e~ from CB of CdS was trapped by GOND,
which acted as reductive sites for the 2e” ORR. Consequently,
light utilization, spatial charge separation and reduction in
photocorrosion were realized simultaneously. This three-
in-one heterostructure can obviously prove a design concept
successful; however, it usually involves laborious synthetic
steps, hampering its future commercial production, and its
high complexity makes it a non-ideal model to identify active
sites precisely.

Besides the commonly used graphene sheet, graphene
quantum dots (GQD) with dual dopants (nitrogen and sulfur)
were anchored on the surface of TiO, and the photocatalytic
generation of H,0, was superior to bare TiO, and TiO, modi-
fied with undoped GQD and N-doped GQD. According to the
theoretical analyses, the authors suggested that N- and
S-codoped GQD could offer active sites for the formation of
*OOH and proton relays, thus promoting proton-coupled elec-
tron transfer for O, reduction to H,0,.°” However, dual
dopants are not always beneficial for the catalytic formation of
H,O0,. As is known, the 2e~ ORR was an undesirable reaction
and needed to be suppressed for the selective ORR through a
4e” pathway. The additional doping of boron or phosphorous
on a N-doped graphene electrocatalyst facilitated the 4e” ORR
by minimizing H,0, production because it enhanced the
asymmetry of the spin density or electron transfer on the basal
plane of the N-doped graphene and reduced the energy gap
between the highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO) of gra-
phene.’® In the case of the electrochemical formation of H,0,
from O, by graphene-based hybrids, Nb,Os/rGO sheets
improved the H,O, production in acidic media in contrast to
the pristine rGO cathode, although the enhancement was not
significant.”” In an electro-Fenton system, when a traditional
graphite-based gas diffusion cathode was integrated with rGO,
it presented a better performance for the removal of organic
dye (98% removal rate over 60 min) and a lower energy
consumption.*®°

3.3. Nanostructured carbons beyond graphene

Carbon nanostructures, including nanodots, nanohorns, nano-
tubes, nanosized architectures and porous carbon with flexible
structure engineering (Fig. 7) have been widely utilized in cata-
lyzing the synthesis of H,0,.”*>%""1%® They act as active cata-
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Fig. 7 Nanostructured carbon catalysts. (a) Metal-organic framework (MOF)-derived hierarchically porous carbon (fabricated via the hydrothermal
growth of MOF following pyrolysis at 1100 °C under an H, atmosphere). Reproduced with permission.°® Copyright 2015 WILEY-VCH Verlag GmbH
& Co. KGaA, Weinheim. (b) Hybrids of TiO, nanotubes with carbon dots, obtained from P25 TiO, by NaOH, HNOz and citric acid treatment.
Reproduced with permission.’®® Copyright 2019 Elsevier. (c) TiO, naoparticle@C core—shell structure (through pyrolytic decarboxylation of the
adsorbed aromatic compounds). Reproduced with permission.2°> Copyright 2019 American Chemical Society. (d) Graphitized N-doped single-wall
carbon nanohorns (g-N-CNHs), prepared via a multi-step protocol: oxidization of CNHs, combination with dopamine hydrochloride and polymeriz-
ation, and thermal treatment at 700 °C under an argon atmosphere. Reproduced with permission.’°? Copyright 2018 Elsevier.

lysts, substrates (mostly to support metals or metal alloys
nanoparticles due to their large surface area and high conduc-
tivity),”” and photogenerated charge carrier mediators. They
can be optimized in terms of heteroatom doping,'***"
surface oxidization,*>'™ porous structure tuning,'®''®
defect design''” with in-depth studies aiming to reveal their
structure-to-activity mechanisms. Some of the experimental
results showed their comparable and even better performances
relative to metal catalysts.**"'%®

3.3.1. Porous carbon. Porous carbon materials have gained
increasing attention in electro- and photocatalysis because of
their high surface area and pore volume, numerous defect
sites and decent electronic conductivity."'® They are among
the most early-developed cathode materials, ranging from AC
to heteroelement-doped porous carbon.” The different porous
structures, such as mesoporous, microporous and hierarchi-
cally porous, show varying effects in catalytic performance for
the formation of H,0, (generally with good activity and selecti-
vity).""” However, when porous carbons are further tuned by
modification such as heteroatom doping or oxidization, their
activity and selectivity for oxygen reduction become more
dependent on these foreign perturbations rather than their
porosity."*® A mechanistic study to identify the precise ORR
active sites using a carbon-based model catalyst showed that
pyridinic N created Lewis base sites and made the adjacent
carbon atom adsorption site of oxygen molecule atoms in the
initial step for oxygen reduction."® Nevertheless, the selective
2e” ORR pathway was believed more encouraged with pyrrolic
nitrogen-incorporated carbon, as supported by the observation
that a higher selectivity for the electrosynthesis of H,O, was
obtained with the catalyst synthesized at a lower carbonization
temperature and possessing a higher content of pyrrolic
nitrogen.'°™'*' The favored formation of H,0, by pyrrolic
N-doping was also observed in an electro-Fenton process for

and
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the efficient degradation and mineralization of sulfathia-
22 purthermore, the high electronic conductivity and
stability resulted from N-doping potentially ensure better cata-
Iytic activity. On covalent organic framework-derived porous
carbon, graphitic N was thought to be crucial for the 2e™
ORR.' In 2015, a more detailed correlation between porous
structures and H,O, production by electroreduction was first
investigated on MOF-derived hierarchically porous carbon
(Fig. 7a)."°® The order of the BET surface area and electro-
catalytic activity (2e” ORR) followed the same trend over a
series of samples, where the porous structures were tuned by
the duration of hydrothermal reaction (to grow MOF template).
Comparing the surface area-normalized current efficiency, a
higher ratio of sp- to sp>bonded C and defects for catalyst
carbonized under H, atmosphere was thought to be respon-
sible for the higher selectivity and activity. Both the H,O, pro-
duction rate and current efficiency in acidic/neutral solution
were reported to be among the highest. Accordingly, it will be
of interest to graft this catalyst in a solar-driven H,O, emission
system, e.g. as a potential support for photoabsorders. Besides
nitrogen as a popular dopant, fluorine doping also favored
oxygen reduction to H,O, by promoting the adsorption of O,
and desorption of OOH.""? Using an optimized F-doping con-
figuration, the selectivity and production rate were elevated to
93.6% and 792.6 mmol h™" g™, respectively.

3.3.2. Oxidized carbon. Surface oxidation treatment of
carbon-based materials is an effective approach for improving
their catalytic performance for the formation of H,0,."** In an
earlier report in 2008, an AC cathode was used in an electro-
chemical setup with exposed solid polymer electrolyte, where
continuous H,0, production was observed and improved.”
The authors hypothesized that the origin of the activity was
the oxygen functional groups on the surface of AC, after the
removal of which, H,0, production ceased, while HNO; treat-

zole.
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ment and oxidation both enhanced the performance of the AC
catalyst. The surface chemistry of a boron-doped diamond
(BDD) electrode was also studied for the cathodic formation of
H,0, via preanodization treatment.''®> Before the cathodic
reaction, the anodic potential applied oxidized the sp* carbon
on the boundary of the nanocrystalline diamond grains, and
then influenced reductive H,O, generation positively with an
increase in current density. This approach relied on the
repeated input of oxidative and reductive potentials instead of
the static potential normally used. However, both of the above-
mentioned works did not disclose the role of specific oxygen
functional groups. A more detailed work in 2018 confirmed
the positive correlation between surface oxygen functional
groups and activity and selectivity of electrocatalytic 2e” ORR
H,0, production on oxidized CNT, and the generality of their
tailoring on other types of oxidized carbon (Fig. 8a-c). Among
the various oxygen functional groups and configurations
(Fig. 8d and e), the carbon atoms adjacent to C-O on the basal
plane and COOH at the armchair edge (graphene was used as
the model system) were identified to be the active sites with
the limiting potential closest to equilibrium potential (i.e.
lowest overpotential), which is comparable to reported pre-
cious metal catalysts (Pt-Hg and Pd-Au). The DFT calculation
results explained the outstanding performance and were veri-
fied by further experimental evidence. Notably, the etheric
group in this reported model and that in mildly reduced gra-
phene oxide were both identified as active sites for electrore-
duction of O, towards H,O, in basic and neutral electrolyte,
which would be of interest to intentionally introduce etheric
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groups for further 2e” ORR catalyst design under similar
conditions.

3.3.3. Other nanostructured carbons. Carbon nanodots
with a size of generally less than 10 nm are easily to be
anchored on different substrates as cocatalysts. Carbon nano-
dots have been coupled with semiconductors, for instance
TiO, (Fig. 7b for photocatalytic 2e” ORR) and CoP (for photo-
chemical water splitting into H, and H,0, via a 4e”-2e” cas-
caded pathway, Fig. 5f) to accept photoexcited electrons on the
CB side and become reduction active sites.'®>">* Besides the
catalytic activity of TiO, for the formation of H,0,, it can also
catalyze the decomposition of H,0, together with decompo-
sition caused by ultraviolet range irradiation to excite excitons
across a wide band gap. Enclosing the TiO, core with a carbon
shell (Fig. 7c) can retard the consumption of the generated
H,0, and provide additional active reduction sites through
pyrolytic decarboxylation of the adsorbed single molecular
layer of aromatic compounds.'®

The assembly of different low-cost carbon materials can
potentially enhance their electrochemical performance. For
example, Khataee et al. systematically compared the cathodic
generation of H,O, on a bare graphite electrode and modified
ones (with immobilized AC and CNT)."*® Both AC and CNT
were found to be beneficial in the electrogeneration of H,O,
with an improvement of 3- and 7-fold, respectively, compared
to bare graphite. A suitable applied current, air flow rate, and
acidic electrolyte formed optimized operating conditions.
Amorphous carbon, as another important carbon electrode
characterized by mixed sp*/sp® carbon bonds, was examined in
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Fig. 8 Plots of H,O, current (a) and selectivity (b) at 0.6 V as a function of oxygen content for O-CNTs with various oxidation times, demonstrating
that both the activity and selectivity correlate linearly with the oxygen content. (c) H,O, current (0.6 V) comparison of SP, O-SP, AB and O-AB,
suggesting that the oxidation process is generally applicable for carbon materials. (d) Different oxygen functional group type configurations. The
carbon atoms denoted by a blue circle are the active sites under investigation (M = H and Na). (e) Calculated two-electron (solid black) ORR-related
volcano plot for the electro-reduction of oxygen to H,O, displayed with the limiting potential plotted as a function of AGoon+ The equilibrium
potential for the two-electron ORR is shown as the dashed black line. Reproduced with permission.>? Copyright 2018 Springer Nature.
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terms of correlation between sp® carbon content and capa-
bility of producing H,0, with varying percentages of sp> C
bond over a wide range by tuning the fabrication para-
meters.'”® The maximum H,O0, production was afforded by
the highest content of sp> C bond. A very impressive overall
performance for the electroreduction of O, to H,0, was
achieved.'® A metal-free catalyst system was prepared, which
possessed a unique carbon nanohorn core, suitable porosity,
and a profitable distribution of two types of doped N sites
(Fig. 7d). The catalyst system worked well under acidic, phys-
iological and alkaline conditions (pH = 1, 7.4 and 13, respect-
ively) with a faradaic efficiency up to 98% and relatively low
overpotential.
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3.4. Emerging organic catalysts

Using organic materials with abundant feedstocks as catalysts
can offer sustainable and affordable regulation of reactions in
terms of environment remediation and energy generation,
especially when solar light can solely drive the catalytic reaction
in the case of organic semiconductors."”"*® They often show
flexibility in tuning their chemical and electronic structure.
Some exciting achievements have been presented recently.

The stability of organic catalysts themselves against photo-
corrosion is a precondition. Gtowacki’s group'****® developed
several highly stable organic systems for the photo(electro)cata-
Iytic reduction of oxygen to H,O, in a wide range of pH
(roughly 1-12), i.e. H-bonded pigments (Fig. 9a) and biscou-
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Fig. 9 Organic semiconductors for photo(electro)catalytic H,O, production. (a) Hydrogen-bonded pigment semiconductor epindolidione (EPI) and
quinacridone (QNC) and a digital picture of EPI (yellow) and QNC (red) photoelectrodes. (b) Photocathodic H,O, evolution in a two-compartment
cell with EPI on a Cr/Au working electrode. Reproduced with permission.*?® Copyright 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (c)
Fundamental structure and n-conjugated and n-stacked D—A structure of RF resins. (d) Changes in the amounts of H,O, generated on RF523 and
SCC efficiency. Adapted with permission.®” Copyright 2019 Springer Nature. (e) Scheme of the synthesis of covalent triazine frameworks (CTF) from
their corresponding precursors. (f) Time-dependent formation of H,O, or O, by WOR with different CTF. Reproduced with permission.*** Copyright
2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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marin-containing acenes, with no detectable self-degradation.
Notably, these organic catalysts were able to produce H,0, in
the absence of sacrificial alcohol and the catalyst dosage-nor-
malized H,0, yield was as high as 4060 mg g~* h™" (Fig. 9b),
exceeding the pioneering results on g-C3N, (0.7 mg g~* h™).
However, the concentration accumulated was only 3 mM. The
mechanism was proposed to be similar to that of the quinone/
hydroquinone system, where the organic molecules act as reac-
tion carriers, following the steps of: (i) photoexcitation of
molecules from the ground state, (ii) protonation and photore-
duction of the excited basic carbonyl groups resulting in a
reduce enal state, (iii) nucleophilic attack on dissolved O, and
formation of a tetrahedral intermediate, and (iv) dissociation
of the intermediate releasing HO, , which abstracts a proton
from another enol unit, thus regenerating the ground-state
molecule and yielding one H,0, molecule.

Very recently, Shiraishi’s group®” presented crosslinked
polymer semiconductors, resorcinol-formaldehyde (RF) resins
(Fig. 9¢), increasing the efficiency of artificial photosynthesis
(not only H,0, production) on powder catalysts towards an
unprecedentedly high level (above 0.5% solar-to-chemical con-
version efficiency). The increase in temperature during hydro-
thermal reaction for the fabrication of the RF resins had a
positive influence on their catalytic activity, with the resin
obtained at 523 K generating the maximum H,0, of 62 pmol
in 24 h. A relatively stable and high SCC was reached when
increasing the catalyst dosage and photoreaction temperature
(Fig. 9d), even though self-oxidation of the resins was observed
in the initial stage, which is quite common with organic cata-
lysts. The authors conducted a detailed investigation on the
relation between resin structure and optical/electronic pro-
perties. Briefly, the methylene-crosslinked z-conjugated
quinoid (electron acceptor)-benzenoid (electron donor) resorci-
nol chains formed a low HOMO-LUMO gap and the graphitic
n-stacked chains led to a hybridized HOMO-LUMO level and
low bandgap (2.0 eV, active with 700 nm photons). The suitable
band structure of the RF resins enabled the photoreduction of
0, to H,0, in pure water (2H,O + O, — H,0,). Hence, this in-
expensive and efficient metal-free semiconductor with one-pot
synthesis and wide light-response is particularly promising for
the photosynthesis of H,0,.

In comparison to the dominant 2e~ ORR (or a sequential
two-step 1e~ ORR), water oxidation towards H,O, has not yet
been well investigated and optimized on carbon-based cata-
lysts; however, it has a higher atom utilization efficiency.
Accordingly, Xu’s group'®' managed reaction the pathway for
the photosynthesis of H,O, based on the control of the chemi-
cal structure of covalent triazine frameworks (CTF) with the
modification of acetylene (-C=C-) and diacetylene (-C=C-
C=C-) moieties (Fig. 9¢). The functionalized CTF generated
H,0, by both oxygen reduction and water oxidation via a two-
electron process (pathway is shown in Fig. 5e), while only the
former occurred on the C-C triple-bond-free CTF (Fig. 9f).
AGon~ was used as a descriptor to analyze whether or not the
formation of OH* intermediate is thermodynamically favored
compared to the formation of 'OH radical (AG.oy). When
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acetylene or diacetylene was the active site, AGop» was much
lower, which explained the novel 2e” WOR on the C=C func-
tionalized CTF, where charge separation was also encouraged.

Nevertheless, photocatalysis by organic materials is still in
its infancy, and thus attempted trials would be encouraged
even with unsatisfactory experimental findings at present. A
mass-produced biopolymer, lignin, was examined for the
photochemical generation of H,0,."** Lignin underwent auto-
oxidation, ie. degradation, simultaneously with reductive
H,0, formation. The oxidation of oxalate, the added electron
donor, competed with that of lignin and the redox reaction in
total was increased simultaneously, reaching a maximum turn-
over number (TON) of 17 254 pmol g~". Although, lignin failed
to be a valid photocatalyst, the green H,O, production upon
the degradation of lignin or the byproducts of photooxidation
can be potentially of interest in some applications.

The control of both the composition and microstructure of
catalysts at the molecular level is essential for disclosing the
mechanism of reactions. Thus, for the study of the electro-
chemical production of H,0, and to gain theoretical insight,
Briega-Martos et al.'®® selected an aza-fused m-conjugated
microporous polymer (Aza-CMP, Fig. 10a), which was
assembled from molecular building blocks, with rich pyridinic
N as the single dopant. Aza-CMP presented a high H,O,
selectivity under a tiny overpotential, while post-treatment
with Co(u) catalyzed the further reduction of H,0, to H,O
(Fig. 10b). The DFT results indicated that the hydrogenation of
pyridinic N could destabilize neighboring carbon atoms
slightly, which became the adsorption sites for O, to form
superoxide species (from the partial Mulliken charges in
Fig. 10d) in a monodentate chemisorbed state (Fig. 10c). The
chemisorbed state resulted in the less stable adsorption of
oxygen molecules compared to physisorbed state, which
restrained the breaking of the O-O bond, leading to the partial
reduction of O, to H,0,. Although the activity of this system
was not high, it provided insight into the ORR mechanism on
polymer catalysts.

Despite the intriguing advantages of the light-driven pro-
duction of H,0,, its efficiency is still far from satisfactory since
the separation and migration of photogenerated charge car-
riers lack a driving force. PEC cells can induce spatial charge
separation. Thus, a metal-free polyterthiophene (pTTh)
coating was used as photocathode for oxygen reduction to
H,0,, and a record high H,0, concentration of 110 mM was
accumulated in alkaline electrolyte (pH ~ 13)."** When com-
bined with the NiFeO,/BiVO, photoanode as an O, evolution
catalyst, the authors constructed a bias-free system (Fig. 11a),
which retained outstanding activity and stability. The 2e™ and
4e” pathways were accompanied with the key steps of C-OOH
and CO-OH cleavage, respectively (Fig. 11b). According to the
calculation results, C-OOH cleavage to release peroxide ion
HO,™ (S; — So) was favored by a relatively lower energy and
this reaction rate was ~218 times faster than the rate for
hydroxide ion formation (S; — S,) via CO-OH cleavage. The
energy profile was affected by pH, with a lower pH value to
facilitate the 4e™ process, making the pH a sensitive regulator.

This journal is © The Royal Society of Chemistry 2020


https://doi.org/10.1039/d0nr03178j

Published on 14 July 2020. Downloaded on 5/23/2026 9:35:18 PM.

Nanoscale

View Article Online

Minireview

80 f

60 f

Current efficiency /%
H.0, selectivity / %

00 02 04 06
EvsRHE/V

Fig. 10 (a) Structure of the aza-fused n-conjugated microporous polymer (Aza-CMP). (b) Current efficiency (solid lines) and H,O, selectivity

(dashed lines) for the ORR reaction on the Aza-CMP (red line), Aza-CMP@Co (blue line), and glassy-carbon (black line) electrodes in O,-saturated
0.1 M NaOH solution. (c and d) Monodentate chemisorbed state of molecular oxygen on the carbon atom. (c) Adsorbent-adsorbate-solvent geome-
try (lengths given in A). (d) Mulliken partial charges (e). Explicit water molecule in addition to a continuum model was used as a solvation effect treat-

ment. Reproduced with permission.'** Copyright 2017 American Chemical Society.
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Fig. 11 (a) lllustration of the unbiased H,O, production device, with pTTh as the photocathode and NiFeO,/BiVO, as the photoanode in 0.1 M KOH
and 1 M borate buffer electrolyte, respectively. (b) Proposed reaction cycles of H,O, production with the energetically most feasible active sites. Sq is
the bare surface and S, (x = 1, 2, 3, 4, and 5) are the structures of the intermediate states involved in the ORR. Red, gray, yellow and black balls rep-
resent oxygen, hydrogen, sulphur and carbon, respectively. Reproduced with permission.?®* Copyright 2020 Royal Society of Chemistry.

4. Highlighted carbon-based
materials for 2e™ or 4e~ ORR
To maximize the energy capacity, the 4e~ ORR is a desirable

reaction in fuel cells and metal-batteries.'*>"*°
studies have been carried out to develop carbon-based cata-

Extensive

lysts, which are abundant in nature, to replace platinum cata-
lysts for the 4e™ reduction. However, the exact origin and struc-
ture of the ORR active sites remain unclear. Here, we present
some important experimental and theoretical highlights on
carbon platforms. For the 4e” ORR, carbon nanostructures
doped with nitrogen, such as N-doped CNT and graphene,
have shown similar activity and superior stability and dura-

This journal is © The Royal Society of Chemistry 2020

bility to commercial Pt/C catalysts, especially in alkaline
electrolyte.”®”**  Among the configurations of nitrogen
species, pyridinic and pyrrolic nitrogen atoms are mostly likely
to facilitate the 4e~ ORR process, while their counterparts
without N doping preferably form H,O, first (substantially go
reduction or oxidation, but usually the direct 4e~ route affords
higher complete ORR activity and thus is more desirable). The
electron-accepting nitrogen induces charge delocalization,
which can make adjacent carbon atoms positively charged, to
affect the adsorption of O, and breakage of O-O bond and to
function as oxygen reduction active sites. This hypothesis was
further evidenced in a recent report using graphite model cata-
lysts with N-doping more precisely controlled.’®® The role of
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pyridinic N was emphasized again. Sometimes, metal and nitro-
gen coordinations are thought to be the exact reduction sites.
However, each conclusion is largely dependent on synthesis of
the catalyst materials. High temperature annealing of carbon
materials under N-rich atmosphere (e.g. ammonia) or using
N-containing precursors often results in active N-sites, while N
doping realized by hydrothermal reaction (150 °C, with NH,OH)
does not demonstrate a similar trend (reduced electron number
was calculated to be ~2.7)."*° Instead, it was found to facilitate
the anchoring of the active metal sites. Moreover, even with a
similar doping method, active nitrogen could be doped as qua-
ternary type rather than pyridinic or pyrrolic N."**> Other factors
such as geometry (alignment or roughness of carbons) are less
related to the electrochemical mechanism for the ORR, but rele-
vant to the electrokinetics. For the 2e” ORR, N-doping was also
repeatedly reported beneficial to form H,O, selectively (particu-
larly for oxygen electroreduction), mostly using mesoporous
carbon materials.'®"'*>!* However, clear mechanisms have not
been reported to date. We speculate that the high exposure of
surface/edges in these porous structures may affect the doping
position of nitrogen and alter the way that the N sites regulate
the ORR mechanism. In addition, doping with phosphorus and
halogen atoms result in an enhancement in solar-driven H,0,
production.

On the other hand, many cases related the oxygen-contain-
ing functional groups on carbon catalysts (e.g. g-C3;N,, rGO,
CNT, AC and BDD) with active and selective 2e” oxygen
reduction, as discussed in the above.”??3%°%115 The oxidiza-
tion methods vary. In oxidized carbon nitride, according to the
theoretical energy evolution for each reaction step, C-O-C was
much more favorable in energy than that of other functional
groups. In oxidized graphene, the configurations of oxygen
groups have an obvious influence on activity towards H,O, (as
a function of AGoon~, Fig. 8d and e, scaling linearly with
AGopr, 1.e. AGooux = AGopx + 3.2 = 0.2 eV). The characteriz-
ation evidence provided by Kim et al. to support the oxygen
defect and property relationship was relatively solid. Just as
they suggested, the etheric group should be eliminated when
designing 4e~ ORR carbon catalysts. In other words, etheric
group can be intentionally introduced for further developing
high quality 2e” ORR catalysts.

In theoretical studies, both activity and selectivity could be
examined using AGo- as a descriptor (Fig. 3). The catalysts
with AGop~ close to the top of the 2e™ ORR volcano plots can
potentially catalyze the reaction selectively and actively, which
is also applicable as well for water oxidation towards H,O,.
Tremendous efforts have led us to a deeper understanding of
the ORR mechanism; however, new insights are still needed
with characteristic evidence of catalysts and direct monitoring
of the reaction intermediates.

5. Conclusions and perspectives

The last few years have witnessed fast development in the
electro- and photocatalytic synthesis of H,0, from water and

16022 | Nanoscale, 2020, 12, 16008-16027

View Article Online

Nanoscale

oxygen in the aspects of engineering catalyst materials, opti-
mizing operating conditions and designing reaction setups.
Some inexpensive carbon-based catalysts show comparable (or
even exceeding) electrochemical activity and selectivity to their
noble metal counterparts. For example, the superior perform-
ance of oxidized carbon under alkaline conditions may allow
the direct use of bulk solution in applications such as paper
bleaching and the treatment of acidic wastewater.>>****! The
performance of carbon-based photocatalysts has also improved
significantly in pure water systems, where electron/proton
donors are no long necessary. Considering these advances, we
may expect a massive reduction in capital input when these
technologies are put into large-scale use with efficient, selec-
tive and cheap carbon-based catalysts, simultaneously being
sustainable. However, some challenges are concluded here as
suggestions for problems further works may deal with firstly.

Common problems for both electro- and photocatalytic
systems are impurity of the bulk solution (other than water)
and the self-degradation of catalysts. Generally, H,O, solutions
are desirable with moderate pH, and thus additional electron
or hole scavengers and strong acidic or alkaline electrolytes
should be avoided for most end users. During the redox reac-
tion to form H,0,, catalysts themselves are likely to be oxi-
dized or reduced when charge carriers accumulate on their
surface for both anodic/cathodic electrodes and photoexcited
semiconductors. Therefore, the intrinsic properties of
materials against certain overpotentials or photocorrosion are
important to be considered, and this importance becomes
more significant in long-term operation. For example, WOR
cocatalysts for H,O to O, may relieve the photooxidation of car-
bonaceous 2e~ ORR photocatalysts by transferring h* to the
active oxidation sites on the cocatalyst.

Another big challenge is to increase the H,O, yield, which
has been limited to several millimoles per litre per hour for
most reported systems despite the modification of catalysts
(with a very few exceptional yields of 89-116 mM h™" in electro-
chemical synthesis).**'*® As is known, some materials orig-
inally reported as photocatalysts have been later employed as
electrocatalysts (such as g-C3;N,),*” and vice versa (such as WO;
and BiVO,).”® The major difference between them is that
photoabsorbers are requisite in a light-driven process. Thus,
expended light response to the visible range should be valued
to mitigate H,O, decomposition in the ultraviolet range.
Higher conductivity is another critical factor to increase the
charge transfer in both processes while in photocatalysis the
separation of photoexcited e /h" pairs must be intentionally
guided to withstand their fast recombination. However, there
are several reports showing exciting performances by carbon-
based materials. Porous carbon achieved H,O, yield of
222.6 mM from electrosynthesis,'*® while only <30 mM could
be used in sewage treatment and disinfection. A PEC system
with a polymer photocathode produced 110 mM H,O,, which
could be directly used in certain applications (for example,
pulp and paper bleaching or H,0, fuel cell for the generation
of electricity)."** Although other photocatalytic systems yielded
less concentrated H,0,, they were capable of in situ fading

This journal is © The Royal Society of Chemistry 2020
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Fig. 12 (a) Schematic illustration of the triphase photocatalytic O, to H,O, reaction system with Au-decorated TiO, photocatalysts immobilized on
the porous superhydrophobic carbon fibers. Adapted with permission.2*® Copyright 2019 Elsevier. (b) Schematic showing the assumed possible

reaction pathway of H,O to H,O, tuning by local confined oxygen on glassy carbon after hydrophobic treatment. Reproduced with permission.

Copyright 2020 Springer Nature.

dyes and killing bacteria.”>'* Instead of predicted practical

applications, a remarkable case was demonstrated that 50 ppm
red basic Fuchsin dye in flowing water could be instantly
degraded by continuously produced H,0, solution (24 pmol
min~") from water oxidation."** To fulfill wider and higher
demands, an accumulation of >570 mM H,0, (~2 wt%)"** is
desired by upgrading the state-of-the-art generation rate by
several folds in the following development.

All the above properties (optical, electronic and physico-
chemical) are related to the structure of materials, which also
define the origin of selectivity and activity towards H,O, for-
mation. Nevertheless, some of the mechanical explanations
remain rather speculative, especially when catalyst systems are
prepared elaborately."**'*> More direct experimental and simu-
lated evidence is fundamentally needed based on the precisely
controlled catalyst structures/components for in-depth under-
standing of their structure-to-property correlation, which is
essential for the rational design of future catalysts. For instance,
the bottom-up wet chemical approach could be employed for
the more controllable synthesis of catalyst materials."*® To gain
insight, a combination of theory, computational studies, and
sophisticated in situ/in operando characterization techniques
will be beneficial."*” Accordingly, researchers on heterogeneous
catalysis can learn from each other to inspire ideas.

Besides the catalyst, the reaction can be boosted by design-
ing the system setup. Since the reduction of oxygen to H,O,
involves the interaction among the catalyst, O, and liquid
source of H' (photon incident also matters in photocatalysis),
the reaction is supposed to be faster if one can facilitate their
interaction.'*® Recently, an air-liquid-solid triphase photo-

This journal is © The Royal Society of Chemistry 2020
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catalytic architecture was reported to verify this concept
(Fig. 12a)."*® O, from air was able to directly diffuse from the
backside of the superhydrophobic (aerophilic) carbon fiber
substrate to the front deposited Au-TiO, photocatalysts in a tri-
phase system and the production rate was 44 times that of its
liquid-solid diphase counterpart. Notably, the diffusion coeffi-
cient of O, in air (2.0 x 107" cm® s7') is about four orders of
magnitude higher than that in H,O (2.1 x 107> cm?® s7%).
However, the H,0, concentration increased slowly since
decomposition was found to be dominant over generation.
Thus, a subsequent separation step may solve this issue."”® An
interfacial engineering method was also demonstrated for
anodic H,0, generation on carbon electrodes (glassy carbon,
Fig. 12b, and porous carbon fiber paper).**> Hydrophobic poly-
mers deposited on carbon electrodes locally confined O, (from
4e” WOR), thus shifting AGoy- to the peak of the volcano, and
consequently improving the activity and selectivity of the 2e™
WOR to H,0,. Finally, authors combined this anode to oxi-
dized CNT cathode in a flow cell for the 2e” WOR/2e” ORR
strategy to directly fade organic contamination continuously.
In the future, our reasonable yet ambitious anticipation is that
electro- and photochemical H,0, synthesis systems will be
moving towards more active, selective and stable carbon-based
catalysts, with affordable raw materials and feasible devices to
open up opportunities in wide practical applications.
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