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Proton exchange membrane fuel cells (PEMFCs)
have great potential to become the next generation
green energy technique, but its application is limited
by the slow kinetics of the cathode oxygen reduction
reaction (ORR) in acidic medium.
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Non-noble metals as activity sites for ORR
catalysts in proton exchange membrane fuel cells
(PEMFCs)

Jinjing Tao,?® Xian Wang,**® Mingjun Xu,?® Changpeng Liu, ©32°
Junjie Ge ®*2® and Wei Xing ®*2°

Proton exchange membrane fuel cells (PEMFCs) have great potential to become the next generation green
energy technique, but their application is limited by the slow kinetics of the cathode oxygen reduction
reaction (ORR) in acidic medium. Meanwhile, the high price of Pt-based catalysts, which are now widely
used commercially, has raised the cost of PEMFCs. Therefore, non-noble metal ORR catalysts as
alternatives to Pt-based group metals (PGM) have attracted much attention. However, there is still a big
gap between the performance of non-noble metal catalysts and commercial Pt/C catalysts in acidic
environment. Recently, it has been realized that the performance of catalysts is closely related to the
structure of catalytically active sites. Inspired by this, in this review, we firstly introduced the development
and breakthrough of non-noble metals as activity sites. We then briefly summarized their catalytic
mechanisms, and put forward some suggestions on how to improve the activity and stability of non-noble
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1 Introduction

Proton exchange membrane fuel cells (PEMFCs) can easily
convert hydrogen energy to electricity without igniting, which
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has been widely studied because of its advantages of high
energy conversion efficiency, no pollution, low noise and
strong endurance." PEMFCs consist of two half reactions, i.e.,
the oxygen reduction reaction (ORR) and hydrogen oxidation
reaction (HOR), respectively. The kinetics of the ORR at the
cathode is much slower than that of the HOR at the anode.
Therefore, it is essential to improve the ORR kinetics for
promoting fuel cell performance.” Commercial Pt-based
catalysts are widely used in the cathodic ORR, however, their
high price and low abundance lead to high catalyst cost and
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thereby limit the commercialization of PEMFCs. In order to
meet the application requirements of PEMFCs, ORR catalysts
that are highly efficient, stable, and low-cost (PGM-free) for
use in acidic environments are urgently needed.’

Macrocyclic-derived catalysts, as an alternative to Pt based
catalysts, have been studied intensively since 1964, when
Jasinski initially found phthalocyanine cobalt as a kind of
macrocyclic compound showing promising activity toward
the ORR.* In the past few decades, non-noble metal-based
catalysts have made tremendous progress towards the ORR.
However, there is still a gap between non-noble metal
catalysts and commercial Pt/C catalysts in terms of catalytic
activity and stability, especially in the acid medium.> Non-
noble metals can be mainly divided into transition-group
metals and main-group (s-block and p-block) metals.
Generally, the outer electrons of the main-group metals are
non-delocalized, so they lack the combination of empty and
filled host-orbitals for multi-electron catalysis, resulting in
poor catalytic activity.” The atomic structure of transition-
group metals, however, can provide unoccupied orbitals or
lone pair electrons to reactants, which can successfully lower
the activation energy and facilitate the reaction.” To this end,
great efforts have been devoted to transition metal catalysts.
The major concern for non-noble metal catalysts is how to
improve the catalytic activity and stability, which makes the
catalyst's active site structure a key point to study. In the past
few years, there has been an explosion of interest in non-
noble metal carbide,>” nitride,*® oxide,'"* and
phosphide.’® However, the highest catalytic activity and most
widely studied type is M-N-C, which is prepared by high
temperature pyrolysis of carbon precursors containing
nitrogen and metals.'>"?

There are some effective approaches to enhance the
activities of M-N-C catalysts for the ORR in the current
study: (1) regulating the local coordination structure of center
metals; (2) doping heteroatoms to adjust the electronic
structures of active sites; (3) introducing bimetallic or
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polymetallic sites; (4) creating more defective-edge M-N-C;
(5) increasing exposure of active sites and so on.”> Herein, we
firstly summarized the recent work on the activity sites of
non-noble metal catalysts for the acid ORR. Then, we
discussed the design and construction of different activity
sites and the catalytic mechanisms of these sites in acid
medium. We finally concluded with a few suggestions about
constructing effective activity sites to facilitate activity and
stability for the ORR.

2 Mechanism of acid ORR

The oxygen reduction reaction (ORR) is a complex process
that involves multielectron transfer. Nowadays, the ORR
reaction paths are mainly divided into the four-electron
pathway and two-electron pathway, as shown in Fig. 1.'°

The related reaction equation is as follows:

Four-electron pathway:

0O, + 4H" + 4e” — 2H,0 (1)

Two-electron pathway:

0, +2H" + 2¢” — H,0, (2)
H,0, + 2H" + 2¢” — 2H,0 (3)
2H,0, — 2H,0 + O, (4)

For the above two reaction pathways, it is obvious that the
two-electron pathway may produce hydrogen peroxide, which
can destroy the stability of the catalysts and further reduce
the reaction efficiency.” In the four electron pathway, the
ORR process mainly consist of the following elemental
reactions (* represents the catalytically active site):'”

0, +*— 03 (5)
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Fig. 1 Schematic diagram of the ORR process under acid conditions.*®

O*+H' + e  — OOH* (6)
OOH* + H' + e~ — H,0 + O* (7)
O*+H' +e — OH* (8)
OH*+H'+e — H,0+* 9)

The whole process includes transfer and coupling of four
electrons and four protons, activation and desorption of
many reaction intermediates (such as O3, OOH*, O* and
OH*). Generally, we call the slowest step in a reaction the
rate determining step (RDS). Different catalysts with different
coordination environments will show different RDS. As
shown in Fig. 2, the center FeN, model and defective-edge
FeN, model were proposed for DFT calculations
(Fig. 2a and b). It clearly shows that several steps are
endothermic at the equilibrium potential (U = 1.23 V), and
the highest endothermic energy is the formation of OH* for
the center FeN, model, implying that the RDS is the third
electron-transfer step (O* + H' + e© — OH*). By contrast, the
last electron-transfer step (OH* + H' + ¢ — H,0 + *) is the
RDS for the defective-edge FeN, model.*®

In recent years, in addition to single metallic catalysts,
dual-metal catalysts have gradually shown their importance
because of their excellent catalytic properties. Dual-metal
catalysts can be further subdivided into: bonded dual-metal

6 g Pathway A
d Pathway B
¢ g 2 ; % Pathway C
% ) : )

;
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Fig. 2 Model structures used in theoretical studies: (a) center and (b)
defective-edge FeN, structures. ORR free-energy diagrams of the (c)
center and (d) defective-edge FeN, structures.’® Model structure of
dual-metal catalysts: (e) bonded dual-metal catalysts and (f) non-
bonded dual-metal catalysts.*® (g) Schematic diagram of the reaction
pathway of dual-metal catalysts.?°
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catalysts and non-bonded dual-metal catalysts. As shown in
Fig. 2e and f,'° the former refers to the fact that the two
metals are close enough to form a metal pair, and then
coordinate with the surrounding N atoms, which can also be
called dual-atomic catalysts (DACs). The latter shows that the
two metals are coordinated with N atoms respectively, and
the distance between the two metals is far to form metal
bonds. Since the configuration of the latter can be simply
seen as the combination of two single-metal sites, its reaction
mechanism is similar to the mechanism described above.
Next, we will focus on the reaction mechanism of bonded
dual-metal catalysts. Due to the unique configuration of
DACs, three different O, adsorption models have been
formed, which can be roughly divided into: associative
adsorption models (end-on and side-on) and dissociative
adsorption models (O, decomposes). And it has been found
that the adsorption model of oxygen largely determines the
reaction pathway of the ORR and even affects the catalytic
performance of the catalysts; the schematic diagram of the
reaction pathway is shown in Fig. 2g.”° Obviously, in pathway
A, a metal more likely acts as the main active center, while
paths B and C show two metals participating in the reaction
as active centers at the same time. This involves two reaction
mechanisms, modulation mechanism and cooperation
mechanism. In the modulation mechanism, one metal in the
bimetallic acts as the active center, and the other metal only
regulates the electronic structure of the active center. In the
cooperation mechanism both metals can adsorb the relevant
reaction intermediates, which is expected to break the scaling
relationship and exceed the theoretical upper limit of
electrocatalytic activity.*

Actually, according to the Sabatier principle, ideal catalysts
should have a moderate binding energy to the reaction
intermediates, which is neither too strong nor too weak. For
the ORR, when the adsorption of the active sites to the
intermediates is too weak, the proton and electron transfer of
oxygen molecules will be restricted. However, if the
adsorption is too strong, the product water molecules will
closely bond with active sites and prevent oxygen molecules
from further adsorption.”> Some research has demonstrated
that the relationship between the catalytic activity of various
metals for the ORR and the binding energy of oxygen atoms
is represented by a “volcanic plot” curve. Pt locates near the
peak of the volcanic plot, which exhibited much better
catalytic performance than other non-noble metals for the
ORR (Fig. 3a).”® Fig. 3b shows the volcanic curve of single
transition metals supported on graphene to form M-N-C
catalytically active sites. The ¢, as shown in Fig. 3b, is a
descriptor that represents the free-energy for OOH*, O*, and
OH* adsorption.”* The calculation results well matched the
experimental results that Fe coordinated with four pyridine N
possesses better performance than other transition metals. It
further proves that the coordination environment has a great
influence on the adsorption energy of intermediates, used for
reasonably selecting and designing active sites. Similarly,
there is a corresponding volcanic curve relationship for dual-
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Fig. 3 Volcanic plot relationship (a) between oxygen reduction activity

and oxygen binding energy for various metals®®> and (b) between

theoretical and experimental onset potentials (USRE") versus the

descriptor ¢ for single TM atoms supported on graphene.?* (c)
Structural diagrams of M;M,NC-3 and M;M,NC-4.2° (d-f) Volcano
plots of the three reaction pathways.2°

metal catalysts. However, it should be clear that for the same
bimetallic catalyst, the catalytic activity of the ORR is related
to the choice of ORR pathway. From Zhou et al.'s theoretical
research on bimetallic oxygen reduction catalysts, they
selected two typical active site structures of DACs as
simulation objects, and their structural diagrams are shown
in Fig. 3c. From the theoretical calculation results, it is found
that path C has the smallest limiting potential of 0.03 V by
comparing the three reaction paths above (Fig. 3d-f),
suggesting that path C is the most thermodynamically active.
In addition, for the same bimetallic catalyst such as FeCoNC-
4, it presents different overpotentials in path A and path B,
which proves that the selection of reaction pathway is
important for catalyst activity. Theoretical simulation
calculation can help us understand the reaction mechanism
simply, and can guide us to quickly design and manufacture
catalysts with excellent performance.

3 Single metals as catalytically active
site centers

In order to replace Pt-based precious metal electrocatalysts,
some efficient active sites with non-noble metals as active
centers were designed and synthesized. Combining
experimental results and theoretical calculation, Fe and Co-
doped carbon electrocatalysts are considered to have a
greater competitive advantage compared to platinum-group
metals (PGM). So, several typical metal active sites are
summarized as follows:

3.1 Fe as active center

Fe-based catalysts for the ORR in acid medium have been
well developed after decades of research. Benefiting from
characterization technology, we now have a deeper
understanding of the configuration of active sites and
catalytic mechanism.

Deng et al.*® designed an active and stable catalyst which
encapsulated Fe nanoparticles (NPs) into pea-pod like carbon
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Fig. 4 (a) High resolution transmission electron microscopy (HRTEM)
image of Pod-Fe with the inset showing the [110] crystal plane of Fe.?®
XPS spectra of (b) FesC-N/CNC and (c) FesC/CNC.?® (d) ORR
performance of FesC-N/CNC (curve 1) and FesC/CNC (curve 2).2°

nanotubes (CNTs) to be physically isolated from the acid
environment to avoid leaching. The microstructure of the
catalyst is shown in Fig. 4a. Even though Fe nanoparticles are
wrapped by several layers of carbon sheets, the electrons can
transfer from Fe to carbon, which contributes to the decrease
of the local work function and strengthens the catalytic
activity of the outer CNT shell to promote oxygen reduction.>®
However, there are some questions that need to be solved for
this type of catalyst, i.e., which are the real active sites and to
what level do those active sites contribute to catalysis? These
questions are valid because there are always small amounts
of nitrogen and defect vacancies doped into the carbon
matrix in the synthesized catalyst. According to previous
studies, it can be confirmed that pyridine N and vacancy-type
defects both exhibit an acidic ORR activity.>”*® Besides, some
iron nanoparticles existed in the catalyst which also have
some catalytic activity. In short, the ORR performance of the
Fe;C type of catalyst is the result of multilayer factors and
these factors make it difficult to define the specific
mechanism of action of the ORR. For example, Sun et al.*
proposed an opposite view that Fe;C has no ORR catalytic
activity. According to the above reports, the materials used to
synthesize the catalysts all contain nitrogen sources, such as
1,8-diaminonaphthalene (DAN) and cyanamide. It led to the
possibility of forming an Fe-based active center with N
participating in the active site structure. The hypothesis was
made because high-temperature pyrolysis of the coexisting
N-containing source, iron salts and carbon substance can

produce Fe/N/C catalysts with abundant Fe-N,/C
moieties.’*>> In order to explore the influence of the
nitrogen source on catalytic performance, the author

synthesized two catalysts with or without cyanamide, denoted
as Fe;C-N/CNC and Fe;C/CNC, respectively.  X-ray
photoelectron spectroscopy (XPS) spectra demonstrated that
N species are present in Fe;C-N/CNC but not in Fe;C/CNC
(Fig. 4b and c). The ORR performance of the catalysts, as
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shown in Fig. 4d, clearly shows that Fe;C-N/CNC is much
better than Fe;C/CNC. The comparison results indicate that
the catalytic activity of pure Fe;C is not good or even inactive,
so, there must exist true active sites, ie. the Fe-N,/C
moieties. Besides, the Fe;C nanoparticles were usually coated
by several layers of carbon film, which may hinder the
electron transfer from Fe;C to the outermost carbon shell
and lead to catalyst inactivation. The different results may be
derived from differences in synthesis procedures (i.e. original
material, pyrolysis temperature) and the nature and
sensitivity of the characterization techniques utilized.>* In
conclusion, more theoretical calculations and more advanced
material synthesis techniques are needed to better
understand and enhance the activity of transition metal
carbide-based ORR electrocatalysts.*

In the 1980s, Yeager's group produced a catalyst by heat-
treating polyacrylonitrile (PAN), carbon (Vulcan XC-27) and
cobalt/iron acetate which showed promising ORR activity in
both alkaline and acid electrolytes.*® It opens a new way of
making ORR catalysts by heat-treating precursors that are
composed of the carbon support, nitrogen-containing
polymers and metal salts. Since then, the M-N-C type active
site has become a hot topic.*® Lefevre et al*® synthesized a
series of catalysts by pyrolyzing precursors between 400 and
1000 °C, with Fe salts adsorbed on the treated carbon matrix.
According to the experimental results, two different catalytic
sites simultaneously exist in this series of catalysts, i.e., FeN,/
C and FeN,/C, and the most representative structures of these
sites are FeN,Cg and FeN,C,, respectively. The formation of
the different catalyst structures is temperature dependent.
When the pyrolysis temperature is between 500 and 700 °C,
N,-metal bound to the carbon support is easier to form. By
contrast, if the pyrolysis temperature ranges from 700 to 900
°C, the quantity of FeN,/C reaches its maximum, as
illustrated in Fig. 5a. The experimental results were measured
by Time-of-Flight Secondary Ion Mass Spectrometry (ToF
SIMS). It was concluded the variation tendency of three
families (}_FeN;C,", > FeN;C,” and ) FeN,C,") relative
intensity with temperature changes, the author deduced the
three families belonging to a catalytic site of the FeN,/C.
Fig. 5b shows the possible structure of FeN,/C. The
electrochemical performance was evaluated for these
catalysts in H,SO, solution (pH = 1), and the potential Vj,
represents the maximum reduction occurring at 0 rpm, as
shown in Fig. 5c. It demonstrated that the variation tendency
of catalytic activity at different temperatures coincided with
the change of relative abundance of FeN,/C. So it can be
concluded that FeN,/C is more active than FeN,/C, but
theoretical calculations reveal the order of ORR activity
follows FeN, > FeN; > FeN, > FeN; > FeNs.*” The origin of
the difference is that the characterization method is not
advanced enough, as some experiments all proved that FeN,
is the most promising catalytic site.® Liu et al.*® used sodium
alginate with graphene to immobilize Fe*" cations into a
novel structure of “egg-box” (Fig. 5d); subsequent
carbonization caused the formation of a N-doped porous
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Fig. 5 (a) Relative intensity of different ions of active sites as a
function of the pyrolysis temperature.®® (b) Possible structure of FeN,/
C.*® (c) The relationship between the catalytic activity (A) and the ToF
SIMS relative intensity (B) as a function of the pyrolysis temperature.®®
(d) The structure diagram of “egg-box”. (e) The SAED pattern.*® (f) The
HRTEM of encapsulated Fe,N with thickness shell <5 nm.*® (g)
Synthetic diagram of synthesis methodology.*® (h) RRDE ring currents
of different catalysts in 0.1 M H,SO4 (the number 700 represents the
pyrolysis temperature; phen represents phenanthroline as a raw
material to produce N,/C sites).>°

carbon shell to encapsulate Fe,N nanoparticles (NPs).
Fig. 5e and f demonstrate that the NPs are Fe,N, which is
coated by a N-doped porous carbon shell with an average
thickness of <5 nm. The catalyst presented an inferior
catalytic activity (Ey», 0.71 V vs. RHE) in 0.1 M HCIO,
aqueous solution. After 10.5 h of chronoamperometric test,
the initial current density had only 19% loss at 0.5 V vs. RHE
in 0.1 M HCIO, electrolyte. Fruehwald et al.*>® used a new way
to produce a catalyst with FeN;/C acting as the active site.
The synthetic methodology is shown in Fig. 5g. This method
does not necessitate high-temperature pyrolysis to produce
the catalyst, and experimental results show that the catalytic
performance of materials with heat treatment was worse than
the material without pyrolysis (Fig. 5h). The reason for this
phenomenon may be the change of the conformation of the
active FeN;/C sites to the inert FeNj.3/C sites, which
corresponds with the FeN, active sites transforming to
another construction of FeN,., according to a previous
report.*?

According to theoretic prediction and experimental
verification, Fe-N-C shows the best catalytic performance
among non-noble-metal based catalysts in acid medium.*’
Researchers have synthesized many catalysts with high active
site density and high activity by choosing different synthetic
materials, regulating the morphology of catalysts, and
optimizing the experimental parameters. In previous studies,
Fe-N-C type catalysts were primarily synthesized by
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pyrolyzing a mixture which consists of a carbon substrate,
nitrogen-rich materials, and iron salts, followed by
complicated secondary processing.*’ In 2010, Liu et al.
started to use metal-organic framework (MOF) derived
catalysts for the ORR. Employing MOFs as precursors has
three main advantages: (1) the characteristic porosity of
MOFs can disperse the active sites uniformly after pyrolysis.
(2) The properties can be regulated and controlled through
rationally designing the structure and morphology of MOFs.
(3) MOFs take metals as nodes and are rich in a large
number of uniformly distributed metals. In 2011, Dodelet
et al. adopted ZIF-8 as a carbon and nitrogen source.*>*
Since then, ZIF-8 has become the most studied material in
ORR non-noble metal based catalysts because Zn is easily
volatilized at high temperature and can be eliminated during
pyrolysis.***> For example, Wang et al.** prepared a catalyst
whose active sites were highly dispersed at the atomic level
by doping Fe into ZIF-8 to partially replace Zn ions. They
emphasized that an O,-free environment is crucial for
improving the ORR performance, because iron is easily
oxidized and aggregated in oxygen-containing environments
and a uniform Fe distribution can be more easily achieved at
an atomic level in inert Ar atmosphere than in air
atmosphere (Fig. 6a). Iron is exchanged as an ion with Zn in
ZIF-8 in the process of synthesizing precursors. Fe**and Zn*"
have a similar ion radius (cation radii: Fe** 62 pm and zZn**
60 pm),*® but Fe*" has a much smaller radius (49-55 pm), so
Fe** can readily exchange with Zn>". Besides, Fe*" tends to
hydrolyze more than Fe*', which can be confirmed by similar
experimental results for detection of Fe(m) oxide/hydroxide in
XPS reported in previous studies (Fig. 6b).*”*® The catalyst
treated in Ar gas has better catalytic performance, with E;, at
0.82 V vs. RHE and H,0, yield as low as 1%. Unfortunately,
the stability is poor, with the E;,, negatively shifted by 40 mV
after 10 000 cycles. Since Zhang and co-workers demonstrated
a novel concept, “single-atom electrocatalysts (SACs)”, the
high atomic utilization in theory and outstanding catalytic
activity of SACs have made them a hot research topic in
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Fig. 6 (a) TEM images of C-Fe-Z8-Ar (left) and C-Fe-Z8-air (right).**
(b) High resolution Fe 2p XPS spectra of C-Fe-Z8-Ar and C-Fe-Z8-
air* (c) XPS spectra of Fe-Z8-Ar and Fe-Z8-air (without
carbonization).** (d) AC HAADF-STEM images of Z8@DA-FIP-950-C.*®
(e) lllustration of the synthesis of Z8@DA-FIP-950-C.*® (f) FT Fe K-edge
EXAFS spectra of Z8@DA-FIP-950-C and references.'®
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recent years.”” Owing to their unique electronic structure,
SACs offer the chance to design and regulate the active sites
to improve the catalytic performance.’® However, traditional
synthesis methods have some problems in making SACs: (1)
to achieve well-defined single-atom dispersion on the carbon
support, the concentration of metal atoms must be extremely
low, which means the density of active sites is low. (2) A
high-temperature pyrolysis process usually leads to
aggregation of metal atoms and production of low activity
sites, and increasing the content of metal elements will lead
to metal aggregation and the formation of low-activity metal
nanoparticle aggregation. (3) In most cases, single-atom
metals may be faced with the heterogeneous distribution of
active sites and a poorly defined coordination environment.>
After recognizing these issues, great progress thereby has
been made in designing Fe-based SACs. For instance, Liu
et al.'® synthesized a catalyst with highly dense-FeN, single-
atom sites, as shown in aberration-corrected high-angle
annular dark-field scanning TEM (AC HAADF-STEM)
(Fig. 6d). The authors developed a clever method that uses
the electrostatic interaction between Fe(u)-phenanthroline
(positively charged) and poly-dopamine (PDA) chains
(negatively charged) to attach Fe(u)-phenanthroline to PDA,
forming the PDA/Fe(u)-phenanthroline complex coated ZIF-8
particles. After carbonization, the catalyst with high-density
atomically dispersed Fe-N, sites was achieved, as shown in
Fig. 6e. PDA not only suppresses the formation of Fe-based
aggregates, but also facilitates the formation of meso/
macropores, creating abundant defective edge and Fe-N,
sites for the carbon matrix. Atomically dispersed Fe atoms
can also be validated by Fourier-transformed extended X-ray
absorption fine (FT-EXAFS) characterization
(Fig. 6f). And the catalyst exhibits catalytic performance (E;,
0.828 V vs. RHE) which is comparable to commercial Pt/C in
0.1 M HCIO,. Besides, there are many other methods to
accomplish catalysts for single-atom dispersion of Fe-Ny,
such as the silica-protected strategy to realize extraordinary
utilization efficiency of Fe,>* poly(acrylic acid-maleic acid)
(P(AA-MA)) copolymer as a chelating agent to chelate with
Fe(m) to inhibit iron aggregation,® dual melt-salt-mediated
template method to avoid rapid loss of nitrogen during
pyrolysis and improve Fe-N, single-atom site density,”® and
so on.>*™°

Although these active sites all displayed ORR catalytic
performance under certain test conditions, there is still a big
gap from practical application of these catalysts. Is there a
better catalytic activity when two or more active sites
combined their action? A number of studies have confirmed
that the synergistic effect between the Fe-based nanoparticles
and Fe-N, configuration can profoundly affect the electron-
density distribution of Fe atoms in the center of active sites,
which is good for oxygen adsorption and further enhancing
the catalytic activity.”” For example, transition-metal oxides
have been studied as electrocatalysts because of their low-
cost and chemical stability.”® Wang et al® synthesized a
nanofiber catalyst which uniformly distributed Fe,O;/FeN,
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Fig. 7 (a) TEM and HRTEM images of Fe,Os/FeNx@CNF.>® (b) XRD
patterns.>® (c) FT-EXAFS spectra.®® (d) TEM and HETEM images of Fe-
N,/FesC@NC.%° (e) ORR polarization curves of Fe-N,/FesC@NC and
acid-leached Fe-N,/FesC@NC.%° (f) Chronoamperometric curves of
Fe-N,/FesC@NC and 20 wt% Pt/C catalysts.®® (g) TEM images of Fe-N-
C/HPC-NHs and HRTEM image of the nanoparticle in Fe-N-C/HPC-
NH3.%2 (h) ORR polarization curves.®® (i) Energy profiles for the ORR
over different catalytic sites.®?

active sites (Fig. 7). It clearly demonstrates that Fe,O; and
metallic Fe were absent in the catalyst. According to the
Fourier transform Fe k*-weighted EXAFS (FT-EXAFS) spectra
of Fe,03/FeN,@CNF, the fitting results show that the ratio of
N to Fe atoms was 1.8 and O to Fe atoms was 0.2, indicating
that the most likely active site of the structure was FeN,
surrounded by iron oxides. The electrocatalytic performance
of the catalyst is much better in alkaline solution than in acid
medium, whose E;,; is 0.86 V vs. RHE. And the stability is
noteworthy due to negligible decay of E;,, which was only 10
mV after 20 000 cycles. In short, the synergistic effect between
Fe,0; and FeN, has a certain impact on the catalytic activity,
but the poor performance may be related to the weak
conductivity and oxygen adsorption capacity of Fe,0;. Xu
et al®® used a cooperative protection strategy to create a
catalyst which highly dispersed hyperfine Fe;C nanodots and
abundant Fe-N, sites (Fe-N,/Fe;C@NC). Similarly, Fe;C
nanoparticles are also wrapped by carbon layers as shown in
Fig. 7d. The catalyst exhibits an inferior ORR activity; the E;,
is only 0.72 V in 0.5 M H,SO, solution. The synergistic effect
can be verified by an acid-leaching catalyst to remove Fe;C
nanodots (Fig. 7e) and adding KSCN solution to poison Fe-
N, sites. These experiments demonstrate that Fe-N, and Fe;C
are essential for promoting the ORR activity. Fe;C
nanoparticles do not directly participate in the ORR, but they
can transfer electrons to the outer graphene shell, thus
promoting the activation of oxygen molecules. Although the
activity is not good for Fe-N,/Fe;C@NC, it has excellent
stability that the current density remained 94% after 20 000 s
of chronoamperometric test (Fig. 7f), which can be attributed
to Fe;C nanoparticles. It has been reported that crystalline
Fe;C can improve the graphitization degree of the carbon
matrix and effectively mitigate carbon corrosion.®** Liu
et al.®* heat-treated twice the iron-containing precursors in
NH; atmosphere to make a catalyst which includes two types
of active sites namely FeN, and Fe,N, which can be labeled
as Fe-N-C/HPC-NH3;, and the morphology of the catalyst is
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shown in Fig. 7g. NH; heat-treatment not only promoted the
formation of the Fe,N nanoparticles, but also increased the
porosity and surface area that facilitate the mass transport of
reactants and products, further improving the ORR activity.
The ORR activity of Fe-N-C/HPC-NH; was evaluated in 0.1 M
HCIO, solution, the E;, is 0.803 V and J,, is 1.98 A g_l. In
order to investigate the role of Fe,N nanoparticles, they put
the catalyst in 0.5 M H,SO, solution at 80 °C for 12 h to
remove Fe,N, and the E;,, has shifted negatively by 21 mV
(Fig. 7h). Besides, DFT calculations were also used to verify
that Fe,N can boost the ORR activity of FeN, moieties, with
results shown in Fig. 7i. An energy barrier of 0.74 eV needs to
be overcome for FeN,-Fe,N at 1.23 V, which is lower than the
single active site of FeN, or Fe,N. This well explains the
existence of Fe,N which lowers the reaction free energy and
strengthens the ORR activity of FeN,.

Moreover, Liu et al.®® synthesized a series of catalysts with
close content of FeN, moieties but different contents of Fe
NPs by heating different amounts of iron salts that were
doped into pre-carbonized ZIF-8, which were labeled as Fe-
N-C-100/300/500, respectively, with the number representing
the amount of iron salt added. The morphology of Fe-N-C-
300 is shown in Fig. 8a, and those marked with yellow circles
represent atomically dispersed Fe atoms. The presence of Fe
nanoparticles can be confirmed by XRD and scanning
electron microscopy (SEM)/TEM characterization
(Fig. 8a and b). The density of FeN, on the catalyst surface
was detected by XPS and the total content of Fe determined
by inductively coupled plasma optical emission spectroscopy
(ICP-OES); the results are shown in Fig. 8c. It shows that FeN,
contents are similar in the three samples, but the contents of
Fe NPs have much difference, which led to different ORR
performances. Appropriate content of Fe NPs may produce
better activity, and the reason may be that (1) the strong
interaction between FeN, and Fe NPs modifies the electron
structure of active centers, which makes the adsorption
energy of the reactants/products suitable. (2) Fe NPs assist
FeN, in presenting single atom dispersion, improving the
accessibility of FeN, active sites. (3) Excess Fe NPs may block
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and Fe content by XPS and ICP-OES detection, respectively, and E;,, of
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the FeN, active sites and result in deceasing activity.®®
However, Chen et al.®* proposed a novel strategy to effectively
remove the encapsulated M-NPs by few carbon shells. The
acid-leaching method can only remove the exposed M-NPs
without carbon encapsulation, but these M-NPs are wrapped
by single or few-layers which can't be removed during acid
leaching and it is supposed to be active for the ORR.
Therefore, it leads to an inability to accurately judge the role
of various active sites. So, they used NH,Cl-treatment to etch
out encapsulated M-NPs without destruction of co-existing
M-N, sites. HRTEM showed that the carbon layers of
encapsulated Fe-NPs range from single to multiple-layers, but
only more than six carbon layer encapsulated Fe-NPs can
survive after NH,Cl-treatment (Fig. 8d and e). Previous
theoretical simulations have verified that only less than three
or four carbon layers could be modulated by encapsulated
M-NPs and enhance the ORR performance.®>*® Even though
there are some Fe-NPs in the catalyst after NH,Cl-treatment,
the recovered Fe-NPs have no ORR activity, so the real
catalytic role of M-NPs and M-Ny sites in the ORR can be
observed. Fig. 8f shows that the E,,, positively shifted by 25
mV after NH,CI] treatment, implying that the effect of the
encapsulated Fe-NPs was negligible, or even impeded the
ORR performance of Fe-N, sites when there are too many
iron nanoparticles in the catalyst. They further researched
the mechanism of NH,Cl-treatment promoting the ORR
activity enhancement. Fig. 8g demonstrated that NH,CI-
treatment would not provide addition nitrogen to form new
Fe-N, sites, but it can remove some M-NPs to improve the
specific surface area from 393 to 495 m> g™* and result in
more exposed Fe-N, active sites per unit of mass.

There are many studies reporting that multiplex
heteroatom-doped carbon-based catalysts can improve
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Fig. 9 (a) High-resolution XPS spectra of S 2p.°® (b) Magnitudes of k>-
weighted Fourier-transformed EXAFS data of Fe atoms.®® (c) The
structure of the active site in N, S co-doped CpaniTa_re Fe-SA-NC.%8
(d) Schematic diagram of the edge-type FeN4P, site.”* (e) FT-EXAFS
curves of Fe-N-C-P/N, P-C and reference materials.”* (f) Raman
spectra of Fe-N-C-P/N, P-C and Fe-N-C/N-C.”* (g) FT-EXAFS spectra
of Fesa/NSC and other references.”” (h) Model of FeN,4S,.”” (i) Pore size
distribution curves of Fesa/NSC and other catalysts.”®
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electrocatalytic activity for the ORR.’**“®” The light
heteroatoms in the nitrogenous carbon matrix, such as O, P,
S and B with their suitable electron-donating properties, can
generate a potential synergistic effect, which will change the
electronic structure of the central metal and regulate the
interaction between the metal sites and the ORR
intermediates. Li and colleagues synthesized a N, S co-doped
carbon-supported catalyst which presented Fe single-atom
distribution by pyrolysis of the polyaniline hydrogels
containing uniformly distributed Fe precursors.®® The high-
resolution S 2p spectrum of N, S co-doped Cpany-ra-re Fe-SA-
NC catalysts is shown in Fig. 9a, which shows two major
peaks corresponding to C-S-C (S 2ps/, at 163.8 eV and S 2py,
at 164.8 eV) and C-SO,-C (168.13 eV) respectively; there is
also a weak peak for S=—C-N. Previous studies have
confirmed that the presence of C-S-C and S—C-N species
can enhance the ORR activity.®””® But for the real
coordination environment of Fe atoms in N, S co-doped
Cpani-ta-re Fe-SA-NC catalysts, EXAFS spectroscopy can give
the evidence (Fig. 9b). The simulation of the EXAFS reveals
that Fe coordinates with four N atoms from the plane and
two O atoms from the axial direction (Fig. 9c). The formation
of this configuration is due to the chelation between Fe’" and
the hydroxyl groups (OH') of tannic acid, and O atoms
further coordinate with the Fe-N, moiety to form Fe-O bonds
with bridging O,. N, S co-doped Cpanitare Fe-SA-NC
exhibited a competitive catalytic activity (E;/,, 0.807 V), which
can be attributed to the strongly electron-withdrawing N
atoms changing the electronic structure of the N-doped
carbon materials, making C atoms which are around the N
atoms positively charged and promoting the adsorption of
oxygen by the catalyst. At the same time, electrons are more
easily transferred from the catalyst to the adsorbed oxygen,
thereby weakening the oxygen-oxygen bond.”" Besides, doped
S atoms can cause reconstruction of the charge density and
spin density of C atoms, and these C atoms with high
positive charge density or spin density can serve as
catalytically active sites.””> Some studies demonstrated that
the second shell coordination atoms can also impact the
electronic structure of Fe-N-C active centers and improve the
ORR activity.”® Yin and colleagues’® synthesized a catalyst
with edge-type FeN,P, sites, as shown in Fig. 9d. The charge
density around FeN, would be changed after introducing P
atoms into the carbon-based matrix and the adsorption
energy of intermediates regulated. FT-EXAFS curves show that
no apparent peaks of Fe-Fe coordination (2.20 and 4.42 A)
have been found (Fig. 9¢), confirming the iron single-atom
distribution. Fig. 9¢ shows the Raman spectra of Fe-N-C-P/
N, P-C and Fe-N-C/N-C; the D band (1350 cm™) and G band
(1585 cm ™) represent the degree of defect and graphitization
of the carbon substrate, respectively. The value of Ip/Is for
Fe-N-C-P/N, P-C is higher than Fe-N-C/N-C, which revealed
that the introduction of P created more defects. Besides, Fe-
N-C-P/N, P-C has a smaller C-N content by comparing the
results of XPS with Fe-N-C/N-C. Combining the experiments,
doping P can help form single-atom Fe and generate more
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edge FeN, moieties. Moreover, the DFT calculations reveal
that the edge-type FeN,P, site is more active than in-plane
type FeN,P,. Similarly, Liu et al’® synthesized a N, S-co-
doped hierarchically ordered porous catalyst (Fega/NSC) using
thiourea as a sulfur source and dopamine as a nitrogen
source. The active site construction of Fega/NSC was
confirmed by DFT calculations and EXAFS spectra (Fig. 9g),
which attests that Fe only coordinates with N atoms, not with
S atoms. The schematic diagram of the structure is shown in
Fig. 9h, where Fe is the center atom, four N atoms are in the
first coordination shell and two S atoms are in the second
shell. Thiourea was introduced as a S source and nitrogen
source to anchor more Fe atoms and increase the active site
density. Besides, thiourea plays a pivotal role in improving
the Brunauer-Emmett-Teller (BET) surface area and
constructing the hierarchically ordered porous carbon
structure during the process of high-temperature pyrolysis.
The BET surface area of Fegy/NSC (1224.03 m” g ') is much
higher than that of Fe/NC-UI (1091.34 m” g™') synthesized
without a S source. Moreover, Fegy/NSC exhibits a wider pore
size distribution than other catalysts (Fig. 9i), and the
hierarchically porous structure is beneficial for boosting the
performance of the ORR. It can be attributed to the fact that
thiourea could break down and produce a large number of
bubbles in the pyrolysis process. In summary, the introduction
of sulfur atoms can tune the coordination environment of Fe-
N, and improve the catalytic activity. Besides, other
heteroatoms (such as F and B) doped in the nitrogen-
containing carbon support can also change the electronic
structure of active sites, which benefits the ORR.”™"°

3.2 Co as active center

Although Fe-based catalysts especially Fe-N, are the most
likely alternative to commercial Pt/C, their poor stability is
still a big problem that needs to be overcome. The main
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Fig. 10 (a) XRD patterns of CoO@Co-N-bCNT samples synthesized at

different temperatures.®° (b) Co K-edge EXAFS spectra of CoO@Co-N-
bCNT-8:2 (8:2 is mass ratio of Co source to melamine) and Co foil.2°
(c) Relationship among Ej,, N content and Co content of the
CoO@Co-N-bCNT samples.®° (d) Structure of CoN,,, and CoN, active
sites.8 (e) The fitted spectra of FT-EXAFS for the Co-N-C@F127
catalyst.®* (f) Free energy evolution diagram for the 4e” ORR pathway
on the CoN,,, and CoN, active sites.?*
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factor affecting the stability of Fe-based catalysts is the Fe-
related Fenton reaction that easily produces strong oxidizing
radicals, which can cause carbon support oxidation and
destroy Fe-N-C active sites. However, Co-based catalysts with
a weak Fenton reaction can readily improve the stability, and
the catalytic activity of Co-N-C catalysts is comparable to
that of Fe-N-C catalysts, so Co is considered an ideal active
center.

Yan et al®® synthesized a bamboo-like carbonitride
nanotube catalyst which consists of multi-type active sites,
such as encapsulated Co nanoparticles, intercalated CoO
species, and Co-N, coordination sites. Fig. 10a shows the
XRD patterns of the CoO@Co-N-bCNT samples synthesized
at different temperatures. They proved that melamine would
decompose into NH; and NO, and at the same time, CoCl,
decomposes and forms cobalt oxides from 300 to 500 °C by
using thermal analysis. When the temperature is above 600
°C, the cobalt oxides were restored to metallic Co and the Co
catalyzed the decomposition of carbonaceous species to form
carbon nanotubes.®’”®* The main form of Co atoms in the
catalyst is metallic Co, as shown in Fig. 10b. There is a
dominant peak at 2.18 A which demonstrates the Co-Co
bond and two weak peaks at 1.53 A and 1.12 A, respectively,
corresponding to Co-N, and Co-O structures. Experiments
shows that the half-wave potential is positively correlated
with the content of Co-N, sites (Fig. 10c), which
demonstrates that Co-N, sites play pivotal roles in all active
sites for the ORR. But the content of Co-N, sites is
unconsidered, which ultimately leads to poor activity. He
et al.®* achieved high density atomically dispersed Co doped
into the carbon support via a surfactant-assisted metal-
organic-framework approach. The surfactant coordinated
with Co®" and Zn*' to form a protective layer around the
surface of ZIF-8, and the surfactant layer first underwent
carbonation, forming a carbon shell on the Co-ZIF-8 surface
during the pyrolysis. The carbon shell led to a unique
confinement effect, which prevented the aggregation of
neighboring Co single atoms and mitigated the collapse of
internal microporous structures derived from Co-ZIF-8.5%%¢
The authors proposed a more likely active site structure of
CoN,., sites as shown in Fig. 10d for the Co-N-C@F127
catalyst. It's not likely that the general CoN, moiety
embedded in intact graphitic layer, CoN,,, site is a CoN,
moiety bridging over two adjacent armchair graphitic edge. It
can be proved by FT-EXAFS fitting results (Fig. 10e), and the
fitted Co-N bond length was 1.94 + 0.2 A, but according to
the theoretical calculations, the Co-N bond length is 1.85 A
and 1.88 A of CoN, and CoN,,, sites, respectively. Besides,
DFT calculations were also used to evaluate the possible
structure (Fig. 10f). The free energy evolution diagram for
CoN,,, sites shows a downhill trend under a limiting
electrode potential of U = 0.73 V, which indicates that CoN,,,
sites are thermodynamically capable of catalyzing the 4e”
ORR. But for CoN, sites, there is an energy barrier that needs
to be overcome, and it suggests that CoN, sites do not follow
the four-electron path for the ORR. It can be verified that the
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Fig. 11 (a) Schematic structure of Co,Ns/C, Col(purple), N(blue),
Clgray).®° (b) Aberration-corrected HAADF-STEM images of Co-N-C-
50 (left) and Co-N-C-10 (right).8° (c) FT-EXAFS spectra.®? (d) Schematic
structure of Cosa-N-C, Col(pink), N(blue), Clgrey).°® (e) FT-EXAFS
curves of Coga-N-C and references.®® (f) Free energy paths of the ORR
on Co-NzC, Co-N; and Co at U = 1.23 V.°° (g) The structure of
Cos(HADQ),>* (h) The free energy diagrams of the ORR for
Cos(HADQ), at different potentials.®* (i) Charge density distribution of
Cos(HADQ),.*

Co-N-C@F127 catalyst follows the 4e” reduction pathway by
electrochemical testing. So, the above experiments prove that
the dominate active sites are CoN,,,. And the Co-N-C@F127
catalyst exhibited an E;/, of 0.84 V vs. RHE in 0.5 M H,SO,,
which is comparable most Fe-N-C catalysts. Moreover, some
researchers used appropriate methods to synthesise catalysts
with single-atom dispersed high-density CoN, active sites,
which also exhibit good activity in the acid environment.®”*

Xiao et al®® firstly detected binuclear Co,N, sites and
eventually confirmed the structure of Co,N5; by DFT
calculation; the structure diagram of Co,N;/C is shown in
Fig. 11a. The formation of binuclear Co,Nj; sites can alter the
atomic ratio of Zn/Co in the process of preparing the catalyst.
For example, when the atomic ratio is 50, there are only
single atom CoN, sites in Co-N-C-50, but for Co-N-C-10
(atomic ratio is 10), there are both single atom CoN, sites
and binuclear Co,N; sites with Co-Co distance at 2.1-2.2 A,
as shown in Fig. 11b. It can be noted that the Co-N
coordination peak of Co-N-C-10 positively shifts compared
with Co-N-C-50, which reveals that there are no pure CoN,
sites in Co-N-C-10, but other sites. There is a special peak at
2.12 A corresponding to the bimetallic atom structure,
consistent with the aberration-corrected STEM in Co-N-C-10.
These all confirmed the presence of special Co,N; sites. The
high activity was achieved on Co-N-C-10 with a half-wave
potential of 0.79 V, and the catalytic activity of the Co,N; site
is approximately 12 times higher than the conventional CoN,
site by quantifying the atomic percentage of Co particles and
simple calculations. This study demonstrated that the high
activity of bimetallic sites has potential to further improve
the catalytic performance, which inspired further exploration
of bimetallic catalysts to improve the catalytic performance.
Zhou et al.”® synthesized a single-atom distributed catalyst
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(Cosa—N-C) with active site structure of Co-N;C, as shown in
Fig. 11d. The structure was verified by least-squares EXAFS
fitting, the EXAFS fitting coordination number of Co was
about 4, and one Co atom was coordinated with three N
atoms and one C atom. Cobalt phthalocyanine (CoPc) as a
reference also demonstrated that the active site structure in
Cogs-N-C isn't like with Co-N, (Fig. 11e). CoPc has a typical
Co-N, structure, and the characteristic peak is at 1.48 A, but
for Cogs~N-C, the dominant peak is at approximately 1.4 A;
the shorter length of Cogy~N-C can be attributed to the
carbon atom replacing the nitrogen atom. The greater activity
of Co-N;C sites than Co-N, sites was proved by DFT
calculation. Fig. 11f shows the free energy paths at U = 1.23
V, and the activation energy barrier is 0.94 eV for Co-Ny,
corresponding to the process of the reduction of *OOH to
*0. It's much higher than Co-N;C (0.63 eV) to drive the
reduction of *O to *OH, which suggests that Co-N;C can
decrease the activation energy barrier of the rate determining
step to accelerate the ORR process compared with
conventional Co-N,. The linear sweep voltammetry (LSV)
curves show that the Eyj, is 0.79 V of Cogs—N-C, which can
compete with Pt/C (0.805 V) in 0.1 M HCIO,. Moreover, Igbal
and colleagues® used a novel strategy without the need for
high temperature pyrolysis to synthesize a catalyst with high
catalytic performance. The methodology was inspired by a
computational study that indicated the pristine 2D metal
hexahydroxybenzene framework as catalytic for the ORR in
acid media.”® In addition, the pyrolysis method can damage
the well-defined structure of the MOF and the pristine 2D
MOF is highly conductive.”>** So, the researchers created a
novel cobalt based 2D conjugated MOF catalyst by a
hydrothermal reaction, and the resulting catalyst is labeled
as Cos3(HADQ),. There is also a novel active site structure of
Co(NH),, as shown in Fig. 11g. The catalyst exhibited good
