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Recent advances in the field of carbon-based
cathode electrocatalysts for Zn—air batteries
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and Jintao Zhang (= *@

Carbon-based catalysts are widely regarded as one of the most promising materials for energy storage
and conversion technologies due to their high electrical conductivity as well as tunable micro-
and nanostructures. Developing efficient, low-cost, and durable bifunctional carbon-based
electrocatalysts remains challenging. In this review, the recent advances in the field of carbon-based
oxygen reduction reaction/oxygen evolution reaction electrocatalysts for Zn—air batteries are briefly
reviewed, focusing on the fabrication strategies of carbon-based electrocatalysts. Finally, the present

challenges and perspectives in developing advanced bifunctional carbon-based electrocatalysts are

rsc.li/materials-advances outlined.

1. Introduction

Excessive fossil fuel consumption, escalating energy demands,
and environmental concerns have forced us to pursue alter-
native energy conversion and storage devices." Rechargeable
zinc-air batteries have drawn much attention as promising
alternatives for next-generation energy storage systems owing
to their high energy density (1086 W h kg™ ), safety, nontoxicity,
and environmental friendliness.> It is an electrochemical
energy storage technology with an open-cell structure, which
allows continuous, inexhaustible oxygen supply from the atmo-
sphere as the reactant through the redox reaction between the
zinc metal and the oxygen to generate electricity.” However, a
stable power output and long-term stability have not yet been
achieved due to the insufficient activity of air electrodes. The
sluggish kinetics of the oxygen reduction reaction (ORR) and
oxygen evolution reaction (OER) hinders the overall perfor-
mances of batteries. Thus, efficient electrocatalysts for the
ORR and OER are desired to decrease the reaction energy
barrier and increase the activity and stability.* Recently devel-
oped non-noble-metal-based catalysts, which could exhibit a
comparable catalytic activity and a substantially better fuel
tolerance than benchmark catalysts (Pt/Ru0O,), have made great
progress in electrochemical energy storage and conversion.®™®
Among various catalysts, carbon-based nanomaterials are
considered to be the most promising candidates owing to their
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superior electrical conductivity, acceptable cost, unique molecular
structures with a large surface area, catalytic activities in acidic and
alkaline environments, and tunable electronic structures
and microstructures."®™® However, pristine carbon is inert
and inefficient for practical cathode catalyst application. Thus,
much research effort has been devoted to introducing active
sites in carbon-based catalysts through doping (e.g., single,
dual-, and multi doping), defect engineering, and hybridization.
Several reviews have well-summarized the research progress of
metal-air batteries or oxygen catalysts, but an up-to-date sum-
mary is necessary due to the increase in recent research studies,
especially on carbon-based materials. The design strategies of
carbon-based electrocatalysts are discussed in this review,
emphasizing the latest development of carbon-based bifunctional
oxygen catalysts. In addition, the structure-activity relationships
are further understood by coupling the experimental results and
theoretical calculations. Finally, the current challenges and
future prospects of bifunctional carbon-based electrocatalysts
are proposed.

2. Fundamental principles of ORR/OER

2.1 Reaction mechanism of ORR

The oxygen reduction reaction is a vital process for energy
conversion and storage techniques with oxygen participation,
and its efficiency directly determines the overall performance of
devices. In the discharge process of alkaline Zn-air batteries,
the oxygen from the atmosphere could diffuse into the porous
air cathode through the gas diffusion layer (GDL). The oxygen
obtains electrons from the surface of an electrode and is reduced
to hydroxide ions at the triple-phase boundary of oxygen (gas),

© 2021 The Author(s). Published by the Royal Society of Chemistry
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electrolytes (liquid), and electrocatalysts (solid).
steps are proposed below.

(i) the 4-electron reaction process:
0, + H,0 + 4e~ — 40H  (E” = 0.401 V) (1)
(if) the 2-plus-2 electron reaction process:
0, + H,0 +2¢~ — HO,  (E’ =0.065 V) (2)
HO, +H,0 +2  — 30H  (£’=0.867V) (3)
or disproportionation
2HO,” — O, + 20H" (4)

where E’ is the standard reduction potential versus the standard
hydrogen electrode (vs. SHE). Generally speaking, the ORR can
proceed through either an effective 4-electron pathway in which
O, is directly reduced to OH™ or a 2-plus-2 electron pathway
with the generation of HO, as the byproduct. It can be seen
that the ORR pathways may be divided into two scenarios. It is
further found that the ORR pathways and mechanisms vary
with different catalysts and are associated with the adsorption
of O, at catalytic active sites to form the intermediates."®

2.2 Reaction mechanism of OER

The oxygen evolution reaction can be regarded as the reverse
process of the ORR, in which OH™ is oxidized into O, in an
alkaline electrolyte. The OER is also a complex electrochemical
reaction involving multistep electron transfer processes. For
practical Zn-air battery applications, the polarization of the
OER is more severe than that of the ORR, which will result in a
low round-trip efficiency. It is further found that the major
issue for battery failure would be attributed to the high char-
ging overpotential along with the OER, which can result in the
premature decomposition of a catalyst substrate and/or an
electrolyte.’* The basic reaction step is shown below.

40H — O, +2H,0 + 4e~ (E’ =0.401 V) (5)

3. Rational material design strategies
3.1 Heteroatom doping

In principle, large specific surface areas, good conductivity,
low cost, abundant porosity structure, high activities, and
stabilities should be identified for designing highly efficient
carbon-based electrocatalysts. Metal-free carbon materials with
heteroatom doping such as N, P, B, O, S, and F heteroatoms
(Fig. 1), and even the trace transition metal (Co) doping carbon,
could maintain a high surface area, excellent activity, and
electrical properties; tune the electronic structure and atomic
coordination of the carbon matrix; and are commonly regarded
as promising, effective alternatives to Pt-based catalysts for
electrocatalysis of the ORR in metal-air batteries and fuel cells.
In addition, nitrogen doping has a positive effect on the
increase of ORR electrocatalytic activity due to the dipole effect,
in which the electron density of the carbon atoms adjacent to the
nitrogen atom decreases, favoring the dissociative chemisorption

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic summary of heteroatom doping configurations. Repro-
duced with permission from ref. 17. Copyright 2016, Nature Publishing
Group.

of oxygen.>'"'#16718 Tg date, carbon-based metal-free catalysts

with heteroatom doping have been obtained by changing various
heteroatom-enriched dopant precursors or pyrolysis in a desired
atmosphere (e.g., NH; for N doping, H,S and SO, for S
doping)."*>> However, conventional hydrothermal carbonization
or high-temperature pyrolysis remains restricted in terms of two
main issues. One issue is the hindered active centers, damaged
pore structure, and reduced surface area. The other issue is the
difficulty in controlling the location and stability of the active
sites.”® Generally, the configuration, location, and species of
main dopants play a key role in the reaction efficiencies. Studies
demonstrated that dual- and multi-doped carbon materials
manifest superior electrochemical activity to single doped
materials. For example, Zhang et al. developed a large surface
area (~1663 m”> g~ ') mesoporous carbon foam that could greatly
promote the ORR/OER bifunctional activity by efficient P doping
with N.>* Furthermore, density functional theory (DFT) calculations
revealed the essential roles of N, P codoping, and graphene edge
effects. N,P-co-doped highly porous carbon can also be used as a
Zn-air battery cathode electrocatalyst with a large power density and
a prolonged cycling life.>® Thus, doping sites and species of
graphene carbon edges are beneficial for enhancing the catalytic
activity for the ORR and OER at low overpotentials compared with
inner doping. Doping trace transition metals could substantially
improve the electrocatalytic activity owing to the modification of the
local electronic structure of the carbon surface given the different
effects of metals and non-metals on the carbon matrix.'®*°
Zhang’s group developed a hierarchically porous Co, N co-doped
carbon nanoframework (denoted as Co, N-CNF) by a calcination
strategy with mesoporous silica protection.”® The synergistic effect
of Co and N could further induce an uneven charge or spin
redistribution of the adjacent carbon atoms, facilitating the oxygen
adsorption and/or the subsequent O-O bond breaking, and thus
enhancing the ORR activity. Such a strategy provides a direction
for designing highly efficient metal, nitrogen-co-doped carbon
electrocatalysts for the ORR and OER.

3.2 Defect engineering

Defective carbon-based nanomaterials have attracted much
attention recently because they can alter and optimize the
adsorption energy of intermediate species, and modulate the
electronic structure and surface/interface properties to promote
ORR activity.””*® Generally, the classification of defect types is
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complicated, and the commonly accepted, extensively studied
ones are divided into intrinsic and non-intrinsic defects.*®°
Intrinsic defects refer to atoms at lattice positions that miss due
to thermal vibration to form a point defect, containing holes,
edges (armchair and zigzag edges), and vacancies, whereas
non-intrinsic defects are externally introduced defects usually
caused by foreign atoms covalently bonded to carbon atoms in
the lattice.*"*> Many researchers have demonstrated that the
carbon defect is an efficient, crucial strategy to access a highly
satisfactory electrocatalytic reactivity for Zn-air batteries. For
instance, Qiao’s group revealed that the doping content of
pyridinic N can be considerably improved due to the increased
edge structure concentration via laser irradiation, which is
favorable for the enhancement of the stability and ORR/OER
bifunctional catalytic activity (Fig. 2a).>° Mu’s group reported
that the intrinsic pentagon defects in the basal plane can
be conducive to the local electronic redistribution and the
contraction of the bandgap, making the carbon matrix possess

Fig. 2

laser
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a superior binding affinity for oxygen as well as larger charge
densities, facilitating the performance of the ORR (Fig. 2b and c).**
Furthermore, Yao’s group demonstrated that carbon defects can
be controllably derived by removing heteroatoms from graphene,
which is of significance for designing efficient electrocatalysts
(Fig. 2d).>* The defect creation methods discussed above are based
on the in situ synthesis, including the high-temperature hydro-
thermal treatment, pyrolysis, and post-treatment (such as etching).
In addition, plasma is an emerging, attractive surface treatment
strategy for creating facile, rapid, and controllable defects. It can
effectively alter the surface functional groups and expose more
surface sites.>>™” Thus, the advantages of defect engineering could
be summarized as follows: (1) it regulates physical and/or chemical
properties. Introducing defects can effectively alter the porosity
structure and composition of carbon nanomaterials, and sub-
stantially modify the electrical conductivity and conduction
band level. (2) It induces catalytic sites. Different types of
defective carbons are key motivations for the electrocatalytic

doping

oC (OPentagon

(a) Schematic illustration of the preparation of laser-induced nitrogen doped carbon nanotube (NL-CNT). Reproduced with permission from

ref. 30. Copyright 2019, Wiley-VCH. (b) Schematic of the formation of pentagon defect-rich carbon (PD-C). (c) Cropped image of the ac-STEM image.
Reproduced with permission from ref. 33. Copyright 2019, Wiley-VCH. (d) HAADF image of defective graphene. Reproduced with permission from

ref. 34. Copyright 2016, Wiley-VCH.
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ORR, OER, and hydrogen evolution reaction (HER). (3) It has
outstanding support for coupling with active species. Taking
advantage of the synergistic effects of dual components, the
optimal electrochemical performance can be realized. However,
it is still desirable to develop general, cost-effective synthetic
strategies for ingeniously designing the geometric and electronic
structures of efficient carbon-based catalysts.

3.3 Hybridization

An efficient bifunctional catalyst that is cost effective and earth
abundant has long been pursued because it is the core of next
generation energy systems.*® However, a single active compo-
nent has difficulty in satisfying the practical application of
metal-air batteries and fuel cells because of the premature
failure of the active component. Therefore, achieving efficient
integration of dual/multi active components into one catalyst is
highly desirable to understand the interaction and synergetic
effect among the different components. Hybrid materials
of transition metals and/or their derivatives with conductive
carbon are demonstrated as efficient electrocatalysts to boost
the ORR and OER.***° Typically, carbon-supported catalysts,
especially carbon-coated transition metal nanoparticles (NPs)
(Fe, Co, and Ni) or metal compounds, have been extensively
studied and achieved success to some extent. The types of
carbon coatings are not limited to graphene layers but also
include carbon nanotubes and other derived graphitized carbon
layers (such as C3N,). For example, Wang’s group demonstrated
that a lower amount of Co species and an extremely low N
doping are likely to enhance the properties with the carbon
matrix, achieving a high ORR activity."" In addition, the elabo-
rate design of metal alloys with a wide range of sources that are
cost effective, non-toxic, and harmless is indispensable for
maximizing the ORR/OER reaction activity of integrated electro-
catalysts. Cao’s group integrated CoNi bimetallic NPs into
N-doped porous carbon to prepare a highly active oxygen catalyst
(denoted as CoNi/NG), as shown in Fig. 3a.*> They argued that the
superior ORR/OER bifunctional activity of CoNi/NG is ascribed to
the various active sites (i.e., Co-N-C, Ni-N-C moieties, and N-C
sites) and its 2D graphene-like ultrathin structure as well as the
synergistic effect of CoNi alloys. In addition, Mu’s group demon-
strated that the synergistic effect is substantial for electrocatalysis.**
The rational integration of the N-doped carbon and FeNi; inter-
metallic compound can effectively coordinate their advantages to
enhance the catalysis performance. The cladding effect of N-doped
carbon was reported to enhance the electrocatalytic performance of
materials and effectively prevent the corrosion of catalysts in the
catalytic process, exhibiting a good stability.**** For instance,
Jiang’s group developed a hybrid consisting of Fe;C and Co
NPs encapsulated in N-doped carbon with a nanoporous
hierarchical structure via a template-removal method (denoted
as Fe;C-Co/NC) (Fig. 3b).*> Benefiting from the mesoporous
carbon structure by combining 1D carbon nanotubes and 2D
carbon nanosheets, and intimate integration between Fe;C, Co,
and NC, the catalyst manifested a superior triple functional
performance for the ORR, OER, and HER. The DFT results
revealed that the n-bonds between N-C and C-C bonds were

© 2021 The Author(s). Published by the Royal Society of Chemistry
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weakened with the help of Fe;C-Co, making the OOH* and H*
bond to C-Ng (the C atom adjacent to the pyridinic-N) stronger,
which will facilitate OOH* formation and H' adsorption, ie.,
more positive initial potentials for the ORR and HER in experi-
ments. Furthermore, transition metal oxides/phosphides represent
an appealing alternative owing to their wide availability, rich
structural diversity, superior performance, and comparatively
high corrosion resistance in a harsh environment.*® Based on
theoretical calculations and experiments, Song’s group reported
hybrids of CoP and defective carbon as ORR and OER electro-
catalysts, and revealed the interfacial charge polarization with
the electrons gathering at the defective carbon surface and the
holes gathering at the CoP surface due to the strong interfacial
coupling.*” In addition, Masa et al. reported a carbon nanotube-
supported tri-metallic (Mn-Ni-Fe) oxide as a bifunctional oxygen
catalyst and revealed that the combination of the two components
can influence the structural as well as catalytic properties, including
the ORR/OER activity and ORR selectivity."® Metal-nitrogen—carbon
(M-N-C) catalysts have attracted much attention recently. The well-
defined metal-N, center in M-N-C catalysts is usually considered a
possible active site for the ORR due to the appropriate adsorption
energy of oxygen molecules. However, defects and metal-N, sites are
usually discussed separately, and the synergetic effect between them
is hardly explored. Zhang’s group synthesized atomic-scale M-N-C
catalysts (denoted as FePc@N,P-DC) by directly coordinating the
metal-N, organic macrocyclic molecules (FePc) with the N-doped
defective carbon nanosheets through a non-pyrolysis process
(Fig. 3¢).* DFT calculations suggested that the covering FePc
molecules decrease the overpotential of N,P-DC for the ORR. The
enhanced ORR activities can be ascribed to the synergistic effect of
highly conductive carbon nanosheets and the P-doped sites, leading
to efficient electron transportation, optimizing the adsorption beha-
viors of the reaction zone, and tailoring the activity of the electro-
chemical catalysts. Liu’s group reported a Fe,N nanocrystal
embedded N-doped carbon material through post-treatment with
NH; and the Fe,N nanocrystals can be modulated by altering the
NH; treatment time.>® The synergistic effects among the highly
dispersed Fe,N nanocrystals, well-doped nitrogen atoms, and
hierarchical mesoporous structures boost their superior ORR
catalytic activity and high methanol as well as carbon monoxide
tolerance. Therefore, by taking full advantage of the synergistic
effects of multiple active components in one integrated electro-
catalyst, the electrocatalytic activity can be considerably enhanced
due to the changes in the physicochemical properties and the
electronic structure of materials. This finding opened a new
avenue for designing a well-defined multifunctional electrocatalyst
for renewable energy conversion and storage technologies.

4. Structure-—activity relationships

DFT calculations can provide important insights and guide-
lines into understanding the structure-activity relationship and
electrocatalytic mechanism, which are important for designing
the material structure and constructing multiple active sites.
Accurate catalyst structures are currently demonstrated by
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combining advanced in situ characterization and theoretical
calculations.>* Thermodynamically, a better catalyst should
be able to promote the ORR and OER with the overpotential
being as low as possible. The free energy diagram and volcano
plot are generally utilized to describe the ORR mechanism.
Based on previous reports of Zhang’s group, in terms of metal-
free bifunctional catalysts, ORR and OER activity sites can be
attributed to graphene edge effects and optimal edge N,P
doping.>** In detail, the OER and ORR usually occur near
the edge of the graphene but at different sites. Volcano plots
(Fig. 4a and b) show that N,P-coupled doping can deliver the

100 | Mater. Adv., 2021, 2, 96-114

, Elsevier.

best OER performance (0.39 V), and the ORR overpotential
could reach as low as 0.44 V, which is superior to those of the
benchmark Pt (~0.45 V for ORR) and RuO, (~0.42 V for OER).
The active site of the OER is located at the edge of the graphene,
whereas that of ORR is the carbon that is situated near the
N-dopant in graphene edges (Fig. 4c-f). In addition, the DFT
results manifested that the rate determining step (RDS) of the
ORR is OOH* formation, and the OER overpotential is reduced
by the N,P-codoping (Fig. 4g and h). Despite numerous studies
on the development of novel carbon-based catalysts, the ORR
mechanism of the hybrid electrocatalyst with multiple active

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(a) Volcano plots of overpotential n versus adsorption energy of O* of ORR. (b) Volcano plots of overpotential 17 versus the difference between the

adsorption energy of O* and OH*of OER. (c) Initial structure after the adsorption of hydroxyl OH* (d) oxyl O*, and (e) peroxyl OOH?*. (f) Intermediates on
N and P coupled graphene. (g) Schematic energy profiles for the OER pathway and (h) ORR pathway. Reproduced with permission from ref. 24. Copyright

2015, Nature Publishing Group.

sites is not clear and consistent. Fu’s group reported a Co nano-
island rooted on Co-N-C nanosheets supported by a carbon
felt catalyst (denoted as Co/Co-N-C).>* DFT calculations were
performed based on different active sites with the schematic
models of Co(111), N-doped graphene, and Co/NC (C site, N
site, and Co site) to investigate the actual active sites. Fig. 5a
shows that all adsorption energy values of OH*, O*, and OOH*
intermediates on the C sites of Co/NC (blue) are much lower
than those of the NC material, while the adsorption energy
values of OH*, O*, and OOH* intermediates on the Co site of
Co/NC are lower than those of pure Co. The C active sites in the
Co-N-C structure play the key role in ORR activity, and the Co
active sites play the key role in OER activity. In addition, the Co
and N active sites in Co/NC have the highest adsorption energy
of the OOH* intermediate, whereas the C active sites have the

© 2021 The Author(s). Published by the Royal Society of Chemistry

highest adsorption energy for the O* intermediate, indicating
that the RDS of the OER and ORR for the Co-N-C structure
are the formation and decomposition of OOH* and O* inter-
mediates. Furthermore, Peng’s group synthesized a series of
Ni/Co ratio bimetallic coordination polymers using HITP
(HITP = 2,3,6,7,10,11-hexaiminotriphenylene) as the ligand to
investigate the role of metal centers in modulating the ORR
activity.>® Despite the decreased conductivity, Co;HITP, exhibited
excellent catalytic activities in the ORR and OER, which can be
ascribed to the more active metal centers with unpaired
3d electrons. Importantly, the ORR mechanism underwent a
transition from the two-electron pathway on Ni;HITP, to the
four-electron pathway on CozHITP,, which was successfully
confirmed by DFT investigations on the intermediate binding
energetics. Fig. 5b illustrates that all reaction intermediates

Mater. Adv., 2021, 2, 96-114 | 101
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(a) Calculated ORR/OER free energy diagram for Co, NC, and Co/NC electrodes at various sites at the equilibrium potential (1.23 V) in an alkaline

medium. Reproduced with permission from ref. 54. Copyright 2019, Wiley-VCH. (b) Free energy diagrams of intermediates along the reaction
coordinates at a potential of 1.23 V. Reproduced with permission from ref. 55. Copyright 2020, Wiley-VCH. Free energy diagrams of the OER and
ORR with different M centers. (c) HO-M/DG (path B). (d) (HO),~MM?/DG (path B1). (e) (HO),—M'M?2/DG (path B2). (f) (HO),~MM?/DG (path B3).
Reproduced with permission from ref. 57. Copyright 2019, Royal Society of Chemistry. (g) Linear relationship between the amount of charge transfer
from the functional groups and the d-band center. (h) Linear relationship between the adsorption energy of various intermediates and the d-band center.
Reproduced with permission from ref. 58. Copyright 2019, American Chemical Society.
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(0y*, OOH*, O*, and OH*) of the ORR exhibited a lower free
energy on CozHITP, than on Ni;HITP,, suggesting a more
strongly absorbed oxygen species with an improved thermo-
dynamic stability. This finding could be due to the electron
deficiency on the Co 3d,. orbital of Coz;HITP,, which can
enhance the metal center activity. The authors also presented
that the unpaired electron on Co 3d,. within a metastable
quadrilateral coordination can boost the activity of the metal
center, the binding of oxygen species, and ultimately lead to
enhanced ORR activities. Thermodynamic analysis based on
theoretical limiting potentials is fundamental in rationalizing
the activity trends for metals and guiding the design as well as
optimizing various catalysts. However, the rates of the reaction
and electrochemical barriers play a key role in the ORR current,
and the effect of kinetics on the ORR should be considered.
Zhao’s group reported that a prototype study of (Co and/or Fe)-
N, (x = 1-6) embedded configurations (FeCoN,-gra) was
conducted within DFT via spin-polarized calculations.>® The
results indicated that an itinerant ferromagnetic half metal can
be considered as a promising alternative for the ORR and OER.
The ferromagnetically coupled spin-polarized electrons in a
half metal could attract oxygen molecules, and thus stimulate
the ORR, while the formation of the O-O bond in the OER
requires spin conservation. Typically, the metallic spin of a half
metal could moderate the binding strength of the main reac-
tion intermediates. Furthermore, Pei’s group utilized hydroxyl
group modified single- and bi-metal atoms supported on
defective graphene (DG) to study the electrocatalytic ORR and
OER under alkaline conditions.?” The DFT calculation results
indicated that the hydroxyl-group-modified single- and bi-metal
atomic catalysts (M/DG, M = Ni, Fe and Co; MM/DG, where M is
Ni, Co, and Fe; M"M?/DG, where M" and M? are Ni, Co, and Fe,
respectively) could promote bifunctional oxygen activities
compared with the bare atomic metal catalyst, which can be
attributed to the high valence of the transition metal atoms.
Fig. 5¢ shows that the transformation from O* to OOH* is the
potential-determining step on the HO-Co/DG and HO-Fe/DG
for the OER, and overpotentials are measured to be 0.36 and
0.39V, respectively. In reverse ORR, the OOH* formation step is
the potential-determining step. Two kinds of reaction centers
are on the hydroxylated bi-atomic catalysts, namely, single-
transition-metal atom center (M, M', and M?) and bi-metal
atom center (M-M and M'-M?). Fig. 5d-f show that the Co
center of CoFe/DG exhibited the highest OER activity, and the
Ni center of NiFe/DG exhibited the highest ORR activity. The Fe
atom can effectively regulate the electronic structure of Ni and
Co atoms on hydroxylated CoFe/DG and NiFe/DG, leading to
the enhanced ORR and OER activity of Ni and Co atoms. In
addition, Lee’s group presented a versatile strategy for tuning the
ORR activity of a single Fe-N, site by controlling the electron-
withdrawing/donating properties of the carbon matrix.>® They
found that the introduction of oxidized sulfur (S) could decrease
the d-band center of Fe by withdrawing electrons, thus facilitating
ORR at the Fe-N, site by lowering the intermediate adsorption
energy. Fig. 5g shows that the halfwave potentials of FeNC-S-
MSUFC catalysts showed a tendency similar to that of the ratio of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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oxidized S and thiophene-like S. This finding suggested that the
change in the ORR activity of the Fe-N, sites was due to the
electronic effect of the S functionalities incorporated in the carbon
plane. The DFT calculated d-band center was up-shifted with the
increasing amount of charge transfer from the functional group to
the Fe-N, site (Fig. 5h), which can induce a strong interaction
between the Fe-N, site and the adsorbate. Although nitrogen-
doped carbon-based materials have been demonstrated as efficient
ORR/OER catalysts, which type of N dopant being conducive to the
enhanced catalytic performance still requires systematic exploration.
To this end, Zhao’s group reported X-doped (X = B, N, P, and S)
graphdiynes via DFT computations.>® The result revealed that sp-N-
doped graphdiynes, graphitic S-doped, and graphitic P-doped
graphdiynes exhibit comparable or even better ORR/OER catalytic
performance than Pt/C or RuO,. The sp-N dopant is the most
crucial dopant for N-doped graphdiynes. It is illustrated that the C
atoms adjacent to N- and P-dopants and possessing high spin are
the OER active sites, whereas those adjacent to N- and S-dopants
and featuring large positive charges are the ORR active sites. These
results can provide a specific link between the electron structure
and electrocatalytic performance which provides valuable infor-
mation for catalyst design.

5. Bifunctional carbon-based catalysts

The synthesis of carbon-based catalysts mainly depends on
high-temperature pyrolysis, and their intrinsic activity is attributed
to the type of active site.’® In addition, different precursors can be
divided into traditional carbon materials and metal-organic
framework (MOF)-derived carbon-based materials. For bifunctional
carbon-based electrocatalysts, the recently reported active materials
are heteroatom doped carbon, carbon-supported non-noble metal
composites, metal-nitrogen-carbon (M-N-C), etc. In the following
sections, the discussion of the design of carbon-based active
materials will focus on these three aspects.

5.1 Heteroatom-doped carbon active sites

Due to the different electronegativities between the heteroatoms,
such as N, F, S, O, P, and C atom, the doping-induced charge
or spin redistribution can regulate properly the adsorption
energy for reactant/reaction intermediates.®"°* DFT calculations
indicate that heteroatom-doping is a key origin of the activity for
heteroatom-doped carbon electrocatalysts.”**’ Indeed, a nitrogen
and phosphorous co-doped carbon sphere (NPCS) catalyst
was prepared by using manganese dioxide spheres as both
the redox initiator and the self-sacrificing template for the
in situ interfacial polymerization of aniline. After pyrolysis, the
obtained highly porous doped electrocatalysts manifested
the Pt/C-comparable ORR performance with a half-wave potential
(0.83 V vs. RHE) and long-term charging-discharging stability
(337 cycles) in a Zn-air battery (Fig. 6a). It was firstly revealed
that the edge effect to expose more active sites around the edges
is crucial to achieve the high performance for rechargeable
batteries on the basis of the experimental results and theoretical
calculations.?® Recently, Zhou et al. proposed a three-dimensional
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(a) Schematic illustration of the preparation of NPCS. Reproduced with permission from ref. 25. Copyright 2019, Elsevier. (b) Schematic illustration

of the preparation of SNCs. Reproduced with permission from ref. 64. Copyright 2020, Royal Society of Chemistry.

(3D) porous S and N co-doped carbon nanosheets (SNCs) by a
simple two-step heat treatment with r-cysteine as the C, N and S
source, respectively, as illustrated in Fig. 6b.°* With high nitrogen
and sulfur atomic content of 4.92 and 1.54%, DFT calculations
revealed that the introduction of S into graphitic N doped
graphene can decrease the OER overpotential obviously. The
improvement of catalytic performance is attributed to the
synergistic effect of N and S.

5.2 Carbon-supported non-noble-metal-based active sites

Zero-dimensional carbon quantum dots, 1D carbon nanotubes,
2D graphene, and their derivatives featuring excellent electrical
conductivity as well as abundant edges active sites have been
widely investigated.'>®> In addition to direct utilization as
electrocatalysts, carbon nanomaterials can widely serve as the
catalyst support.®® Numerous experimental studies have proven
that defective carbon and/or heteroatom-doped carbon are
necessary for metal loading.®” To date, the enhancement of
bifunctional carbon-based catalyst activity has two directions:
(1) improving the intrinsic catalytic activity of each active site by
modulating the composition of catalysts, such as combining
various transition metals/alloys, metal oxides, nitrides, carbides,
phosphides, and chalcogenides and (2) improving the number
of active sites by tuning the geometric structure and size to
expose more active sites and facilitate mass transfer. In general,
these two strategies are often applied simultaneously. Increasing
mass loading is one available method to improve the activity, but
the intrinsic activity is dominant. In this regard, integrating
highly reactive transition metals with highly conductive carbon
materials to achieve maximum activity and costs effectiveness is
acceptable. For example, Xing’s group synthesized catalysts
featured with thin graphene nanosheet coupling with full
encapsulated ultrafine and highly loaded (~25 wt%) transition
metal NPs (denoted as TMs@NCX) by optimizing the electronic
modulation effect from suitable metal cores for the ORR and
OER (Fig. 7a).°® High-resolution TEM images revealed that TMs
were well-encapsulated by 3-5 graphitic layers, the NiFe core

104 | Mater. Adv., 2021, 2, 96-114

were Ni and Fe mixed at the atomic level, and the lattice fringe
of 2.06 A corresponded to the (111) plane in the cubic NiFe,
phase (Fig. 7b and c). Surface graphitic layers can be adjusted by
an electronic modulation effect from suitable metal cores and
have a positive effect on intrinsic activity. This work confirmed
that the synergistic effect of advantageous metal-substrate
interaction can generate efficient active sites and considerably
improve the activity and stability of the metal supported on
carbon materials. Recent studies suggested that amorphous
metal oxides show excellent performance owing to the increased
number of active sites from lattice defects and/or improved
ionic conductivity due to their abundant oxygen vacancies.®*”°
Graphene with large specific surface areas as conductive sub-
strates is beneficial for increasing the electrical conductivity and
accommodating more active bimetallic oxide catalysts in the
preparation of highly efficient heterogeneous electrocatalysts.
Chen’s group reported hybrid materials comprising amorphous
bimetallic oxide NPs anchored on N-doped reduced graphene
oxide (denoted as Fe,Co;_,O,/NrGO) (Fig. 7d).”* The amorphous
characteristics of the Fe, 5Cog 50, can be proved by X-ray diffraction
patterns. The potential difference of the ORR and OER in 0.1 M
KOH electrolyte is typically 0.78 V, demonstrating an excellent
bifunctional catalytic activity. In a more recent research, the transi-
tion metal-containing N-doped carbon materials could greatly
improve the graphitization and electrical conductivity of the carbon
matrix, preventing corrosion and aggregation during electrochemi-
cal reactions. Furthermore, interactions and synergistic effects
between metal species and N-doped carbon species enhance
the intrinsic electrochemical activity of the ORR and OER by
electronically modulating the charge distribution on active sites
and the adsorption/desorption of O, as well as intermediates.””
Hu’s group reported a 3D hierarchical Co-N-C brush-like
nanostructure by N-doped carbon encased Co NPs by self-
catalyzed growth (denoted as CoNC-NB) (Fig. 7€).”> The obtained
catalyst presented a higher surface area, more accessible active
sites, and enhanced diffusion kinetics. In this case, the rechargeable
Zn-air battery exhibited a high peak power density of 246 mW cm >

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(a) Schematic illustration of the synthetic strategy of the TMs@NCX composite. (b) HR-TEM images of NiFe@NCX. (c) Crystal (111) plane of the

NiFe alloy. Reproduced with permission from ref. 68. Copyright 2016, American Chemical Society. (d) Schematic illustration of the synthesis of
Fe,Co;_,O,/NrGO hybrid catalysts. Reproduced with permission from ref. 71. Copyright 2017, Wiley-VCH. (e) Schematic illustration of the preparation of
various Co—N-C nanostructures. Reproduced with permission from ref. 72. Copyright 2020, Wiley-VCH. (f) Schematic illustration for the synthesis
of S—NizFeN/NSG-700. Reproduced with permission from ref. 74. Copyright 2020, Elsevier.

and a superior long cycling stability. In addition, experimental
evidence indicated that the dual heteroatom decorative NiFe-
based carbon materials, including NiFe oxides/nitrides, can
substantially regulate the electronic structure and induce proper
distorted structures of transition metals to optimize the inter-
mediate adsorption and improve the ORR activity compared
with NiFe oxide/hydroxides when applied for Zn-air batteries.”?
For instance, Wang’s group recently reported S modulated
Ni;FeN NPs supported on N/S co-doped graphene with a porous
structure as Zn-air battery and water splitting device catalysts
(denoted as S-NizFeN/NSG) (Fig. 7f).”* The DFT calculations
revealed that the S decoration can effectively promote the
formation of OOH* intermediates and decrease the Gibbs free
energies for the OER. Benefiting from the increase of accessible
highly active sites and enhanced mass transfer and electron
transportation, the optimal catalyst exhibits superior electro-
catalytic durability. The number of active sites is strongly
dependent on a crucial factor, namely, dispersity.”> An ideal
catalyst has effective active sites, enhanced effective surface
area, and mass transfer rate. Nanoscale size catalysts usually
suffer from uncontrollable aggregation in the high-temperature
pyrolysis and the peeling phenomenon in the catalytic process,
which leads to a tremendous decrease in electrocatalytic activity.
Zhang’s group took full advantage of the natural organic

© 2021 The Author(s). Published by the Royal Society of Chemistry

molecules that featured abundant functional groups and stable
macrocyclic structure, and made them anchoring agents and
dispersants for metal ions to obtain a series of bifunctional
catalysts with a high dispersibility and an excellent activity.>**>7®
For example, we synthesized N, S co-doped porous carbon with
interspersed hollow cobalt oxide NPs.*° Cobalt ions were efficiently
and uniformly bound on the polymer chain owing to the poly-
ethyleneimine molecule with multiple amine groups and good
coordination ability. Coincidentally, to optimize the geometry
structure further and obtain a superior zinc-air battery cathode
catalyst, we utilized tannic acid with abundant phenolic hydroxyl
and strong chelating ability to coordinate metal ions, constructing
a multifunctional catalyst of N-doped graphene embedded with
C05.47,N NPs (Cos 4,N@N-rGO).** Moreover, this crystal structure of
the Cos_4,N phase possesses several nitrogen vacancies, which is
beneficial for ensuring the metallic properties of Cos4,N and
enhances the electrical conductivity. Tannic acid plays an essential
role in regulating the microscopic morphology and phase compo-
sition. The 2D layer structure of graphene was well maintained
after the addition of cobalt ions with the assistance of tannic acid,
allowing ammonia gas to diffuse into the inner space easily and
combine with cobalt species to form cobalt nitride rather than
metallic cobalt. As expected, the Cos,;N@N-rGO-750 exhibited
excellent electrocatalytic activities toward the ORR, HER, and OER,

Mater. Adv., 2021, 2, 96-114 | 105
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and the water splitting driving by Zn-air batteries exhibited good
gas generation rates. As per previous reports, polypyrrole (PPy)
nanotubes can be a desirable choice to hold the post of a template
and nitrogen source owing to their special hollow structure and
high nitrogen content. Recently, Chen’s group developed Co NPs
embedded in hollow N-doped carbon tubes (Co@hNCTs) by using
PPy as the template.”” Benefiting from the interconnected porous
conductive framework and uniformly dispersed Co NPs embedded
within the PPy skeleton, the synthesized catalysts manifested a
better catalytic selectivity and stability toward the ORR with a half-
wave potential of 0.87 V.

5.3 M-N-C (M = Fe, Co, Ni, Cu) active sites

Metal-organic frameworks are a class of materials constructed
by connecting metal ions or clusters with organic linkers,
exhibiting open crystalline structures, exceptional porosity,
structural flexibility, and tunable functionality. Porosity plays
an important role in ion diffusion and mass transfer. An
excellent catalyst requires not only effective active sites but also
a porous structure to facilitate reactant migration. In general,
MOF-derived carbon materials also depend on the thermal
pyrolysis of MOF precursors.®® For instance, Guan et al. reported
a Co single atom electrocatalyst assembled in N-doped porous
carbon nanoflake arrays (denoted as NC-Co SA), which was
fabricated by a facile carbonization-acidification using metal
MOFs as the precursor material.”®> Compared with the Co NP
counterpart (denoted as NC-Co), the NC-Co SA showed a con-
siderably enhanced ORR and OER performance. Hard and soft
templates are commonly used to obtain carbon materials with a
controlled porosity. Changing the MOF synthesis conditions,
introducing templates in MOF synthesis, MOFs with various
morphologies, including 0D polyhedral and nanospheres; 1D
nanorods, nanowires, and nanotubes; 2D nanosheets; 3D
arrays; and other hierarchical structures, have been reported
in the synthesis of carbon-based materials with morphology-
preserved transformations by selecting different types of
MOFs.>>”%% In addition, MOF-derived carbon materials consisting
of metal-based NPs,>®' and atomically dispersed non-precious
metal nitrogen-carbon (M-N-C, M = Fe, Co, Ni, and Cu) active sites
were prepared.”>>**%% M-N-C catalysts have emerged as promising
electrocatalysts for electrocatalysis and energy storage but also face
challenges, including (1) poor utilization of active species and (2)
unclear catalytic active sites.””®> M-N-C catalysts with atomic
dispersion especially derived from the MOFs have also attracted
great attention owing to their highly dispersed active species and
satisfactory electrochemical performance.®* For example, Jiang’s
group recently reported well-aligned single cobalt atom catalysts
derived from urchin-like nanotube structures ZIF-67 (denoted as
UNT SAs/N-C), as is displayed in Fig. 8a.”" X-Ray absorption
near-edge spectroscopy (XANES) and extended X-ray absorption
fine structure results revealed that the single Co atoms have a
CoN, coordination structure in UNT SAs/N-C. Fig. 8b shows that
the maximum value of wavelet transform intensity is near
3.6 A7, indicating the formation of CoN, coordination pattern
in UNT Co SAs/N-C. Additionally, the DFT calculation results
showed that the electron transfer in CoN, is much easier to
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implement within the applied potential, thus leading to a better
catalytic performance toward the ORR/OER. The polyhedron is
one of the most common morphologies of MOF particles,
consisting of zeolite imidazolate frameworks (ZIFs) and UiO,
MIL series. Although they have been used as precursors to
synthesize carbon polyhedra through thermal conversion,
monometallic atomically dispersed M-N-C capabilities toward
the OER are unsatisfactory, bringing a great challenge for the
realization of an efficient ORR/OER bifunctional catalysis. The
chemical interaction and synergistic effect of heterogeneous
bimetallic species for boosting the reversible ORR/OER remain
unclear. All these factors are the foundations of rationally
designed SACs with optimized composition and structure as
highly efficient, durable functional catalysts for chemical and
electrochemical reactions. Thus, Hu’s group reported novel
atomically dispersed binary Co-Ni sites embedded in N-doped
hollow carbon nanocubes (denoted as CoNi-SAs/NC) by pyrolyzing
the dopamine (DPA)-coated MOFs (Fig. 8c).%® Fig. 8d shows the
isolated single-metal atoms in HAADF-STEM. Synchrotron X-ray
absorption spectroscopy measurements were performed to identify
the atomic and coordination configurations in synthesized sam-
ples further. Fig. 8e manifests that the near-edge absorption energy
of the CoNiSAs/NC is higher than that of CoNi-NPs/NC, implying
that the Co single atoms are more positively charged in CoNiSAs/
NC. As expected, the first major peak for CoNi-SAs/NC at ~1.49 A
corresponds to the dominant Co-N coordination that has been
widely recognized in SACs (Fig. 8f). Furthermore, a second peak at
~2.22 A could be assigned to the metal-metal coordination, which
cannot be found in pure Co-N-C and Ni-N-C, proving the
formation of a diatomic Co-Ni coordination. The enhanced ORR
and OER electrocatalytic activity could be attributed to the
abundant single-atom active sites as well as the synergistic
effect from the diatomic structure in porous conductive carbon
frameworks, thus reducing the overpotential and facilitating
electron transfer. Furthermore, the synergistic interaction of a
dual metal-N structure (Co-Ni-N) can be demonstrated by
DFT calculations. The synergistic interaction of dual metal-N
structures (Co-Ni-N) can decrease the energetic barrier and
accelerate the reaction kinetics compared with monometallic
Ni-N and CoNi NP counterparts. When the CoNi-SAs/NC was
applied as the cathode catalyst, the solid flexible rechargeable
Zn-air battery exhibited a stable discharge and charge perfor-
mance (Fig. 8g), demonstrating an excellent flexibility. Wu’s
group recently demonstrated a surfactant-assisted MOF
approach to prepare a series of core-shell structure atomically
dispersed Co-doped carbon catalysts.®® The size and morphol-
ogy of the catalysts mainly rely on the surfactant species
(Fig. 8h). The confinement effect from the cohesive interactions
between the surfactant and the ZIF-8 nanocrystals plays an
essential role of suppressing the agglomeration of Co atomic
sites and mitigating the collapse of internal microporous structures
of ZIF-8. Among the studied surfactants, the pluronic F127 block
copolymer exhibits the greatest performance due to having double
the active site density compared to that of the surfactant free
catalyst. DFT calculations show that unlike other Co catalysts,
this new atomically dispersed Co-N-C@F127 catalyst is believed

© 2021 The Author(s). Published by the Royal Society of Chemistry
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on the CoNy site under a limiting electrode potential of U = 0.67 V. (k) Potential cycling (0.6-1.0 V) stability test of best Co-N-C@F127 catalysts in O,-
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to contain substantial CoN,;, sites, which are active and thermo-
dynamically favorable for the four-electron ORR pathway (Fig. 8i
and j). The Co-N-C@F127 catalyst exhibits an unprecedented
ORR activity with a half-wave potential (E;,) of 0.84 V (vs. RHE) as
well as enhanced stability in the corrosive acidic media (Fig. 8k).
In a couple of recent studies, N-doped carbon nanomaterials
were selected as the supporting matrix for metal single atom
catalysts to develop optimal M-Nj sites, which can be active sites
for oxygen adsorption and subsequent O—O bond breaking
during the ORR.

As aforementioned, the coordination between metal and
heteroatoms in the carbon matrix, in particular, the Co/Fe-
N,-C moieties, can effectively modify the local electronic struc-
ture and thereby optimize the intermediate adsorption, leading
to the prominent synergistic effect for enhancing activity.®®%”:%%
Especially, Zhang’s group have fabricated a Co/N/O tri-doped
graphene mesh catalyst (denoted as NGM-Co) with atomically
dispersed Co-N,-C active sites via the direct carbonization of a
powdery mixture of gelatinized amylopectin, melamine, cobalt
nitrate with the in situ generated Mg(OH), nanoflakes, as
shown in Fig. 9a.%° The flexible solid Zn-air battery displayed
good cycling durability, due to the synergistic effect of high
density of active sites derived from Co-N,-C moieties, nitrogen-
doping and topological defects. Unlike nitrogen-doped carbon,
2-C3N, has a 2D structure and can offer a fixed stoichiometric
ratio with ordered pore structures and more active sites.”® For
example, Cao’s group has proposed a surfactant-assisted approach
to synthesize the single atom Co-N-C catalysts (denoted as CoN,/
NG) via the pyrolysis of g-C;N,, Co salt and the polyoxyethylene-
polyoxypropylene-polyoxyethylene (PEO-PPO-PEO, marked as
F127) complex precursor (Fig. 9b).”" The as-prepared CoN,/NG
exhibited superior ORR/OER activity with the potential difference,
AE (Eogr — Eorr) between the OER potential at 10 mA cm™ > and
the ORR potential at 3 mA cm™2 of 0.74 V (versus RHE), which is
attributed to the synergetic effect of highly active sites of CoN,
moieties and pyridine nitrogen. Except for well-defined porphyrin-
like M-Nj sites, recent studies have demonstrated that introducing
extra metals or heteroatoms to form new coordination structures is
an effective strategy to further enhance the catalytic performance
of single metallic sites catalysts. For instance, Yuan et al. prepared
carbon nanosheets embedded with nitrogen and phosphorus
dual-coordinated iron active sites (denoted as Fe-N/P-C) via the
polymerization of pyrrole in the presence of phytic acid and FeCl,
as displayed in Fig. 9¢.°* Both experimental and theoretical results
suggest that the Fe-N;P active sites can be favourable for the
adsorption/desorption of oxygen intermediates, which would
accelerate reaction kinetics and boost catalytic ORR performance.

6. Novel air electrode development
6.1 Flexible free-standing 3D electrodes

In terms of air electrodes applied in Zn-air batteries, the
current regular procedure is to combine electrocatalysts with
polymer binders and then disperse them on the conductive
substrate, such as carbon cloth (CC), carbon paper, stainless
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steel meshes, and metal foams.*>** > However, the resulting
problem is that the exposed active sites of the catalysts are limited,
and the synthetic processes are tedious. Thus, rechargeable flexible
free-standing electrodes for Zn-air batteries have attracted much
attention as promising next-generation energy storage devices for
portable and wearable electronics.”® Among other conductive
substrates, CC is commonly utilized as a conductive substrate
for air cathodes owing to its excellent flexibility, high conductivity,
and stability.** However, CC exhibits almost no catalytic activity
and merely acts as a conductor of electricity. An ORR/OER bifunc-
tional catalyst coated on a CC effectively alleviates the high over-
potential of Zn-air batteries. Experiments suggest that activating
CCs by rational surface modification is a feasible, promising
strategy to achieve activated carbon fibers used as bifunctional
freestanding, flexible air electrodes without any binder.®” The
design principles of carbon materials also apply to the surface
modification of CCs, such as heteroatom doping, defect intro-
duction, and in situ growth of other active components. For
example, Zhang’s group proposed the exfoliation of carbon
fibers using the high-temperature H, etching method, with
which an emerging core-shell structure of carbon fibers coated
by active porous graphene nanosheet skin can be obtained.’”
The core is an internal free-standing flexible, conductive carbon
fiber skeleton, while the outer carbon shell consists of porous
graphene sheets through directly exfoliating on the surface. The
coaxial cable-like structure o-CC-H, with abundant defects and
a porous surface exhibits a high electrocatalytic activity and is
assembled as the air electrode in a flexible solid-state Zn-air
battery with an open-circuit voltage of 1.258 V. Zhao’s group
presented a chemical oxidation CC by mild acid oxidation
followed by air calcination methods (Fig. 10a).”® Uniform nano-
porous, super hydrophilic surface structures with optimized
oxygen-rich functional groups and an enhanced surface area
can be achieved in this manner. Two-step-activated CC (denoted
as CC-AC) as a metalfree OER electrocatalyst exhibits an
overpotential of 360 mV at a current density of 10 mA cm™ 2 in
1 M KOH. When applied as a binder-free air cathode in a
rechargeable flexible Zn-air battery, a peak power density of
52.3 mW cm ™2 and a good flexibility are achieved (Fig. 10b). In
recent years, CC composites with embedded metal/metal oxides
have become widespread by altering geometric structures and
compositions.”” ' Manganese oxide is an attractive candidate
of Zn-air batteries due to the advantages of abundant resources,
low cost, various valence states, and multiple crystal structures.”
However, its poor electrical conductivity hinders the development
of the ORR and OER bifunctional electrocatalytic catalysts. Zhang’s
group reported an in situ growth of MnO, nanoplates on CC via a
chemical bath deposition followed by a thermally driven phase
transformation strategy to address this issue (Fig. 10c)."®> Redox
reactions between carbon and manganese oxide generated the
porous surface of the carbon fiber and facilitated the crystal
structure transition of manganese oxide. Furthermore, galvano-
static discharge-charge cycling curves with different bending
angles were obtained to investigate the flexibility. Fig. 10d
illustrates that the flexible solid state Zn-air batteries can
steadily operate for at least 30 h with bending angles at 60°,

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ma00745e

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

Open Access Article. Published on 25 November 2020. Downloaded on 12/5/2025 8:45:36 PM.

(cc)

Review

View Article Online

Materials Advances

- g-C3N«

° g-CiN«-Co

:.: —F127-Co

L
Phytic ocid

Fig. 9 Schematic illustration of the synthesis of atomically dispersed M—N-C sites in traditional carbon-based materials. (a) Hierarchical Co/N/O tri-
doped graphene catalyst (NGM-Co). Reproduced with permission from ref. 89. Copyright 2017, Wiley-VCH. (b) Single atom Co—-N-C catalysts (CoN4/
NG). Reproduced with permission from ref. 91. Copyright 2018, Elsevier. (c) Nitrogen and phosphorus dual-coordinated iron active sites (Fe—N/P-C).
Reproduced with permission from ref. 92. Copyright 2019, American Chemical Society.

90°,120°, and 180°. The compact interaction between the electrode
and the polymer gel electrolyte would improve the cycling life of
the battery as the bending angles increase. Recently, electro spun
carbon nanofibers from polyacrylonitrile (PAN) have been
considered appropriate flexible 3D scaffolds for constructing
superior composite electrocatalysts owing to their high electronic
conductivity, high inter-fiber porosity, excellent chemical
stability, high-temperature resistance, and large surface area.'®
For example, Yan’s group utilized the CoFe-glycerate microspheres

©2021 The Author(s). Published by the Royal Society of Chemistry

as a metal source as well as a hard template to synthesize the
tunable PAN-derived porous electro spun carbon nanofiber cata-
lysts (Fig. 10e)."** These carbon fibers exhibited good ORR and
OER bifunctional catalytic performance, which might be attributed
to the features of abundant dispersed active M—-N-C sites, hydro-
philicity, and porous structures, thus leading to an efficient mass
transfer and available solid-liquid-gas reaction interfaces.
Fig. 10f shows that the assembled flexible rechargeable Zn-air
batteries using a KOH-filled alkaline polyacrylate hydrogel
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Fig. 10 (a) Schematic illustration of the two-step activation method for the fabrication of CC-AC. (b) Polarization and power density curves of flexible
Zn-air batteries using CC-AC, CC-C, CC-A, and CC-raw as the air cathode. Reproduced with permission from ref. 98. Copyright 2018, Wiley-VCH.
(c) Schematic illustration of the synthesis of MnO,-CC-400. (d) Stability test of the flexible Zn—-air batteries under different bending angles. Reproduced
with permission from ref. 102. Copyright 2019, Royal Society of Chemistry. (e) Schematic illustration of the preparation of metal-doped porous carbon
nanofibers. (f) Power density and discharge profiles for the MDPCF-based solid-state flexible ZAB. Reproduced with permission from ref. 104. Copyright
2020, Royal Society of Chemistry. (g) Formation mechanism of Co/CNFs. Reproduced with permission from ref. 105. Copyright 2019, Wiley-VCH.
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electrolyte exhibited a peak power density of 188.6 mW cm ™~ at
371.3 mA cm 2. In addition, Wu’s group demonstrated a novel,
self-supporting, binder-free film electrode, which could simulta-
neously catalyze the ORR, OER, and HER with excellent activities
and superior stability.'® Fig. 10g illustrates the fabrication of cobalt
NP-encapsulated 3D conductive films (denoted as Co/CNFs). First,
melamine is converted into nitrogen carbon on the Co foil at a low
pyrolysis temperature. Volatile Co species can be generated from the
Co foil and are trapped by the N-doped carbon layer with the
increase of carbonization temperature. The Co species can aggregate
into Co NPs and as seeds for the self-catalytic growth of N-doped
carbon nanotubes, forming the 3D assembly of Co NP embedded
carbon nanotube films. This solid diffusion strategy provides a new,
feasible method to fabricate an “all in one” free-standing multi-
functional 3D electrode.

6.2 Air electrodes with new concept Zn-air batteries

Conventional alkaline Zn-air batteries have attracted extensive
attention and research. However, the highly alkaline reaction
environment has a few disadvantages, such as strong corrosivity
and easily being subjected to carbon dioxide in the air and zinc
dendrites. In recent research, rechargeable Zn-air batteries
with neutral aqueous electrolytes were proposed, which could
alleviate the issue of failure of electrolytes and formation of
zinc dendrites during the charge and discharge cycles.'*®'"”
However, the lower ionic conductivity of neutral electrolytes and
the low efficiency of ORR and OER catalysts substantially
hampered the development of neutral Zn-air batteries.
Engineering rational heterostructures within catalysts is an
efficient method to improve the catalytic properties via inter-
facial electronic coupling. For example, Zhang’s group reported
NiFe,0,/FeNi,S, heterostructured nanosheets (denoted as
NiFe,0,/FeNi,S, HNSs) supported on carbon fiber paper via a
wet chemical sulfidation method.'®® The heterostructure inter-
face effect in electrocatalysis can be regulated by employing
different sulfidation times. The FeNi,S, ratios increased with
the increase of the reaction time, suggesting that the controlled
sulfidation is a feasible strategy to tune the oxide/sulfide interface
intensities and profiles, thus obtaining an ideal bifunctional
oxygen performance. Alkaline Zn-air batteries with 6 M KOH
and neutral Zn-air batteries with 4.0 M NH,CI and 2.0 M KCI
(pH = 7.0) were constructed to demonstrate the advantages of
using a neutral electrolyte. NiFe,O,/FeNi,S, HNS neutral Zn-air
batteries can steadily run for 900 cycles at a current density of
0.5 mA cm > with a roundtrip efficiency of only 0.6% decay,
suggesting the superior cycling stability for low current devices.
With the increase of emerging flexible devices, Chen’s group
prepared a bamboo-structured 1D fibrous electrocatalyst and a
freezing-tolerant hydrogel electrolyte, which exhibited excellent
low-temperature adaptability for flexible rechargeable Zn-air
batteries.’® The high anti-freezing properties of gel electrolytes
are closely correlated with the strong polarity of terminal groups.
Coaxial electrospinning can introduce abundant porosity and
maximize the accessibility of active sites inside the conductive
fibers. More recently, Li’s group demonstrated a photo-excited
Zn-air battery with two cathodes of poly(1,4-di(2-thienyl))benzene

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(PDTB) and TiO, grown on carbon papers to sandwich a Zn
anode."® The PDTB and TiO, cathode can capture light to
separate electrons and holes, thus facilitating the ORR and
OER, respectively. In the discharging process, the photoelectrons
in the conduction bands of PDTB can reduce O, to O,*, and
0,*” then converts to OH ™. In addition, the holes left behind in
the valence bands can oxidize Zn to ZnO. In the charging process
on TiO,, the holes driven by an applied voltage can oxidize OH ™
to OH* and then decomposes to release O,. The discharge voltage
of the photo-excited Zn-air battery is as high as 1.90 V, and the
charge voltage of that is 0.59 V owing to the additional light
contribution. These studies provide an innovative pathway for
designing and developing efficient rechargeable Zn-air batteries
as next generation energy storage devices.

7. Conclusions and outlook

Carbon-based nanomaterials have been regarded as one of the
most promising catalysts for electrocatalysis and energy con-
version technologies. Specially, bifunctional ORR/OER catalysts
with good electrical conductivity, competitive electrocatalytic
activity and relatively high chemical stability are critical for
exploring efficient rechargeable Zn-air batteries. In the last five
years, considerable effort has been devoted to developing,
designing, and synthesizing cost effective, and high-efficiency
bifunctional electrocatalysts, such as carbon-based nanomaterials
and transition metals/alloys, metal oxides, nitrides, carbides,
phosphides and chalcogenides. Rational integration of multiple
active components has been acknowledged as a feasible way to
increase the electrocatalytic performance. This mini-review sheds
light on research hotspot advances of carbon-based bifunctional
oxygen catalysts employed as air-cathodes for Zn-air batteries and
discusses carbon-supported non-precious metal-based materials,
which involve heteroatom-doped carbon loading metal-based
species and metal organic framework-derived M-N-C (M = Fe,
Co, Ni, Cu) composites. Heteroatom-doping, defect engineering
and hybridization are effective strategies to tune the interface
defects and electronic structure, and thus enhance the catalytic
performance. Moreover, the catalytic activity and stability would
be improved synergistically by designing suitable components,
optimizing structures/morphologies, and constructing a unique
synergistic effect between the active components and conductive
carbon. The dispersion of active sites and regulation of physico-
chemical properties including crystalline phases and transition
metal valence are also of great importance. Although significant
progress has been made, several challenges remain in the devel-
opment of desired carbon-based bifunctional catalysts: (1) devel-
oping in situ technologies. A well-defined active site is a vital
factor for the electrocatalytic activity of catalysts. As previously
reported, the phase and morphology of the catalyst may change
qualitatively especially during the OER reaction process.
Consequently, it is significantly crucial to track the species and
structure of active sites via in situ characterization technologies
combined with the experimental observation. In addition, com-
bining in situ techniques with DFT calculations is favorable to
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understand the ORR/OER reaction mechanisms, and even might
deepen the understanding of the reaction mechanisms in carbon-
based catalysts assembled in Zn-air batteries. (2) Optimizing
synthesis methods. The current carbon-based materials generally
rely on template methods, hydrothermal and multiple high tem-
perature pyrolysis. However, these methods possess some disad-
vantages, such as sophisticated synthetic procedures and
extremely low yields. Furthermore, it is merely applicable to certain
catalysts. Thus, feasible and universal synthetic approaches should
to be developed. (3) Exploring corrosion-resistant carbon-based
materials. Carbon corrosion leads to the poor catalytic activity and
stability of bifunctional catalysts, which would peel off or aggravate
the aggregation of active species. To accelerate practical electro-
catalytic applications, new corrosion-resistant carbon-based
materials should be developed. (4) Developing novel 3D free-
standing cathodes. Active components strongly anchoring to a
stable conducting substrate might be an effective strategy to
prepare highly efficient, stable catalysts. The 3D porous free-
standing carbon electrodes can expose more active sites and
offer infinite possibilities for the development of flexible Zn-air
batteries. Therefore, despite the important breakthroughs in the
development of carbon-based catalysts, challenges remain in
applying these to practical Zn-air batteries. This review offers an
update on the recent advances of carbon-based bifunctional oxygen
catalysts. We hope that this will provide several helpful insights into
the future development of carbon-based eletrocatalysts.
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