A - =
J. Electrochem. 2022, 28(2), 2108501 (1 of 25)

[Review]) DOI: 10.13208/j.electrochem.210850 Http://electrochem.xmu.edu.cn

Recent Advances in Structural Regulation on Non-Precious Metal
Catalysts for Oxygen Reduction Reaction in Alkaline Electrolytes

Xue Wang'?, Li Zhang', Chang-Peng Liu'?, Jun-Jie Ge'?,
Jian-Bing Zhu'*, Wei Xing"*'
(1. State Key Laboratory of Electroanalytical Chemistry, Changchun Institute of Applied Chemastry,
Chinese Academy of Sciences, Changchun 130022, Jilin, China; 2. University of Science and

Technology of China, Hefei 230026, Anhui, China)

Abstract: Oxygen reduction reaction (ORR) in alkaline electrolytes is an important electrochemical process for metal-air batter-
ies and anion exchange membrane fuel cells (AEMFCs). However, the sluggish kinetics spurs intensive research on searching robust
electrocatalysts. Non-precious metal catalysts (NPMCs) that can circumvent the cost and scarcity issues associated with platinum
(Pt)-based materials have been pursued and the challenges lie in the performance improvement to rival Pt-based benchmarks. As the
composition and structure of the NPMCs have a significant impact on the catalytic performance, precise regulation on the catalyst
structure holds great promise to bridge the activity gap between NPMCs and Pt-based benchmarks. In this minireview, we aim to
provide an overview of recent progress in the structural regulation on NPMCs towards improved performance. The four typical cate-
gories of NPMCs, i.e., metal-free carbon-based materials, metal compounds, metal encapsulated in graphitic layer and atomically
dispersed metal-nitrogen-carbon materials, are firstly introduced, where catalytic active sites and catalytic mechanism are highlight-
ed. Subsequently, we summarize the representative structural regulation from a nanoscale to an atomic scale including hierarchically
porous structure regulation, interface engineering, defect engineering and atomic pair construction. Special emphasis is placed on
the elucidation of the catalytic structure-performance relationship. The origins of activity improvements from these structural regula-
tions are discussed in terms of accelerated mass transfer, increased accessible active sites, tailored electronic states, and synergetic

effect between multi-components. Finally, the challenges and opportunities are discussed.

Key words: oxygen reduction reaction; non-precious metal catalysts; structural regulation

1 Introduction able energy technologies, however, is greatly obstruct-

In response to energy crisis and environmental pol- ed by the sluggish kinetics of key electrocatalytic reac-
lution, searching for sustainable and renewable ener- tion, oxygen reduction reaction (ORR) at a cathode'.
gy sources has become an important mission of mod- Therefore, efficient electrocatalysts are necessitated
ern chemistry!. In this context, a variety of clean en- to accelerate ORR toward improved conversion effi-
ergy conversion and storage technologies, i.e., anion ciency. Generally, ORR proceeds through either a di-
exchange membrane fuel cells (AEMFCs)® and met- rect four-electron reduction to OH or an indirect two-
al-air batteries™, have attracted extensive research in- electron pathway to HO, (Table 1). Due to the higher
terests. The practical employment of these sustain- energy-conversion efficiency and suppressed poison-
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ing effect induced by HO,, the direct four-electron
pathway is always pursued 9. Although, platinum (Pt)-
based materials are recognized as the most efficient
one in terms of activity and selectivity, but the high
cost and limited reserves impede the widespread
commercialization. Motivated by these challenges, de-
veloping non-precious metal catalysts (NPMCs) that
feature with comparable activity for ORR as the Pt-
based ones represents the core of these electrochemi-
cal energy conversion and storage technologies™. The
past decades have witnessed a boom in the diversity
of NPMCs from metal-free carbons to transition met-
al-based materials, accompanied by the active site
transition from carbon to metal and thus the enhance-
ment in catalytic performance. In 2009, Dai and
co-workers!"” reported the first demonstration of ver-
tically aligned nitrogen-doped carbon nanotubes
(VA-NCNTs) as metal-free ORR catalysts. Pioneered
by this work, substantial attempts have been made to
develop advanced metal-free heteroatoms doped car-
bon catalysts!'l. A parallel effort has been devoted to
metal compounds since Dai’s group™ first discovered
a hybrid material consisting of Co;0, nanocrystals
grown on reduced graphene oxide as a high-perfor-
mance ORR catalyst arising from synergistic chemi-
cal coupling effects between Co;0, and graphene,
there is a stronger ionic Co-O bonding in the hybrid.
Density functional theory (DFT) calculations manifest
that the charge transfer from graphene to Co;0, im-
proves the electronic conductivity of the overall struc-
ture, thereby improving the ORR performance™. An-
other unique metal-carbon interface electronic inter-
action was found by Bao and co-workers in 201319,
which leads to a new family of NMPMs, metals or
metal carbides encapsulated in graphitic layer. Apart
from these heterogenous structured catalysts, atomi-
cally dispersed metal-nitrogen-carbon (M-N-C) mate-
rials that combine the merits of both heterogenous
and homogeneous catalysts are capturing increasing
attention and hailed as a new frontier in the field!"™"".
Beyond the category diversity and performance en-
hancement, increasing efforts are paid on the under-

standing of the structure-activity relationship, which

is beneficial for the rational structure regulation on
electrocatalysts to obtain desirable catalytic be-
haviours. In recent years, structural regulation on the
electrocatalysts from a microscale to an atomic scale
is recognized as one of the most powerful strategies
to bridge the activity gap between NPMCs and
Pt-based benchmarks™*. For example, building a hi-
erarchically porous architecture is favorable to guar-
antee sufficient active site density and smooth elec-
tron/mass transportation towards dramatically boost-
ed performance. Engineering the interface structure
of the heterogenous electrocatalysts is also effective
to modify the electrocatalytic properties by synergetic
effect and/or electronic interaction between different
components. Beyond that, exquisitely manipulating
the active site structure at an atomic scale is hailed as
the most direct approach to regulate the performance
through short-range electronic modulation effect. A
timely summary of the current advancements and fu-
ture perspectives for further investigation is urgently
desirable in ORR community and beyond.

In this minireview, structural regulation strategies
for the representative NPMCs are systematically sum-
marized. Firstly, we give a general introduction of the
four typical categories of NPMCs, namely, metal-free
heteroatoms doped carbon materials, metal com-
pounds, transition-metals encapsulated in graphitic
layers, and the atomically dispersed M-N-C materi-
als, with the emphasis on the structure-activity rela-
tionship understanding for the different catalyst fami-
lies. Subsequently, structural regulation strategies to-
wards improved catalytic properties of these NPMCs
are discussed in detail regarding pore design, inter-
face engineering, defect engineering and atomic pair
site construction. In this section, the important role of
microenvironment on the electronic structure with
the resultant catalytic properties is highlighted. Final-
ly, we present an outlook particularly on the trend
and challenges of the structural regulation from a
nanoscale to an atomic scale.

2 Catalyst Materials
2.1 Metal-Free Carbon-Based Materials

The development of metal-free carbon-based ma-
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Table 1 Reaction equations of ORR in alkaline conditions.

Mechanism Overall reaction
Dissociation 0, + 2% — 20*
20* +2¢ + 2H,0 — 20H* + 20H"
pathway

Four-clectron
process

O, +* — O,*

Associative

20H* +2e° — 20H + 2*

0,+2H,0 + 4e — 40H

0,* + H,0 + e — OOH* + OH"

OOH* + ¢ — O* + OH

pathway

O* + H,0 + e — OH* + OH"

OH* +¢ — OH + *

0, +*— 0O,
Two-electron ’ >

process

0,* + H,0 + e— OOH* + OH
OOH* + ¢ — HO, +*

0,+H,0 +2e — HO, + OH

terials for ORR experienced three stages: non-doped
defective carbon materials, single heteroatom doped
carbons and multi-heteroatoms doped carbons. The
intrinsic defects, i.e., vacancy, pentagon carbon ring,
and Stone-Wales defects, would break the symmetry
of the charge density distribution towards localized
electrons, thereby promoting oxygen adsorption and
the subsequent electron transfer process. For exam-
ple, a single vacancy was reported to increase charge
density of the carbon atoms located at the zigzag
edge by 0.02 €. And the catalytic active sites usual-
ly locate at the zigzag edge or at the end of the pen-
tagon-pentagon-octagon chains. In an attempt to clar-
ify the major active site, highly oriented pyrolytic
graphite catalyst with specific pentagon carbon de-
fective patterns was employed (Figure 1)2Y. Combin-
ing work-function analyses with macro and mi-
cro-electrochemical performance measurements, the
dominated active site was determined as pentagon
defects. However, the ORR activity of the non-doped
carbon materials lags far behind that of the Pt-based
benchmarks and the ORR always proceeds through
an undesirable two-electron pathway™!,

Theoretical calculations show that the adsorption
and reduction of O, molecules can be facilitated by
doping heteroatoms into graphite substrate, This is
because doping can redistribute charge density and/or
spin density of inert carbons towards regulated work
function as a result of electronegativity difference be-

tween heteroatoms and carbon atoms. Nitrogen (N) is

the most widely used dopants and the activity is found
to be correlated with doping level and type of nitrogen
species. Earlier work™” suggests that graphitic/quater-
nary N contributes to the majority of the ORR
catalytic activities because it can break the symmetry
electron distribution and thus facilitating oxygen ad-
sorption. While recent studies®™ imply the crucial role
of pyridinic N as it can activate the adjacent carbon
atoms. By contrast, Ding et al.®™ highlighted the im-
portance of pyridinic/pyrrolic N on the ORR activity
and selectivity. In order to preferential doping pyri-
dinic/pyrrolic N into a carbon substrate, our group®"
employed the nano-CaCO; template to generate edge
defects by the in-situ released CO, gas. With a large
number of pyridinic/pyrrolic N formed at these defect
sites, the catalyst exhibits high ORR selectivity with
the number of transferred electrons calculated to be
3.7 ~ 3.8 from the K-L plots.

Compared with the single heteroatom doping, multi-
doping is proven to be more effectively tailoring the
catalytic properties due to the synergy effect. N and
sulfur (S) co-doped, and N and phosphor (P) co-doped
carbon materials are extensively studied™*. For ex-

ample, our group®¥

reported the high-performance N,
S co-doped carbon materials, and investigated the
synergy between N and S. The doping level can be
well controlled by pre-oxidizing the carbon-based
surface prior to S doping (Figure 2(A)). The results
show that the ORR activity is highly depended on the

pyridinic N and C-S-C contents. S-doping can increase
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Figure 1 (A) Illustration of the edge defect reconstruction; (B) The HAADF-STEM image of N-G. The nitrogen atoms are marked
with the red circles; (C) Expanded image of the dotted box in (B) (‘5” indicates the pentagons). Reproduced with permission of Ref.

24, copyright 2019 Springer Nature. (color on line)

the spin density of the surrounding C atoms®, while N
dopants can afford the surrounding C atoms with
moderate positive charge, such that the presence of
C-S-C lowers the energy barrier for the first electron
transfer step compared with N doped carbon, and
leads to the enhanced intrinsic activity. (Figure 2(B)
and 2(C)). Compared with dual atoms doping, tri-
atoms doping can further enhance the asymmetry of
the spin density of carbon and the degree of sp*C,
thereby improving the catalytic activity and conduc-
tivity of the material. In a recent report from Yu’
group™, introducing additional P into N, S co-doped
reduced graphene oxide (rGO) realized a 2-fold activ-
ity enhancement compared with the original N,
S-rGO. The activity improvement was supposed to
stem from the so-called synergy between these
dopants, i.e., increased active site density, higher in-
trinsic activity and improved conductivity. For exam-
ple, the N-P species were regraded to affect the band
gap of the catalytic material, which increases the

charge-carrier density of carbon. On the basis of N,

S-C, in addition to doping with P, doping with oxygen
(O) can also achieve improved ORR activity. Take the
work from Yang's group®” as an example, a novel N,
S, O tri-doped carbon nanosheet catalyst was pre-
pared. And the amount of O dopants in the carbon
substrate is controlled by altering the content of col-
loidal silica. With the increase in the content of silica,
the content of O is increased, resulting in the activity
enhancement.

At present, doping various non-metallic elements
into carbon materials has become an effective way to
improve ORR activity. However, their performance
is still inferior to the metal-based ones and the
Pt-based benchmarks. Thus, for these metal-free car-
bon-based materials, which calls for the rational de-
sign of the multi-scale structures, i.e., morphology,
active site structure to regulate the site density and
intrinsic activity simultaneously.

2.2 Metal Compounds
In addition to carbon-based materials, transition metal

compounds including oxides!**¥1 phosphides! ™,
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Figure 2 (A) Schematic illustration showing the synthesis of N, S co-doped carbon catalysts; (B, C) Free-energy diagrams of the ORR

mechanism at different electrode potentials (U) on (B) N doped carbon and (C) N, S co-doped carbon. The * denotes the free C site

on doped carbon structure. Insets: the optimized structure of N doped and N, S co-doped carbon structure. The gray, blue and yel-

low balls denote C, N and S, respectively. Reproduced with permission of Ref. 34, copyright 2016 Royal Society of Chemistry. (col-

or on line)

sulfides™), carbides™*9, nitrides™* and correspond-
ing composite materials®™ have become another pro-
mising ORR catalysts due to their relatively low
price, high abundance and nonpoisonous to environ-
ments. Specifically, perovskite-type oxides that own
flexible and controllable structure by changing the
content of doping elements to regulate the strength of
the metal-oxygen bond are one of the most promising
alternatives. Du et al.® doped LaCoO; with an ap-
propriate amount of Mn to regulate the e, orbital-fill-
ing electrons. Besides, the content of O vacancy and
the O 2p orbital energy level increased, thus reinforc-
ing the covalency of the Co-O bond. These adjust-
ments were conducive to improve ORR activity to-
wards the apex of the volcanic curve. Similarly, opti-
mizing the filling number of e, orbitals by doping Fe
in LaCoOs leads to the enhanced degree of hybridiza-
tion of Co 3d and O 2p orbitals, which is beneficial
for activity improvement®™. Beyond the perovskite-

type oxides, transition metal oxides coupled with car-

bon supports represent another promising catalyst

family as MnQO, deposited onto 3D Vertically Aligned
Carbon Nanotube Array (VACNTs-MnO,) compos-
ites®¥, Co,0, nanocrystals coupled with N-doped re-
duced graphene oxide! show excellent ORR activity.

Metal phosphides with high conductivity are also
explored as ORR catalysts. P has higher electronega-
tivity and can attract electrons from metals, which
serves as a Lewis base to work with positively charged
protons during the ORR process. Xu and co-workers®!
synthetized Co,P embedded in Co, N, and P mul-
ti-doped carbon material by one-step phosphidation.
During the pyrolysis process, Co* is reduced to meta-
llic Co, sequentially reacts with P steam to produce
Co,P. DFT calculation demonstrated a relatively high-
er Fermi level and the d-band center for Co,P than the
metallic Co, suggesting remarkable electronic transfer
from Co to P, which may be favorable for adsorption
of ORR intermediates. The bimetallic NiCo-P"?, and
trimetallic FeNiCo-P™, by contrast, show enhanced
activity than single metal. Ren et al.“” prepared the

well-designed hierarchically porous N-doped nanorod
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loaded with Fe-Ni-Co trimetal/trimetal phosphide
nanoparticles (FeNiCo@NC-P), in which Co is the
mainly active site for ORR, while Fe/Ni predomi-
nantly serve as active sites for oxygen evolution reac-
tion (OER). Besides, the electronic modulation effect
between these components was supposed to further
improve their intrinsic activity. Consequently, the in-
tegrated FeNiCo@NC-P catalyst exhibited enhanced
bifunctional ORR and OER performance.

As the analogue to metal oxides, metal sulfides at-
tract considerable research attention as well. Deng’s
group® integrated NiCo,S, with graphitic carbon ni-
tride carbon nanotube (NiCo,S,@g-C;N,-CNT). Due to
the intrinsic property of NiCo,S, and the strong inter-
action with support, the ORR kinetics are significant-
ly accelerated. In order to further improve the elec-
tronic interaction with support, graphene quantum
dots can be introduced into bimetallic NiCo,S, by Liu
et al.®™, which is realized by NiCo-based carbonate
hydroxides growth, sulfuration process and elec-
trophoretic deposition (Figure 3(A)). It is worth not-
ing that the current density of N-GQDs/NiCo,S,/CC
composite catalyst at 0.8 V only emerged negligible
decay (about 7.2%) after 10 h, which generally stayed
ahead of commercial Pt/C catalysts (Figure 3(B)). The
intrinsic superior ORR activity is also revealed by
theoretical calculations (Figure 3(C)).

In addition, transition metal carbides have received
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significant attention owing to their eligible electronic
structure around the Fermi level, which results in the
outstanding activity and stability. However, agglom-
eration and structural collapse of nanoparticles usual-
ly occur during the formation of carbides. To this
end, Yang et al. ™ embedded CoC, into the in-situ
grown carbon nanotubes (C@CoC,) by a solid-solid
separation method. The space-confinement effect of
carbon nanotubes can effectively prevent the agglom-
eration of CoC, nanoparticles. The crucial role of
CoC, in determining ORR activity was confirmed by
showing higher ORR activity than the C@Co coun-
terpart. In order to further improve the conductivity
and accelerate the electron transfer, Jia et al.™ cou-
pled Fe;C nanocrystalline with reduced graphene ox-
ide (rGO), which displayed half-wave potential (E,,)
0f 0.8 V in 0.1 mol-L" KOH solution.

Featured with suitable changes in the d-band elec-
tronic structure, transition metal nitrides possess ex
cellent electronic conductivity and improved ORR ac-
tivity relative to their metal counterparts™. By a facile
NHj; histidine assisted project, Mu’ group” fabricat-
ed unique Fe N nanoparticles implanted in N-doped
carbon without Fe-N, motifs to clarify the important
role of Fe,N in ORR. Two main sites existed on the
surface of Fe,N, i.e., &-Fe,N and {-Fe,N, with the for-
mer exhibiting superior catalytic activity demonstrat-
ed by DFT calculations. In addition, the activity of
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Figure 3 (A) Flow diagram for the synthesis processes of 3D N-GQDs/NiCo,S,/CC composite; (B) Durability testing curves in 0.1

mol-L'KOH; (C) Relative Gibbs free energy diagram of NiCo,S, for the ORR at different potentials. Reproduced with permission
of Ref. 54, copyright 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (color on line)
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the catalyst dropped significantly after removing Fe,C
with acid leaching (approximately 155 mV), further
confirming the crucial role of Fe,C as ORR site. Be-
yond single-metal nitrides, multi-metal nitrides have
also been widely studied due to the tailored electron-
Through
solvothermal and nitriding treatment, Xia and Liao et

ic structure by the secondary metals.

al.™ prepared TiosC0y,N nanosheets with porous ar-
chitectures, which demonstrated the improved ORR
activity than Ti,N. The E;, of TigsCo,,N was 0.85 V
in an alkaline electrolyte, comparable to that of com-
mercial Pt/C.
2.3 Transition-Metal Encapsulated in Gra-
phitic Layers

In general, the bared transition metal-based nano-
crystals in strong alkaline electrolytes are easily re-
constructed or subject to Ostwald ripening, which in
turn leads to the activity degradation. Recently, the
concept about encapsulating nanoparticles of transi-
tion-metal and their derivatives in carbon shells has

Projected density of states O

T Y Y T
9 8 7 B 0 1

3 8 4 9 e
Energy(eV)

j(mA/cm?)

been proposed as an effective approach to protect the
innermost components, yielding a new catalyst family,
transition-metal encapsulated in graphitic layers!'s.
Besides, a unique host-guest electronic interaction
between metal nanoparticles and graphitic surface
could activate the surface carbon shells and thus im-
proving the ORR activity®¥, Inspired by the first dis-
covery of Fe nanoparticles encapsulated in carbon
nanotubes as active ORR catalyst"?, the ORR commu-
nity has devoted intensive efforts to explore robust
and stable catalysts structured in transition-metal en-
capsulated in graphitic layers, where the catalytic
performance is greatly affected by the type of metal
cores, thickness of carbon shell, and dopants into the
carbon lattice.

Among the various candidates, Fe;C encapsulated
in graphitic layers or N-doped carbon nanotubes
(Fe;C@NG or Fe;C@N-CNTs) has drawn immense
attention due to Pt-like electronic structure™*J. Our

group cooperated with Li’s group® to develop a high-

0
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Figure 4 (A, B) Transmission electron microscopic images of Fe;C encapsulated in N-doped carbon nanotubes/carbon black com-
posite; (C) Results of the DFT calculations. PDOS of the p orbitals of C atoms bonded to Fe in Fe;C@SWNT compared with that in
pure SWNT; (D) ORR polarization plots after 20000 cycles in O,-saturated 0.1 mol-L! KOH. Reproduced with permission of Ref.

63, copyright 2015 Royal Society of Chemistry. (color on line)
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pressure pyrolysis strategy for the synthesis of hollow
spheres of Fe;C encapsulated in graphitic layers
(Fe;C/C). The uniform structure and the insignificant
amount of N or Fe on the surface endow the catalyst
as a distinctive model catalyst to identify the real ac-
tive sites. Furthermore, a destructive test of the
Fe;C/C catalyst was conducted by ball-milling to de-
stroy the protective carbon shells around the carbide
nanoparticles and subject to acid leaching to remove
the exposed Fe;C nanoparticles. As a result, series ac-
tivity decay was observed, suggesting the indispens-
able role of the Fe;C core although it does not contact
with the electrolyte directly. Later on, our group '**
encapsulated Fe;C nanoparticles in bamboo-like N-

doped carbon nanotubes/C through functionalizing
the carbon substrate with oxygen containing species
(Figure 4(A) and (B)). The strong electronic penetra-
tion effect from Fe;C nanoparticles to the surface car-
bon is demonstrated to increase charge density near
the Fermi level of C atoms and therefore reduce their
local work function (Figure 4(C)). Owing to the elec-
tronic modification, the as-prepared catalyst show-
cases the excellent ORR activity and stability in 0.1
mol - L' KOH, with the mass activity of 8.27 A-g" at
0.9 V and only 6 mV shift in £, after 20000 cycles
(Figure 4(D)). Further performance enhancement is
achieved by constructing a meso/macroporous archi-
tecture via a simple pyrolysis method™, which will be
discussed in Section 3.1. In addition to Fe;C, transi-
tion metal alloys are also explored as ideal core to
construct the metal alloy encapsulated in graphitic lay-
er catalyst. For example, CoFe™%, CoNi %, FeNj"!
were reported to deliver higher activity than their
corresponding individual components.

As mentioned above, dopants into the graphitic
layer play an important role in the catalytic proper-
ties. On this basis, multi-heteroatoms doped carbons
are developed as the shell for the transition metal en-
capsulation. For instance, P-doping can provide plen-
tiful edge-defect sites and produce P* sites as extra
active sites to further improve the ORR activity of

[72

carbon layers. Wang et al. " prepared the hollow

spheres with CoFe alloyed nanoparticles encapsulat-

ed in N, P co-doped carbon nanovesicles using Vita-
min By, as Co and P resources. Due to the co-promo-
tion effect of CoFe alloy and extra P doping, the
charge density of the carbon atom adjected to N and
P is significantly increased, such that boosting the
oxygen electrocatalysis. Similarly, the S-doping can
create defect sites to increase the active site density.
By in-situ reducing Co,Sg through a two-step calcina-
tion method, novel electrocatalysts of cobalt nanopar-
ticles embedded in N, S co-doped carbon matrix
were prepared successfully. Specifically, the CoS-con-
taining precursor was subject to the heat treatment at
800 °C under N, atmosphere to obtain CoS-1-800. In
order to increase the N content of the catalyst,
CoS-1-800 was mixed with an appropriate amount of
melamine for secondary calcination to obtain CoSMe-
X-800. The resultant catalyst possessed the onset po-
tential and £, 0of 0.95 V and 0.85 V, respectively™.
2.4 Atomically Dispersed Metal-Nitrogen-
Carbon Materials

Downsizing the particle size to single atom affords
the ultimate metal atom utilization and distinct elec-
tronic states of metal centers due to the discontinuous
energy level distribution, and thereby tailoring the
catalytic activity and selectivity. This concept was

[741

explicitly put forward by Qiao et al. in 2011, yet the
pyrolyzed metal-nitrogen-carbon (M-N-C) materials
with atomically dispersed M-N, sites had been exten-
sively studied for a long term, without being specifi-
cally named. And the atomic M-N, sites were be-
lieved to be located inside the micropore of the car-
bon substrate™. On this basis, microporous metal or-
ganic frameworks (MOFs), especially zeolitic imida-
zolate frameworks (ZIFs) with carbon and nitrogen
ligands, have been widely explored as the active site
host. Using ZIF-8 as an active host, Fe(acac), that pro-
vides Fe source was separately encapsulated into the
cage of ZIF-8 due to the similar size between Fe
(acac); molecular and ZIF-8 cavity (Figure 5(A)). A
thermal-treatment under an inert atmosphere trans-
formed the precursor into the atomically dispersed
Fe-N-C materials without Fe nanoparticles™™. Apart

from the ZIFs-confinement strategy, polymers-assisted
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pyrolysis methods are also employed to prepare the
atomically dispersed Fe-N-C catalysts. For instance,
pyrrole-coated Fe,O; nanorods™, poly-p-phenylenedi-
amine ™, and poly-1,8-diaminonaphthalene ™, that
feature with rich nitrogen dopants and porosity, are
developed for the preparation of Fe-N-C catalysts. In
addition to the MOFs or polymers-assisted strategy,
incorporating secondary atoms like Zn, Na, K, or Mg
acting as the fences for avoiding the target metal atoms
from intimate contacts is demonstrated effective to
harvest atomically dispersed Fe-N-C catalysts %%,
Together with the preparation strategy booming, the
activity of Fe-N-C catalyst has been improved to a
Pt-like level. More excitingly, the active site structure
can be elusively identified with the aid of atomic res-
olution STEM, Maissbauer spectroscopy and X-ray
absorption spectroscopy (XAS). Taking our recent
study for example™!, Fe-N-C derived from poly-1,
8-diaminonaphthalene exhibits superior ORR activity
to the state-of-the-art Pt/C. The microenvironment of

the active sites was checked by aberration corrected

. Fe(acac);
« Zn(NO;),
- 2-Melm

7
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-
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STEM and XAS (Figure 5(B) and (C)), confirming
atomically dispersed Fe coordinated with four nitro-
gen atoms as operational active sites.

Although Fe-N-C catalysts are considered as the
most active M-N-C catalysts for ORR, they always
suffer from Fenton reaction to generate poisoning re-
active oxygen species, which will cause degradation
of the catalysts and organic ionomers within elec-
trodes. To mitigate Fenton effect, Lin’ group® incor-
porated MnQ, into Fe-N-C catalyst, in which MnO,
can accelerate the decomposition of harmful H,O,,
thus weakening the Fenton reactions. In addition to
the above method, Co-N-C catalysts with mitigated
Fenton reactions have been explored as a promising
replacement for Fe-N-C catalysts. Similar to the case
of Fe-N-C, ZIFs have attracted tremendous attention
as precursors for Co-N-C, especially that the Co-based
ZIF-67 and ZIF-8 are isomorphic, part of the Co
atoms can be replaced by Zn atoms without changing
the crystal structure. During the annealing treatment
of ZnCo-ZIFs with controllable Zn/Co ratios, Zn*" ions

——— Fe foil

R (R)

Figure 5 (A) Schematic illustration for the formation of Fe-N-C catalysts using ZIF-8 as an active site host; (B) Aberration-corrected
HAADF-STEM image of the isolated Fe atoms involved Fe/N-G-SAC catalyst; (C) Fourier transforms of k*weighted Fe K-edge
EXAFS data. Reproduced with permission of Ref. 81, copyright 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (color

on line)
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can serve as a “fence” to further expand the adjacent
distances of Co* ions, while Zn atoms are finally ev-
aporated due to the low boiling point (e.g., 907 °C), such
that Co-N-C catalysts with isolated Co atoms coordi-
nated with nitrogen atoms are eventually obtained™
Other strategies, i.e., electrostatic spinning®™, poly-
mer-assisted pyrolysis®™), are also developed. In spite
of considerable progress achieved, the ORR activity
of Co-N, is intrinsically lower than that of Fe-N, at-
tributable to the weaker binding of O, on the Co cen-
ter. Other metal centers, Mn™®), Zn® Ni®" and Cul®
are discovered as promising alternatives. For ex-
ample, the outstanding ORR activity with £, of 0.9V
was achieved on Mn-N-C™!, Further efforts are re-
quired to push the activity of the iron-free M-M-C to

a satisfactory level.
3 Structural Regulation

3.1 Hierarchically Porous Regulation
Engineering hierarchically porous nanostructures
are extensively studied to modify the catalytic activi-
ty and stability of the heterogenous electrocatalysts
due to the generated inherent advantages, i.e., large

specific surface area towards increased density of

surface active sites, accelerated reactants/products
transportation, and enhanced accessibility of the ac-
tive sites™. Therefore, proper tune on the pore struc-
ture could regulate the intrinsic activity and mass ac-
tivity for ORR simultaneously.

As the micropore is regarded as the ideal host for
active site deposition, yet it suffers from transfer re-
sistance, hierarchically micro/mesoporous structure is
favorable for enriching active site density and effi-
cient mass transport. For example, 1D ion/nitrogen-
doped carbon nanorods (Fe/N-CNRs) with a hierar-
chically micro/mesoporous structure were developed
by Chen and co-workers™ using 1D Fe,O; nanorods
derived from Fe-MIL-88B as both template and iron
source (Figure 6(A)). The Fe,O; nanorods could serve
as an inducer to initiate pyrrole polymerization as it
would be partially dissolved to generate Fe**. Conse-
quently, the in-situ polymerized pyrrole would act as
carbon, and nitrogen precursor. The unique pore
structure guarantees an ultrahigh Brunauer-Emmett-
Teller (BET) surface area of 666.7 m?:g" and a total
pore volume of 1.3 cm®-g"' (Figure 6(B) and (C)).

Due to the merits, the as-obtained catalyst performs
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Figure 6 (A) Graphical illustration for the synthesis process of Fe/N-CNRs; (B) N, adsorption-desorption results and (C) Pore di-
ameter distribution results for Fe/N-CNRs, N-CNRs, and Fe/N-CNRs-NW; (D) £, and kinetic current density (J,)@0.85V results of
these catalysts. Reproduced with permission of Ref. 79, copyright 2021 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (color

on line)
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outstanding ORR activity with the £, of 0.9 V, su-
perior to that of Pt/C (Figure 6(D)). Combining the
microporous Co-ZIFs with mesoporous FeNi-MIL,
Chen’s group cooperated with Wang’s team™ to pre-
pare multimetal based porous nanorod catalyst with
hierarchically micro/mesoporous structure (FeNiCo@
NC-P) by the dual MOFs pyrolysis strategy. When
employed as the air electrode in Zn-air batteries, the
resultant micro/mesoporous FeNiCo@NC-P displays
a low voltage gap of 0.84 V, much lower than that of
the noble metal benchmarks (1.17 V).

Compared with the micropores or mesopores,
macropores are more advantageous in promoting the
mass transportation and thus decreasing the mass
transfer polarization towards boosted reaction kinet-

ics. Inspired by this, our group™

engineered meso/ma-
croporous nitrogen-doped carbon architectures con-
sisting of iron carbide encapsulated in graphitic layers
(Fe;C/NG) through pyrolysis of poly(1,8-diaminon-
apphthalene) (PDAN) and a subsequent acid leaching
procedure. The in-situ reduced Fe nanoparticles not

only catalyze the graphitic carbon growth, but also

A
00
Y Y o
.... ® : i H
(&) N~ N NH,
APS 449446
SIOz..:olloId FeCly/ZnCl, “r"\ NN T

~

Polymerization
& co- assembly

INUNKI_:« NH,

X b}

HN  dats, L) i
Zn Fe Zn

Si0,@2n-Fe-PPDA

serves as the hard template to form macropores. The
multiple pore structure including both mesoporous
and macroporous pores can be clearly observed from
the N, adsorption-desorption curves. And the struc-
tural benefits are certified by showing excellent
catalytic performance for ORR. Using polystyrene
nanoparticle orderly assembled matrix as a template,
the honeycomb-like Co-N,-C catalyst with micro/ma-
croporous structure was fabricated by Chen and
co-workers™, Owing to the interconnected ordered
macropores throughout the electrocatalyst, active
sites are able to smoothly “exhale/inhale” reactants
and products, enhancing the accessibility of active
sites and the reaction kinetics when applied as an air
electrode in the Zn-air batteries. Later on, they uti-
lized silica nanoparticles as hard templates for the
preparation of meso/macroporous carbon spheres
with densely anchored Fe-N, sites (SA-Fe-N,-MPCS),
as shown in Figure 7(A)*. Compared with bulk solid
carbon-based catalyst (SA-FE-N,-SC) electrode, the
hierarchically porous framework of SA-Fe-N,-MPCS

delivers uncomplicated access of the oxygen to active
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Figure 7 (A) Synthetic scheme for the preparation of SA-Fe-N,-MPCS catalyst; (B) Schematic illustration of the air electrodes and

their SEM images; (C) COMSOL multiphysics modeling of O, diffusion into the air electrode; (D) Polarization and power density

curves of flow batteries with the prepared catalysts and Pt/C. Reproduced with permission of Ref. 80, copyright 2021 Elsevier. (col-

or on line)
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sites and thus affording rich available triple-phase re-
action zone for ORR (Figure 7(B)). The reaction-dif-
fusion model constructed by COMSOL multiphysics
shows that MPCS exhibit less gaseous oxygen trans-

ing approach to boost the intrinsic electrocatalytic ac-
tivity. For instance, chemical coupling of CoO nan-
oclusters and Mn;O, nano-octahedrons to engineer
high-energy interfacial structures leads to a notable
fer resistance and the solid granules are beneficial to enhancement on ORR activity compared with either
construct the pathways for the diffusion of O,, thus CoO or Mn,0,®!. Nonetheless, the semi-conductivi-
boosting cell performance (Figure 7(C)). As a result, ty of metal oxides impedes the catalysts from un-
the as-designed catalyst results in exceptional perfor- leashing their intrinsic activity completely. To ad-
mance with a large peak power density of 130 mW -cm?
(Figure 7(D)).

3.2 Interface Engineering

dress the electronic conductivity issue, the defective
carbon-CoP interfacial structure was constructed and
it exhibited outstanding bifunctional activity, benefit-
For the heterogenous catalysts, their catalytic per- ing from interfacial charge polarization®. However,
formance is highly subject to the surface/interface the long-term stability of defective carbon was ques-
properties of the catalyst, which not only determines tionable in the harsh electrochemical condition. Fur-
the adsorption strength toward the intermediates, but ther optimization of interfacial structure to improve
also affects the charge and mass transfer behaviors. intrinsic activity, electronic conductivity, and stabili-
Bearing this in mind, proper tune on interface struc- ty simultaneously is highly requirable.

ture of heterogenous catalysts is regarded as a promis- To this regard, our group™ engineered the metal-

A
, \\FeNi-MIL-88 ‘e CaNa  N-doped carbon V% s
-t
(rr/ 4 { " encapsulated FeN S
aL"_‘ . N
R oo 3
[ \ N
Ni nanoparticlesg L "‘ﬁ‘ :
O e \Partly VSR
5 lated FeN e
#Melamme @ Fe nanoparticle® s itts e
>
B C 120,
04 :
PH/C =R :II@NCX
= Ni@NCx = 9@ch
— Fe@NCX . B NiFe@NCx-P
~ =@ ~ 100 '
€ 21 —— NiFe@NCx-P . B NiFe@NCx
—— NiFe@NCx g
o
< < d
Eiol =
~ ~N 204
. -
-6 4
T T T T T v
0.0 0.2 0.4 0.6 0.8 1.0 1.2 04
0.75 v 0.80 v 085V

E / V vs. RHE

Figure 8 (A) Schematic illustration revealing the synthetic strategy of the TMs@NC, composite; (B) ORR polarization curves for
TMs@NC, samples in O,-saturated 0.1 mol-L"' KOH at scan rate of 5 mV -s™ and rotation speed of 1600 r-min™; (C) J, of ORR
at different potentials on different catalysts. Reproduced with permission of Ref. 70, copyright 2016 American Chemical Society.
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carbon interfacial structure employing metal-organic-
frameworks (MOFs)-assisted two-stage encapsulation
strategy (Figure 8 (A)). The metallic alloy core and
highly graphitic carbon shell guarantee the excellent
electronic conductivity. Through precisely tuning the
metal core, the electronic penetration effect from
metal core to carbon shell could be well regulated
and thus leading to significantly enhanced ORR ac-
tivity. In his study, different transition metal cores, i.e.,
Ni, Fe and NiFe alloy, were selected as metal cores,
and the resultant catalysts are denoted as Ni@NC,,
Fe@NC,, and NiFe@NC,, respectively. As shown in
Figure 8(B), NiFe@NC, displayed much higher £,
(0.86 V) than Ni@NC, (0.78 V) and Fe@NC, (0.84 V).
Moreover, it also delivered higher kinetic current
density at the fixed potentials than the Ni@NC, and
Fe@NC, counterparts (Figure 8 (C)). The excellent
catalytic activity of NiFe@NC, enabled superior gra-
vimetric energy density of 732.3 Wh -kg,,", against
that of the Pt/C+IrO,-based battery (the energy densi-

ty of 543.2 Wh+kg™). To further increase the cataly-
tic activity, we constructed an exquisite triphasic in-
terfacial structure consisting of encapsulated Fe Ni
alloy, graphitic shell and a partially exposed FeO,
thin-layered surface. This design was accomplished
by the incorporation of Ni, which can adjust the oxi-
dation degree of surface Fe as well as the electronic
structure of the in-situ formed Fe oxide (Figure 9(A)).
The HRTEM image clearly demonstrates the crucial
role of Ni in determining the thickness and electronic
states of the surface FeO, phase (Figure 9(B)). At an
optimal Ni content, the thin-layer FeO, phase not only
participates in constructing active interfacial struc-
ture, but also accelerates electron conduction to guar-
antee the excellent electronic conductivity of ox-
ide-involved structure. Therefore, the hybrid catalyst
outperforms the commercial noble-metal benchmarks
with a higher E,, 0 0.890 V for ORR.

To fulfill good bifunctionality of oxygen electro-
catalysis, engineering metal phosphides-based hetero-
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Figure 9 (A) Schematic illustration for the Ni doping strategy to regulate the interface structure of the as-derived catalysts; (B)

RTEM image, and (C, D) FFT patterns derived from the regions of the areas 1 and 2 in (B). Reproduced with permission of Ref. 97,
copyright 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (color on line)
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inter face structure represents a promising approach
as metal phosphides are hailed as one of the most eff-
ective OER electrocatalysts. Chen’s group®™ reported
the CoO/Co,P heterostructured nanoparticles an-
chored on N-rich nanosheets by a facile, one-step
phosphorization process of layered cobalt (II) hexam-
ethylenetetramine MOFs. The cooperation between
these components was unveiled by theoretical calcu-
lations, which showing a moderate adsorption energy
of OOH on CoO (111) surface (-1.03 eV) and relative-
ly low O, binding energy on CoP (211) surface (0.02
eV). As a result, CoO and Co,P mainly contribute to
ORR and OER in the hybrid, respectively. The elec-
trocatalytic measurements further confirm the superi-
ority of this heterointerface structure design by show-
ing K, of 0.86 V for ORR and overpotential of 370
mV at 10 mA -cm? for OER. Later on, an improvement
was achieved by engineering multi-components-based
interface structure with a well-designed Fe,Ni_MIL-
88@ZnCo_ZIF composite as precursors®!. The de-
rived catalyst featured with CNT-grafted, N-doped
carbon nanorod embedded with Fe-Ni-Co metal/metal
phosphide nanoparticles (denoted as FeNiCo@NC-P).
Its outstanding bifunc tional oxygen electrocatalytic
performance was evidenced by exhibiting a low
charge-discharge voltage gap and an impressive
long-term stability over 130 h when serving as an air
electrode for rechargeable Zn-air battery protype.

In addition to the different active phase surface/in-
terface interactions, the metal-support interaction is
also vital for performance improvement due to its a-
bility in tuning the electronic structures of the sup-
ported metals. Carbon-based materials are widely ex-
plored as ideal supports due to the excellent conduc-
tivity and strong interaction with the supported met-
als. For example, Hou et al.[”! anchored Fe,N nano-
particles on N-doped graphene oxide surface through
assistance of m-m stacking between iron phthalocya-
nine and oxygen containing functional groups in GO,
thus providing an electronic transmission channel
and preventing the agglomeration of Fe,N in pyroly-
sis process. Electrochemical tests show that the ORR

performance of hybrid was significantly better than

those of pure GO, single Fe,N and their mechanical
mixtures, implying a strong interaction occurred be-
tween Fe,N and GO. Coincidentally, Liao et al.['™
prepared the TiCoN, nitride nanoparticles on N-doped
reduced graphene oxide (rGO), yielded £, 0f 0.902 V
better than that of commercial Pt/C approaching to
30 mV.
3.3 Defect Engineering

Defect engineering provides a feasible and effi-
cient approach to tailor the catalytic performance of
the electrocatalysts as the introduction of defects is
proven to regulate the electronic and surface proper-
ties of catalysts towards enhanced intrinsic activity.
For the metal-free carbon materials, the electronic
state could be asymmetrically tailored at the vacancy
or reconstructed carbon defect sites, resulting in en-
hanced ORR activity in comparison to the pristine
carbon with perfect hexagonal lattice. Taking advan-

tages of both defect and dopants, our group™”

strategi-
cally engineered edge defects with selectively doped
pyridinic N and pyrrolic N by an in-situ released CO,
activation method with nano-CaCO; as the template.
The total portion of pyridinic N and pyrrolic N
reached up to 94% in the as-derived catalyst, which
enables high K, of 0.853 V, and comparable Tafel
slope of 58 mV -dec™ to that of the commercial Pt/C
benchmark (62 mV -dec™).

The defect in carbons not only can tailor the elec-
tronic structure of carbon atoms to activate the inert
carbons, but also generate strong metal-support inter-
action in the carbon-metal compound hybrids for
synergetic oxygen electrocatalysis. Take the work of
Chen’s group for example!®!, the defect-enriched N-
doped graphene quantum dots (GQDs) were intention-
ally engineered with 3D NiCo,S, nanoarray as an ac-
tive and a stable air cathode for rechargeable Zn-air
battery. The synergistic effect between N-GQDs and
NiCo,S, facilitate the adsorption of OOH* and des-
orption of OH*, thus leading to faster ORR kinetics.
Besides, the strong coupling and synergetic interac-
tion between N-GQDs and NiCo,S, nanoarray ensure
the long-term durability and high flexibility of the
home-made Zn-air battery device.
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B reveals that en

More interestingly, our recent study
gineering carbon defect to expose active FeN, edge
sites could significantly improve the catalytic activity
of atomically dispersed Fe-N-C. As well known, the
local carbon structure surrounding FeN, moiety plays
a key role in determining the final catalytic proper-
ties, with FeN, located at the edge superior to the one
in plane. Bearing this in mind, we aimed at engineer-
ing FeN, edge sites embed onto the defective carbon
matrix using a self-sacrificed Fe templating approach,
the catalyst was denoted as Fe/N-G-SAC. This strategy
was firstly rationalized by DFT calculations, demo-
nstrating that the atomic FeN, moieties are preferen-
tially deposited onto the nearby Fe clusters and the
removal of Fe clusters would lead to the edge site ex-
posure (Figure 10(A-D)). The reduced coordination
number of edge N (N-C coordination number of 1)
against the in-plane sites (N-C coordination number
of 2) causes the increased electron transfer from Fe to
the adjacent N atom in the former, and thereby, the
negative shift of the d-band center on the edge of
FeN, site. Consequently, the weakened OH adsorption

energy was observed on the edge site, corresponding
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to a faster OH desorption process, which is generally
considered as the rate-determining step on the atomic
Fe site (Figure 10(E)). The concept-of-proof study
confirmed the structure advantage of Fe/N-G-SAC
over other samples. As shown in Figure 10(F), it dis-
played the most positive £, of 0.89 V, even better
than the commercial Pt/C-JM catalyst.
3.4 Atomic Pair Construction

Typically, the well-defined active site M-N,-C, in
the atomically dispersed M-N-C catalysts is formed
by single transition metal atoms coordinated with
four atoms in the same plane (N or C atoms in most
cases). The catalytic performance is directly deter-
mined by the structure of M-N,-C,, i.e., coordination
number, bond length and local carbon environment.
On this basis, the atomic-scale regulation on the
M-N,-C, structure would generate huge influence on
the catalytic performance. The incorporation of sec-
ondary metal atoms into the M-N-C catalysts to gen-
erate a so-called atomic pair site, was found to be
more effectively to boost catalytic activity very recent-
ly. For instance, using bi/tri-metallic zeolitic imidazo-

late frameworks (ZIFs) with controllable metal ratio,
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Figure 10 (A-D) Various Fe cluster/Fe-N, site configurations and the corresponding formation energy (Ey); (E) ORR Gibbs free en-

ergy diagrams on the edge and in-plane sites; (F) ORR polarization curves of the Fe/N-G-SAC, other Fe-based counterparts and the
commercial Pt/C. Reproduced with permission of Ref. 81, copyright 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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our group successfully developed the Co,Ns!" and
FeCoN,!"" atomic pair site. And the superiority of the
atomic pair site to the single-atom counterparts was
confirmed by showing more than one magnitude
higher activity than single-atom counterparts. Both
the geometric structure advantage and OH-ligand
self-binding modulation effect are proposed to be re-
sponsible for the enhanced activity.

Employing a similar ZIFs-assisted host-guest strat-
egy (Figure 11(A)), a novel asymmetric IrCoN; atom-
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ic pair structure was exquisitely deigned towards en-
hanced Co-O affinity!'®. Since the chemical adsorp-
tion of oxygen on Co site involves the overlapping of
oxygen orbital with the partially occupied Co d, or-
bital and d,, orbital, the atomic Ir incorporation would
break the electronic configuration symmetry of pris-
tine Co 3d-orbital and thus inducing electron rear-
rangement with lower occupancy of d, orbital for
strengthened oxygen adsorption. The hypothesis was
validated by computing partially density of states
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Figure 11 (A) Schematic illustration for the synthetic procedure of diatomic IrCo-N-C catalyst; (B, C) Partial density of states for
Co-3d orbitals in (B) CoN,, (C) IrCoNs; (D) Fourier transformed extended X-ray adsorption fine structure (FT-EXAFS) spectra at
Co K-edge; (E) The ORR polarization curves of IrCo-N-C, single-atom Co-N-C and Ir-N-C, and commercial Pt/C in 0.1 mol-L"
KOH solution. Reproduced with permission of Ref. 103, copyright 2021 American Chemical Society. (color on line)
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(PDOS) of Co, which shows a larger spin magnetic
moment (1.80 uB vs. 0.90 wB) on the Ir-Co atomic
pair site (Figure 11(B) and (C)). And the strength-
ened Co-O affinity was confirmed by Crystal Orbital
Hamilton Population (COHP) analysis. The atomic pair
structure was systematically examined by aberration
corrected high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM)
and X-ray absorption fine structure (XAFS) spectro-
scopy, confirming the presence of Ir-Co bond with
the distance of about 2.30 A and Ir-N coordination
number of 3 (Figure 11(D)). Combined with the theo-
retical calculations, the active site structure is eluci-
dated as IrCoNs. Due to the structural merits, the cat-
alyst containing atomic pair site exhibited superior
ORR activity to the single-atom Co-N-C and Ir-N-C
counterparts by showing a more positive £, of 0.911
V (0.85 V for Co-N-C; 0.845 V for Ir-N-C; Figure 11
(E)). Such an electrocatalytic activity improvement is
further verified by the excellent power density and
cyclability in a homemade rechargeable Zn-air bat-
tery.

Apart from the short-range metal-metal modula-
tion, metal-N, could impose electronic effect on the
adjacent metal-N, moiety through long-range interac-
tion. A very recent work reported by Jin et al."™ also
highlighted the importance of inter-site distance ef-
fect in the Fe-N-C SACs. They claimed that the in-
creased intrinsic ORR activity was resulted from
strong interactions between adjacent Fe-N, moieties
altering the electronic structure when the inter-site
distance is less than about 1.2 nm. On this basis, Chen
and co-workers"¥ employed atomic Fe-N, species to
regulate the coordination environment of single atom
Ni site towards the regulated Ni/N-O coordination
number. The well-designed FeNi atomic pair electro-
catalyst (FeNi-SAs@NC) was prepared by simply py-
rolyzing the mixture of metal salts, urea and carbon
black. The atomic structure of the catalyst was care-
fully studied by aberration corrected HAADF-STEM
and XAFS spectroscopy, revealing the atomic disper-
sion of Fe and Ni species. The Ni-N coordination

numbers determined by the fitting analysis of Fourier

transformed extended X-ray absorption fine structure
(FT-EXAFS) were found to be 4.1 and 5.6 for Ni-
SAs@NC and FeNi-SAs@NC, respectively, indicat-
ing that the introduction of isolated Fe moieties mod-
ulated the local coordination environment of adjacent
Ni-SAs due to relatively lower electronegativity of Fe
(1.83 vs. 1.91 for Ni). As a result, the inert Ni atoms
can be activated through a more favorable oxygen ad-
sorption process. Besides, the distorted Ni single
atoms cooperate with Fe atoms and synergistically
co-contribute to the ORR activity. These attributes
endow the FeNi-SAs@NC with the higher ORR ac-
tivity than both the Ni-SAs@NC and Fe-SAs@NC.

4 Conclusions and Perspectives

The development of cost-effective and high-perfor-
mance ORR electrocatalysts to replace the expensive
Pt-based materials faces one of the biggest challenges
for the widespread employments of AEMFCs and
metal-air batteries. The past decades have witnessed
significant progress in terms of category diversity and
performance enhancement. The advancements of four
typical NPMCs including metal-free carbon-based
materials, metal compounds, metal encapsulated in
graphitic layer and atomically dispersed metal-nitro-
gen-carbon materials are summarized with the em-
phasis on their active site structure identification.
And the properties of the materials involved in this
review are compared in Table 2. Due to the heteroge-
nous structure in most of these catalysts, it is hard to
definitely claim the absolute active site structure.
Commonly, more than one sites cooperatively con-
tribute to the overall activity. Thanks to the appear-
ance of the atomically dispersed metal-nitrogen-car-
bon (M-N-C) catalysts and the advanced characteriza-
tion techniques, we could distinguish the predominat-
ed active site as the atomic M-N, species own the
highest intrinsic activity. With the knowledge on the
typical NPMCs and the main active site structure of
each category, the structural regulation strategies to-
wards improved catalytic activity are emphatically
discussed because the structure determines the active
site accessibility, the intrinsic activity and the

mass/electron transportation. It can be clearly found
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that with a deeper understanding on the structure-ac-
tivity relationship from a nanoscale to an atomic
scale, the structure regulation strategies are switched
from the pore structure engineering to the atomic ac-
tive site manipulation.

In spite of the great achievement made in the struc-
tural regulation on the NPMCs for ORR in alkaline

electrolytes, several challenges should be well tackled
in future for their practical implementation in the fuel
cells and batteries. Firstly, more effective synthetic
strategies are highly desirable, especially for the
atomically dispersed M-N-C materials. The current
preparation approaches always limit the metal load-

ing to less than 1wt%, corresponding to low site den-

Table 2 The ORR performance and synthesis method of the representative NPMCs reported in literature.

Sample E»(V vs. RHE) Synthesis method
N-doping carbon®" 0.853 Template method
N, S co-doping carbon®" 0.83 Hummers’ method
N, S, O tri-doped carbon nanosheet®” 0.86 Template method
VACNTs-MnO,#® / Nebulized ethanol assisted infiltration and pyrolysis method
Mn@LaCoO;*” 0.72 Polyol-assisted solvothermal method
FeNiCo-P! 0.84 Pyrolysis method
Co,P -Co, N, and P multi-doped carbon material*!} 0.843 Phosphidation
C@CoC ™ 0.8 Solid-solid separation method
Fe;.C@ rGO™ 0.8 Pyrolysis method
Fe N@N-doped carbont”! 0.84 NH;- histidine assisted method
NiCo-p* 0.82 Electrospinning route
NiCo,S,@g-C;N,-CNT=! 0.76 Two-step hydrothermal
N-GQDs@NiCo,S,* 0.86 Hydrothermal, sulfuration and electrophoretic deposition
Fe;C/N-doped carbon!® 0.86 Pyrolysis method
CoFe/N, P co-doped carbon nanovesicles™ 086 Impregnation and pyrolysis method
Co/N, S co-doped carbon!™ 0.85 Two-step calcination methods
Pt,/FeO,™ / Pyrolysis method
Fe/N-CNRs™ 0.9 Pyrolysis method
SA-Fe-N,-MPCS® 0.88 Template method
Fe/N-G-SACHY 0.89 Template method
Co-N,-C™ / Template method
CoO@Mn;0, / Adsorption and reduction method
carbon-CoP® 0.81 Phosphorization method
Fe N¥ 0.89 Pyrolysis method
CoO/Co PP 0.86 Phosphorization method
Fe N@N-doped GO™ / Pyrolysis method
TiCoN,-rGO"™! 0.902 Pyrolysis method
Co,N;! 0.79 Pyrolysis method
FeCoN*™ 0.86 Pyrolysis method
IrCoN,!'™! 0911 ZIFs-assisted host-guest method
FeNi-SAs@NCU! 0.907 Pyrolysis method
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sity. This will lead to thick catalyst layer upon trans-
ferring the catalyst into the gas diffusion electrode, in
turn causing mass transport issues. Secondly, the
structural stability, especially the dynamic stability
should be taken into consideration. For instance, al-
though the defective carbon is more active than
well-graphitized ones, its stability under harsh elec-
trochemical conditions is questionable. There might
be a trade-off between the activity and stability. Simi-
larly, for the interfacial structure, the tight contacts
between the interface components need be well
maintained via either covalent bond or electrostatic
interaction. Not only the efficient preparation strate-
gies, but also the operando characterization tech-
niques are imperative to address the structure stabili-
ty issues. Last but not the least, precise control of the
atomic pair site structure and more comprehensive
mechanistic insights into the synergy of the adjacent
sites remain the biggest challenge to push forward the
field. This calls for the delicate design of the precur-
sor, advancement of atomic-scale resolution charac-
terizations and combination of theoretical modeling
under realistic working conditions. Despite the chal-
lenges still ahead, we optimistically believe that re-
cent advances and continuing efforts will eventually
realize the practical applications of NPMCs in the fuel
cells and metal air batteries, and also inspire more

advances in catalytic chemistry for other applications.
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