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Abstract: Exploring cheap and stable electrocatalysts to replace Pt for the oxygen reduction reaction
(ORR) is now the key issue for the large-scale application of fuel cells, especially the polymer
electrolyte membrane fuel cells. Recent emergence of Fe (or Co)/N/C catalysts creates tremendous
opportunities for the development of non-precious metal catalysts for ORR in acidic media and thus
presents a great potential in the application of fuel cells. In this review, we summarize the recent
advances of the Fe (or Co)/N/C catalysts for ORR in acidic media that have demonstrated comparable
activity to the commercial Pt catalyst. The synthesis, structural characterization and underlying
mechanism of Fe (or Co)/N/C catalysts are discussed. In addition, we highlight the interesting
microstructures of the active site, new synthetic approaches, and the catalytic performances tuned
by nonmetal heteroatoms dopants. At last, the perspectives on the challenges and future
opportunities are also discussed.

1. Introduction
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Global demand for energy has increased rapidly and continuously in the last several decades,
and it is accompanied by enhanced deterioration of the environment. Meanwhile, many advanced
technologies for clean and renewable energy conversion, such as water electrolysis and fuel cell
techniques have attracted much attention due to the dwindling supply of fossil energy in recent
years."? As a typical representation, fuel cells can directly convert the chemical energy of fuels into
electricity with high efficiency, high power density and low emission, which shows great potential
applications in the fields of portable electronics, transportation as well as stationary, and are
promising to surpass the usage of conventional energy conversion devices (internal combustion
engines) in future.”” According to the report of MarketsandMarkets (M&M), the market size of
global fuel cells is estimated to reach $5.20 billion in 2019.° It is well-known that platinum (Pt) is the
best commercial catalyst to accelerate electrode reactions in fuel cells, but its prohibitive cost and
scarcity greatly hinder the large-scale applications of fuel cells.”® For a hydrogen-oxygen (H,-0,) fuel
cell, the cost of Pt reaches $57 kW™, which is the most expensive part in its all components.’
Therefore, developing non-Pt or non-precious metal (NPM) catalysts is of great significance.

Polymer electrolyte membrane fuel cells (PEMFC) are particularly attractive due to their high
power density, low working temperature, quick start-up and tolerance to carbon dioxide (CO,) from
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. 4,10
the environment.

In 2014, the first mass-produced fuel cell vehicles were marketed by Toyota
Mirai, which was powered by H, with a cruise mileage reaching 650 kilometers.'* Taking the H,-O,
fuel cell as an example, at the anode part, hydrogen is oxidized to generate electrons and protons,
which are transferred to the cathode through an external circuit and proton exchange membrane,
respectively (H, — 2H" + 2¢). At the cathode part, oxygen is reduced by the reaction of protons and
electrons to generate water (120, + 2H" +2e" — H,0). Compared to the hydrogen oxidization
reaction at the anode, the oxygen reduction reaction (ORR) at the cathode needs more Pt catalysts to

1213 Currently, the main challenge is the

accelerate the reaction due to its more sluggish kinetics.
design of cost-effective and stable fuel cell catalysts for ORR.™ In recent years, great efforts have
been devoted to the exploration of NPM catalysts in acidic media. Nowadays, three families of
alternative ORR electrocatalysts in acidic medium are impressive: (1) Fe (or Co)/N/C catalysts.’** (2)

16,17

NPM-based chalcogenides, nitrides and oxynitrides.”®*° (3) Carbon-based metal-free

2122 Among these NPM catalysts, Fe (or Co)/N/C catalysts present great potential in the

catalysts.
application of fuel cells due to their remarkable ORR performance including activity and stability,
while the others face the challenges of ordinary activity with a big difference to the commercial Pt/C
catalyst, and the unsatisfactory stability because of their low catalytic activities on the formed active
sites and poor physicochemistry stability in acidic conditions and under high electrochemical

1622 Therefore, exploring and developing the advanced Fe (or Co)/N/C catalysts to replace

potentials.
Pt catalysts is of significance for promoting the large-scale application of PEMFC.

The origination of the exploring NPM catalysts can be traced back to the discovery of ORR
activity of cobalt phthalocyanine (CoPc),”® which opened up a new paradigm toward Pt-free ORR
electrocatalysts, i.e., N;-macrocyclic metal complexes. However, this type of catalysts was beset by
the poor stability in acidic medium.?* Later, a big breakthrough was achieved to circumvent the
problem of the low stability of catalysts when high-temperature treatment (400-1000 °C) was
introduced in their preparation procedures. Subsequently, this kind of catalysts was renamed as
M/N/C (M = Fe, Co et al.).”***” The Fe (or Co)/N/C catalysts produced through the pyrolysis strategy
are regarded as the most promising replacement for the Pt-based catalysts due to their high stability

2730 1n 2011, Zelenay et al.

and excellent ORR activity as well as the uncomplicated procedure.
reported FeCo/N/C catalysts with the superior ORR performance of high activity with an onset
potential (Eonset) Of 0.93 V vs. RHE and excellent stability in acidic medium. The catalysts were
obtained by the pyrolysis of polyaniline (PANI), Fe and Co salts, and carbon particle.” Inspired by
Zelenay’s pioneering work, much effort has been devoted to the intensive exploration of the
synthetic chemistry, catalytic performance and active site of the Fe (or Co)/N/C catalysts.?***3?

In this review, we briefly summarize the recent progress in Fe (or Co)/N/C catalysts for ORR in
acidic medium. The crucial procedures in construction of the Fe (or Co)/N/C catalysts with superior
ORR reactivity are well discussed including metal species, N-resource, templates, supports and
pyrolysis conditions. Recent years, some new synthetic approaches to construct advanced Fe (or
Co)/N/C catalysts, featured by highly exposed active sites, is also concluded. Importantly, we
comprehensively discuss the atomic level correlation among structure of active sites, heteroatom
dopants (S, P and B et al.) and catalytic activity in Fe (or Co)/N/C catalysts based on their
characterization by X-ray photoelectron spectroscopy (XPS), Mdssbauer spectroscopy, X-ray
absorption near-edge spectroscopy (XANES) and scanning transmission electron microscopy (STEM)
et al. technologies. Finally, comments on the current status of the catalysts and perspective for the

future directions are presented. Briefly, this review provides critical insights for understanding the
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synthetic procedures, the atomic level active sites as well as the dopant effects, and therefore will
help to bring new developments in the field of NPM ORR catalysts.

2. Synthetic chemistry

The development of high-performance M/N/C (M = Fe, Co et al.) catalysts for ORR depends
heavily on the catalyst design and synthesis innovation. The simplified formula of M/N/C catalysts
suggests that metals and nitrogen species are key components for determining their catalytic
performance. The presence of supports or templates during their preparation process would endow
the catalysts with more exposed active sites and high surface area, which can render the enhanced
activity. The temperature would also play an important role as the active sites of NMP catalysts are
mostly formed during the pyrolysis process. All these factors could help to mediate the catalytic
properties of M/N/C catalysts in ORR and thus tremendous effort has been devoted to the elaborate
selection of pyrolysis precursors with metals and/or nitrogen, templates, supports and pyrolysis
conditions in order to optimize the catalytic performance of the catalysts.?®*"*

2.1 Non-precious metals: As a particular element of ORR active site in M/N/C catalysts, metal

7,26 . .
“> Based on the theoretical calculation,

plays a most critical role for selecting excellent catalysts.
many metal species could be the choice for the preparation of M/N/C. These include Fe, Co, Ni and
Mn et al., which serve as the active sites and promote the activity-determining steps in the ORR
through strengthening or weakening the absorption of reactants and intermediate species.“'39 Fe
and Co based catalysts exhibit excellent ORR performance with low overpotential among these

8,10,37-40 . .
As an optimal selection,

metals based on the theoretical predictions and experimental results.
Fe based catalyst (Fe/N/C) is predicted to possess the excellent catalytic activity for ORR comparable
to Pt catalysts, which results from the highly active catalytic centers being most favorable to the
kinetical reaction pathway (OOH dissociation reaction).?’” Ohms et al. systematically investigated the
effects of different metals on pyrolyzed ORR catalysts prepared in argon gas for 5 h at 850 °C, and
using polyacrylonitrile (PAN) as nitrogen sources. The relative order of ORR activity was found to be
Fe~Co > Mn > Cu > Ni in H,S0, solution.** Chu and Jiang revealed that catalysts obtained by heat

treatment of various binary metal macrocycles presented higher ORR activity than those prepared by
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just one metal-ion center. Binary Fe/Co metal catalysts exhibited the highest ORR activity, and were
much more superior than V/Fe, Ni/Fe and Cu/Fe.42 Considering that Fe and Co alone possesses the
highest activity of the pyrolyzed M/N/C catalyst, it is expected that a combination of the two is
superior to other formulations. These progresses have inspired modern research to focus on
pyrolyzed catalysts using the Fe/Co metal rather than choosing others due to their high ORR

2630 ko /N/Cis generally more active for ORR than Co/N/C due to the differences in the nature

41,42

activity.
of the active sites formed. On the other hand, Co species can facilitate the formation of
graphitized carbon during the pyrolysis, which can potentially benefit ORR catalysts through

2743 Therefore, it is an efficient

enhancing the corrosion resistance of the catalysts to acidic medium.
approach to generate excellent catalysts with the combination of Fe with Co. In 2011, Zelenay et al.
reported the high-performance of the FeCo/N/C catalyst synthesized using PANI as nitrogen source,
FeCl; and Co(NO3),-6H,0 as metal sources, and a commercial carbon Ketjenblack EC 300J (AkzoNobel)
as support. FeCo/N/C catalyst presented outstanding ORR activity comparable to commercial Pt/C
(20 ugp: cm™) with only 43 mV in a half-wave potential (Eqp) difference and H,0, yield being below
1% in the potential range from 0.1 to 0.8 V vs. RHE, indicating that the NPM catalysts possessed high

activity and selectivity. H,-air fuel cells using FeCo/N/C as cathode and Pt/C as anode catalysts
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displayed an excellent performance which was comparable to Pt/C and with durability that reflects
only 18 uA h™ decrease in a 700 h test at a constant voltage of 0.40 V as shown in Fig. 1.2 This result
shows a promising prospect for replacing Pt with NPM catalysts in term of their high activity and
long-term stability, and it is worthy to note that these NMP catalysts presented the extremely
excellent stability, which definitely locates at the top level. Furthermore, taking Fe for example, its
precursors are plentiful as shown in Table 1.
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Fig. 1 a) Schematic diagram of the synthesis of PANI-M-C catalysts. ( I ) Mixing of carbon with aniline
oligomers and transition-metal precursor (M: Fe/Co). (1I) Oxidative polymerization of aniline by
addition of APS. (III) First heat treatment in N, atmosphere. (IV) Acid leaching. b) H,-0, fuel cell
polarization plots recorded with various PANI-derived cathode catalysts at a loading of 4 mg cm™: 1,
PANI-C; 2, PANI-Co-C; 3, PANI-FeCo-C(1); 4, PANI-FeCo-C(2) (SDs from three independent
measurements marked for all data points); 5, PANI-Fe-C. Performance of an H,-air fuel cell with a Pt
cathode (0.2 mgp, cm™) is shown for comparison (dashed line). Pt/C catalysts are used in all tests with
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a loading of 0.25 mgp cm™ at the anode; anode and cathode gas pressure, 2.8 bar. c) Long-term
stability test of a PANI-FeCo-C(1) catalyst at a constant fuel cell voltage of 0.40 V (2.8 bar H,/2.8 bar
air; 0.25 mgp; cm™ anode; cell temperature 80 °C). d) PANI-Fe-C catalyst RDE performance at various

potentials after potential cycling in nitrogen between 0.6 and 1.0 V in 0.5 M H,SO, (catalyst loading,

0.6 mg cm'z). e) PANI-Fe-C catalyst H,-O, fuel cell performance at various voltages after voltage

cycling in nitrogen between 0.6 and 1.0 V (cathode catalyst loading, 2.0 mg cm?, Pt/C anode catalyst

loading, 0.25 mgp; cm’?; anode and cathode gas pressure, 1.0 bar). Reproduced with permission.29

Copyright 2011, American Association for the Advancement of Science.

Table 1. Preparation precursors, high-temperature treatment condition and ORR activities of the Fe

Published on 18 August 2017. Downloaded by UNIVERSITY OF ADELAIDE on 19/08/2017 03:56:33.

(or Co)/N/C catalysts.
Metal source Nitrogen source Carbon Template Heat-treatment Carrier Eonset Ref.
support temperature / °C gas V vs. RHE
FeClz PANI Carbon black - 900 N, 0.93 [29]
Co(NOs),-6H,0
FeCls Phenanthroline (Phen) Carbon Silica 800 N, 0.80 [44]
nanotubes (SiO,)
FeCl; Phen Mesoporous SiO, 800 N, 0.88 [44]
carbon
FeCls Phen Ordered Sio, 800 N, 0.82 [44]
mesoporous
carbons
FeCls PANI Carbon black - 900 Ar 0.91 [45]
Fe(C,H30,), Phen NH;
FeCls PANI Carbon black - 900 Ar 0.89 [45]
NH;
Fe(C,H50,), Phen Carbon black - 900 Ar 0.84 [45]
NH;
Fe(NO3);-9H,0 Carbendazim - SiO, 800 N, 0.87 [46]
Fe(NO3);-9H,0 N,N-dimethylformamide - - 800 0.40% 0.83 [47]
PAN 0,/Ar
FeS0O,-7H,0 Polyquaternium - Sio, 800 N, 0.83 [48]
FeCl;-6H,0 PANI Carbon - 900 10% 0.86 [49]
nanotubes NH3/N,
FeCly-6H,0 2,2-bipyridine - SBA-15 900 N, 0.85 [50]
FeCl3-6H,0 2-amino pyridine - SBA-15 900 N, 0.82 [50]
FeCl;-6H,0 g-C3N, Reduced- - 800 Ar 0.84 [51]
graphene
oxide
Fe(C,H50,), Dicyandiamide - - 1000 N, 0.93 [52]
FeClz Pyrrole - Sio, 850 N, 0.85 [53]
FeCl,-4H,0 Dicyandiamide Graphite - 900 Ar 0.87 [54]
CoCl,-6H,0 oxide
Fe(C,H30,), Thiourea - - 700 Ar 0.85 [55]
Ferrocene PAN - - 800 NH; 0.86 [56]
(CyoH1oFe)
Fe(ll)- Fe(ll)-phthalocyanine - SBA-15 800 N, 0.85 [57]
phthalocyanine
FeCl, Porphyrin - - 700 N, 0.93 [58]
Iron(l1l) porphyrin Iron(lll) porphyrin Carbon black - 800 Ar 0.91 [59]
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Co(NO3),'6H,0 Vitamin B12 (VB12) - Sio, 700 N, 0.91 [60]
Co(NO3),"6H,0 VB12 - SBA-15 700 N, 0.87 [60]
Co(NO3),-6H,0 VB12 - Montmorillonite 700 N, 0..85 [60]
Co(C,H30,),-4H,0 2-methylimidazole - - 700 Ar 0.80 [61]
Co(NO3),-6H,0 2-methylimidazole - - 750 Ar 0.86 [61]
Co(NO3),-6H,0 N,N-dimethylformamide - - 800 0.40% 0.82 [47]
PAN 0,/Ar
Co(NO3),-6H,0 PANI Graphene - 900 Ar 0.88 [62]
oxide
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“-": Carbon support or template is not used in the preparation of catalysts.

2.2 Nitrogen sources: Other than metals, nitrogen species also constitute important

components of the active sites in the M/N/C catalysts.?®*"%%%

The rich resources of nitrogen
precursors offer extraordinary potential in the invention of new highly efficient NPM catalytic
systems. The morphology and functionalities of the active sites can be well-engineered to improve
the catalytic efficiency by selecting different types of nitrogen precursors, such as amine-type,
pyrrole-type, pyridine-type, porphyrin-type etc., with or without metals. At present, the typical
nitrogen precursors are PANI,29'45‘49'62 PAN,‘W'56 Pyrrole,53 VBlZ,GO Phen,M‘45 Dicyandiamide,sz'54

58,59 N,N-dimethylformamide,47 Thiourea,55 2,2-Dipyridine50 et al.,, as listed in Table 1.

Porphyrin,
Atanassov et al. investigated the effect of using polyethyleneimine (PEI) with different molecular
weight on the ORR activity and selectivity for Fe/N/C catalyst.68 The Fe/N/C material obtained at 800
°C from the PEI precursor with a molecular weight of 25 000 presented the highest ORR selectivity
with low H,0, yield and high activity. The H,0, yield decreased with the increase of PEI molecular
weight, and then increased. Chen et al. reported the direct use of corrin structure of VB12 as N
source and carbon black as support to produce Co/N/C catalyst via pyrolysis, which exhibited high
ORR activity with an electron transfer number of 3.90.° A H,-0, fuel cell with such Co/N/C as the
cathode catalyst presented the maximum output power density of 0.37 W cm™ and excellent
long-term stability. Calculations based on density functional theory (DFT) suggested that the corrin
complex with a low-symmetric structure offered a much preferable path for the ORR which was
beneficial to the adsorption of O,. Very recently, Fu and Chen developed an efficient strategy to
produce a new Fe/N/C catalyst using dual nitrogen sources, namely PANI and Phen, which presented
higher ORR activity than that of a catalyst prepared by using only a single N source as shown in Fig.
2. A H,-0, fuel cell with Fe/N/C as the cathode catalyst presented the maximum output power
density of 1.06 W cm™. The excellent ORR performance could be attributed to the unique structure
of the catalyst with its high surface area and abundant meso/macropores which combined the
advantages of different morphologies for carbon matrices derived from the different N precursors. In
this catalyst, Phen acted as a pore-forming agent that was capable of expanding the external PANI
shell during the decomposition. Meanwhile, the PANI shell was converted to graphene-like structures
through graphitization in the presence of iron species during the pyrolysis processes. This progress
indicates that the N precursor directly affects the structure of the final catalyst including its
morphology and the number of exposed active sites, which is thus capable of influencing the ORR
activity of the catalyst. Although N-containing sources are plentiful, the FeCo/N/C material produced
using PANI as the N precursor reported by Zelenay et al. is one of the best NPM ORR catalysts with
high activity and excellent stability.29 The heat treatment of PANI can facilitate the incorporation of
nitrogen-containing active sites into the graphitized carbon matrix. In addition, PANI has a more

6
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uniform distribution of nitrogen sites on the surface which leads to high dispersion of N in the final

catalyst. All these define PANI as an ideal N-containing precursor, 37449627073
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Fig. 2 a-c) Schematic illustration of the synthesis of Fe/N/C catalysts using the PANI and Phen as N
precursors. a: Ball milling of KI600 carbon with Phen and Fe(C,H30,),. b: Polymerization of aniline
onto the surface of the Phen/Fe/C composites. c: Subsequent heat treatments and acid leaching
processes. d) ORR polarization plots of different Fe/N/C catalysts. Electrode rotation speed, 900 rpm;
scan rate, 10 mV s"l; loading, 0.6 mg cm?. b) Electron transfer number and H,0, yield of prepared
catalysts. Reproduced with permission.*® Copyright 2017, Wiley-VCH.

2.3 Template effect: Morphology engineering associated with the modification of
chemical-components is also a common strategy to fine-tune the catalytic performance. NPM ORR
electrocatalysts with mesoporous structures, high BET surface area, and more exposed active sites
are expected to have better ORR catalytic performance. Template synthesis is an efficient synthetic
strategy and has been widely used to prepare such NPM catalysts.*®#>3%7*

7

Recently, Klaus Mullen and
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co-workers have reported a template synthesis of the family of superior NPM catalysts with
well-controlled mesoporous structures, including Co/N/C and Fe/N/C prepared from VB12-Co and
the PANI-Fe complex, respectively. SiO, nanoparticles, ordered mesoporous silica SBA-15, and
montmorillonite were used as templates for achieving the well-defined mesoporous structures. Both
mesoporous Co/N/C and Fe/N/C presented much higher activity than that of carbon black supported
ones. The most active NPM catalyst was prepared using SiO, nanoparticles as templates, and VB12 as
N and C sources, and showed an excellent ORR performance in acidic medium (£, of 0.79 V vs. RHE,
only 58 mV deviation from Pt/C), high selectivity (electron-transfer number >3.95), and outstanding
electrochemical stability (only 9 mV negative shift of E;, after 10 000 potential cycles).60 The
remarkable ORR performance in acidic media of these NPM catalysts is attributed to their ordered
mesoporous structures, high BET surface area, and homogeneous distribution of abundant metal-N,
active sites. It is worth pointing out that SiO, is not only a good template, but also plays a critical role
for the formation of the active-site, which is recently discovered by Joo's group.” In this report, the
Fe/N/C catalyst was prepared via the hydrolysis reaction of tetraethyl orthosilicate, followed by the
pyrolysis of coexisting Fe, N and C sources. The Fe-N, sites were preferentially generated and the
formation of Fe-based particles was efficiently suppressed in the presence of SiO, during the
high-temperature pyrolysis, which was in contrast to the case with the absence of SiO,. The synthetic
scheme for the preparation of the catalyst is shown in Fig. 3. Such a constructed catalyst exhibited

outstanding ORR performance in the application of PEMFC due to the availability of more active sites.

With SiO,, some planar Fe-N, sites could be transformed into the distorted Fe-N, sites with high ORR
activity during the pyrolysis, which was well supported by the XANES and Mdssbauer spectra and led
to the outstanding performance. SiO; has historically functioned primarily as the template preventing
the sintering of nanoparticle catalysts under harsh conditions. This study firstly revealed that the

silica-synthetic strategy can also act as an important player in the construction of catalytic active sites.

These results verify that suppressing the formation of Fe-based particles and simultaneously
increasing the density of exposed high-active sites is an efficient approach to construct the advanced
catalyst. It can further conclude that the formation of ORR active sites is not only depends on the
precursors and high-temperature treatment condition but also the template effect, which brings up a
new viewpoint to explore the Fe (or Co)/N/C catalysts.

(i) Mixing with Fe"'TMPPCI 88
(ii) Heat treatment at 400°C 4TS g ,, .
(i) TEQS / Formic acid i o

v i
"ﬁ Ll:l,' - (iv) Pyrolysis
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oy @il
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P
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> -4 Fe @ N » C
e e Bt :

Fig. 3 Synthetic scheme for the preparation of Fe/N/C catalysts. Reproduced with permission.”*
Copyright 2016, American Chemical Society.
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2.4 Carbon supports: Different with templates, carbon supports are one of the components of
Fe (or Co)/N/C catalysts to endow the NPM catalysts with high density of exposed active sites owing
to their high BET surface area and porosity. In addition, the nature of carbon's surface can also
578 Dodelet et al.

investigated the effect of 19 different carbon supports on the ORR activities of Fe/N/C catalysts and

remarkably influence the structure and density of active sites in the final catalyst.

pinpointed that the N content in carbon supports directly affected the ORR performance of the
obtained catalysts, while their specific surface area had little relevant correlation. It seems that the
higher content of N in support helps to create more active sites and thus exhibits the better ORR
performance.75 Using the HNOjs-treated carbon black as carbon support, Popov's group prepared a
Fe/N/C catalyst which presented higher ORR performance than one prepared without using an
acid-treated carbon support. PEMFC constructed by this catalyst showed long-term stability in a 500
h test with a potential decay rate of 80 pV h™. The high ORR performance was attributed to the
pyridinic and graphitic nitrogen groups which were efficiently introduced into the carbon matrix
using the HNOs-treated carbon black as carbon support.” More recently, Osmieri et al. systematically
investigated the ORR performance of Fe/N/C catalysts using three kinds of carbon support. The
results indicated that Fe/N/C catalyst produced using the mesoporous carbon as support presented
the best ORR performance due to its large specific surface area and suitably pore-size distribution.*
In addition, conductivity of support is another important factor to influence the activities of catalysts

379 Qjao's group fabricated a highly

as it determines the rate of charge transfer during ORR process.
porous and conductive Fe/N/C catalyst, which was composed of hierarchically ordered porous
carbon interlinked via in-situ grown CNT. This hybrid carbon support combined together the merits
such as hierarchical porosity for facile reactant transportation and abundant graphitic CNT to
maximize the conductivity, and thus significantly contributed to its high ORR performance. In short,
an ideal carbon support should simultaneously feature a large surface area, appropriately porous
structure and high conductivity which facilitates reactant diffusion and electron transfer during the

. . 43,79-81
electrocatalytic reactions.™

2.5 Pyrolysis conditions: A high-temperature treatment condition also significantly affects the

Published on 18 August 2017. Downloaded by UNIVERSITY OF ADELAIDE on 19/08/2017 03:56:33.

active-site formation for the Fe (or Co)/N/C catalysts, thus impacts on both ORR activity and stability

262782 Generally, the pyrolysis temperature is 500-1000 °C and the carrier gas is

of the catalysts.
mainly argon (Ar), nitrogen (N,) and ammonia (NHs). In general, the ORR activity increases with
increasing pyrolysis temperature below 800 °C. In this temperature range, active sites responsible for
ORR can be efficiently formed and well dispersed on the surface of the carbon support. Above 800 °C,
the metal-nitrogen species are known to decompose and a reduction in ORR is commonly observed.
Thus it is not surprising to observe that the optimal pyrolysis temperature is below 800 °C. Popov et
al. has founded that the content of Co-N species would decrease when the heat-temperature was
over 800 °C by the extended X-ray absorption fine spectra technology.76 This observation well

46,36,60,61 However, there are some cases

44-62

explains the ORR reduction of catalysts obtained over 800 °C.
where a pyrolysis temperature of above 800 °C is used, as shown in Table 1. In fact, the exact
nature of the catalytically active sites formed during pyrolysis is subject to extensive debate.””*? With
regard of stability, high pyrolysis temperature can lead to generate more quaternary nitrogen
functionalities which do not possess a lone pair of electrons, thus less prone to degradation by the
protonation reaction and present high stability.”® At the same time, the graphitized carbon would be

easily formed at high temperature, which can enhance the corrosion resistance of the catalysts to
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27,43

acidic medium. Also, it has been found that the N content in Fe (or Co)/N/C can be increased

through using NHj; as the carrier gas, which helps to form more metal-nitrogen species and thus lead

73778 10 summary, the ORR performance of the Fe

to an improvement of its catalytic performance.
(or Co)/N/C catalysts highly depends on its high-temperature treatment condition and the current
experimental results suggest that these pyrolysis reactions often prefer the temperature below 800
°C to maximize the density of active sites to furnish superior NMP catalysts as some active sites can
be decomposed at higher temperature. While in some cases the active species are thermal stable
even above 800 °C, the higher temperature would then play a positive role and help to incorporate
higher density of quaternary nitrogen functionalities and graphitized carbon to improve the catalytic

stability.
3. New synthetic strategy

In recent years, some new synthetic strategies for the preparation of Fe (or Co)/N/C catalysts
were gradually reported. The strategies mainly focused on enhancing the highly exposed ORR active

80,84,85

sites via: 1) Precise control of the synthetic process. 2) Pyrolysis of new materials with specific

structures,%'88 such as metal orginic frameworks (MOF). It is well known that catalysts which possess

more exposed active sites would present high catalytic activities.3>8689%

Recently, we developed a
manganese oxide (MnO,)-induced strategy to construct Fe/N/C with enhanced highly exposed Fe-N,
active sites. The strategy involved the uniform spreading of polyaniline on hierarchical N-doped
carbon nanocages by a reactive-template polymerization, followed by successive iron incorporation
and PANI pyrolysis (Fig. 4). The resultant Fe/N/C demonstrated an excellent ORR performance
including an Egnser Of 0.92 V vs. RHE, four electron selectivity, superb stability and immunity to
methanol crossover. The excellent ORR performance was well correlated with the greatly enhanced
surface active sites of the catalyst stemming from the unique MnO,-induced strategy.®* This strategy
provides an efficient approach for exploring advanced ORR electrocatalysts by increasing the number
of exposed active sites. Similarly, Murakoshi et al. pyrolyzed FePc molecules adsorbed on vertically
aligned carbon nanotubes (VA-CNTS) to prepare the Fe/N/C catalyst. The constructed catalyst
characterized by highly dispersed and exposed ORR active sites on the surface of VA-CNTS presented
a high ORR activity (Ey», 0.79 V vs. RHE), a high selectivity (3.92 to 3.98 electron transfer number) and
long-term electrochemical stability (16 mV negative shift of £y, after 10 000 cycles) in the acidic
medium. Such excellent ORR performance with high activity was attributed to the dense
catalytically-active sites on the tube surface.?’ Actually, in 2012, Dai's group reported the formation
of carbon nanotube-graphene complexes by oxidizing and exfoliating multiwalled carbon nanotubes.
In these complexes, the outer walls of the few-walled carbon nanotubes were partially unzipped,
creating nanoscale sheets of graphene attached to the inner tubes under a unique oxidation
condition. Consequently, more ORR active sites were highly exposed on the surface of the catalyst,
which led to excellent catalytic performance.85 Such complexes were the Fe/N/C catalysts due to
their coexisting Fe, N and C elements and existing Fe-N bonding as detected by multiple
characterization techniques.

10
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hNCNC MnO,/hNCNC PANI/hNCNC

X

Fe/N/C catalyst with
highly exposed active sites

FeCls/PANI/hNCNC

% hNCNC € MnO, nanoparticle i‘i PANI e Fe-species
Fig. 4 Schematic diagram of MnO,-induced strategy to construct the Fe/N/C catalyst with highly
exposed active sites. A: High dispersion of MnO, nanoparticles onto hNCNC. B: hNCNC-supported
MnO, as initiator and reactive-template to construct PANI/hNCNC. C: FeCl; impregnation onto
PANI/hNCNC. D: Pyrolysis and formation of the Fe/N/C catalyst with highly exposed active sites.

Reproduced with permission.84 Copyright 2016, Royal Society of Chemistry.

Recent years, MOF has been widely applied as the percursors for preparing Fe(or Co)/N/C
catalysts due to their unique properties, such as high surface area, well-defined pore size
86879192 The Fe (or Co)/N/C catalysts inherit the
characteritic large surface area and excellent porosity of MOF which lead to the dense active site on

distributions, and abundant metal/organic species.

the surface of materials, and are synthesized by a simple method, i.e., pyrolyzing MOF at a high
temperature (600-1000 °C). Such constructed catalysts present an excellent ORR performance with
Eonset = 0.90 V vs. RHE.?*®® Fig. 5 shows the preparation process of a typical FeCo/N/C catalyst using
MOF as precursor and its ORR activity in an acidic medium.” It is clealy observed that the FeCo/N/C

Published on 18 August 2017. Downloaded by UNIVERSITY OF ADELAIDE on 19/08/2017 03:56:33.

catalyst presents a superior ORR activity comparable to Pt/C in 0.1 M HCIO, as shown in Fig. 5b. In
short, excellent ORR performance of these catalysts could be attributed to their large surface area
and excellent porosity derived from MOF, which led to the highly exposed active sites and facilitated
reactant diffusion during ORR process. Wei et al. reported a “shape fixing via salt recrystallization”
method to synthesize Fe/N/C with a large number of active sites exposed.® Self-assembled
polyaniline with a 3-dimensional (3D) network structure was fixed and fully sealed inside NaCl via
recrystallization of NaCl solution. The obtained product possessed a 3D network structure with
plentiful pores and a high density of active sites after removing NaCl, thus presenting excellent ORR
performance. The above advances indicate that the method of generating catalysts with highly
exposed and high-density active sites is gaining traction in this feild.

11
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Fig. 5 a) Schematic diagram of FeCo/N/C catalyst using MOF as precursor. TIPP=
5,10,15,20-tetrakis(4-iodophenyl)porphyrin, TEPP= 5,10,15,20-tetrakis(4-ethynylphenyl)porphyrin,
porphyrinic conjugated network (PCN). Reagents and conditions: i) propionic acid, reflux, 3 h; ii)
Co(CH3C00),'4H,0 or FeCl,4H,0, CHCl;-CH3;0H, reflux, 12 h; iii) tetrabutylammonium fluoride,

tetrahydrofuran (THF)-CH,Cl,, reaction 1 h; iv) Tris(dibenzylideneacetone)dipalladium(0),

triphenylarsine, THF/triethylamine, 50 °C, 72 h. b) ORR polarization plots of catalysts. Electrode
rotation speed, 1600 rpm; scan rate, 10 mV st loading, 0.6 mg cm'z; Pt/C, loading, 0.1 mg cm? (or 20
pge: cm2). ¢) ORR polarization plots of FeCo/N/C at different rotation speed. Inset is K-L plot of J*
versus w™. Reproduced with permission.”® Copyright 2015, Wiley-VCH.

4. Probe atomic structures of active site

The nature of active site for the catalysts directly determines their catalytic performance
including activity, selectivity and stability. Thus, it is of great significance to probe the real active-site
microstructure of Fe (or Co)/N/C catalysts, along with the key factors that affect the activity of the
active sites. XPS, Mdssbauer spectroscopy, XANES and STEM et al. technologies are usually employed
to explore the above, with M-N, (x = 4)/C (M=Fe or Co) generally being suggested as the active site

30,62-67,97-101 .
e For example, Fe bonds with several N atoms to form Fe-N, (generally, x >

for the catalysts.
4) moieties, and N in carbon matrix bonds with C to form N-C. In 2009, Dodelet's group proposed a
model of active-site microstructure for Fe/N/C catalysts. In this model, micropores created in carbon
during heat treatment in NH; provided the host sites for the catalytic site formation of Fe-N,

moieties.>° Later, the group systematically studied the possible existing active-site microstructures
12
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and the surface properties of catalysts. They concluded the following findings: 1) FeN,/C (D1) and
N-FeN,,,/C (D3) are active for ORR. 2) D1 is generally found in catalysts prepared by adsorbing an
iron porphyrin on carbon and heat-treating the assembly in inert gas, and the centers typically
correspond to the majority of the active site. 3) D3 is found in catalysts prepared by heat-treating a
carbon support loaded with iron precursors in NH3 at high temperature. 4) Only D1 and D3 on the
surface of catalysts can catalyze the reaction of O, with H" while the ones inside are not available for
ORR. 5) FeN,C;, moieties are finally identified as the ORR active site of Fe/N/C cataIysts.("3‘65'9s"m0 On
the other hand, Su's group have synthesized Fe/N/C catalyst using o,m,p-phenylenediamine, FeCl;
and carbon black. A new structure of the active site was proposed, i.e., FeNg structure in which two
pyridinic N atoms were separately located up and below the FeN, moieties.®* More recently, Chen et
al. also proposed another new structure of the Fe/N/C catalyst, i.e., N-Fe-N,4, in which one Fe atom
was bonded to five N atoms. This proposal was supported by the XANES characterization and DFT

. 102
calculation.

The typical microstructures of ORR active site are shown in Fig. 6. It can be clearly
observed that Fe atom is bonded to several N atoms, and Fe-N, is the center which can be modulated
by the extra N atoms. From the model of ORR active site, it is easily seen that changing the electronic
structure of Fe-N, will realize the modulation of activity, which may be realized by doping of other

atoms as described in section 5. For Co/N/C catalysts, their active sites are similar to that of Fe/N/C

catalysts, with Fe being replaced by Co. 103104
" c)
~——about13A |
\\ FeN,C,,
S 101 NS T
ERERvVE
[92] ;
NEo” s [ oo gilhe o
" \ § 05 7 m
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Fig. 6 Top views of the proposed structures (a, b), a) the FeN,/C catalytic site in heat-treated,
macrocycle-based catalysts assigned to Mossbauer doublet D1. b) the N-FeN,,-like
micropore-hosted site found in the catalyst prepared with iron acetate and heat-treated in ammonia
assigned to doublet D3. Reproduced with permission.98 Copyright 2012, Royal Society of Chemistry. c)
Comparison between the K-edge XANES experimental spectrum of Feq s (black dashed lines) and the
theoretical spectrum calculated with the depicted structures (solid red lines) of FeN,C;, moiety.
Reproduced with permission.®> Copyright 2015, Macmillan Publishers Ltd. d) Possible FeNg/C
structure. Reproduced with permission.®* Copyright 2014, Wiley-VCH. e) FeNs/C structure in Fe/N/C
catalyst. Reproduced with permission.'® Copyright 2017, American Chemical Society.
13
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Impressively, the atomic structure of FeN, was recently revealed by Bao et al. using high-angle
annular dark-field scanning transmission electron microscopy and low temperature scanning
tunneling microscopy. As clearly shown in Fig. 7, FeN, moiety composed with an unsaturated Fe
center bonded to four N atoms was embedded in the graphene matrix.®” The single-atom Fe catalyst
exhibited extremely high catalytic activities due to its highly dispersed and high-density FeN,

67,97

moieties. Soon afterwards, the atomic level insights into the active site of Co/N/C catalysts were

discovered with the similar structure, in which each single Co atom was bonded to four N

103104 1, 2017, Sun’s group designed and developed an interesting single-atomic-layer Fe/N/C

atoms.
model catalyst based on monolayer graphene, which provided very effective approach to explore the
active site.* In the synthetic procedure, the numerous defects of the CVD monolayer graphene were
created by Ar” irradiation. FeCl; was then evaporated to supply Fe sources for the Fe/N/C. Finally, the
products were treated in NH; at 950 °C to form a single-atomic-layer Fe/N/C catalyst. The good linear
dependence of ORR activity on defect density, and the amount of the Fe-N, moiety pinpointed that
the active site of Fe/N/C was the Fe-N, formed at the graphene defects. Based on the studies
mentioned above, the active site of Fe (or Co)/N/C has been identified as the MN,/C (M=Fe, Co)
structure. Besides the catalytic active sites, the surroundings of active sites also play key roles in
affecting the catalytic properties. It is known that the charge density of carbon-based materials can
be modulated by doping nonmetal atoms that remarkably affects the rate-limiting step of ORR, thus
allowing to further fine-tune the catalytic performance.®**** Therefore, doping the Fe (or Co)/N/C
catalysts with nonmetal atoms should be an efficient strategy to modulate the charge density of
MN,/C (M=Fe, Co) structure to further develop the catalysts with superior ORR catalytic performance
as demonstrated below in section 5.

14
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Fig. 7 Structural analysis of graphene-embedded FeN, (FeN,/GN) catalysts. a-d) High-resolution
transmission electron microscopy (HRTEM) images of FeN,/GN-2.7. The area with arrows and the

Published on 18 August 2017. Downloaded by UNIVERSITY OF ADELAIDE on 19/08/2017 03:56:33.

dashed circles shows some typical single Fe atoms in the nanosheets. e, f) Atomic models (e) and the
corresponding simulated HRTEM images (f) for the structures in (d), where the FeN,/GN structures
have been optimized. g, h) High-angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM) images of FeN4/GN-2.7. i) The electron energy loss spectroscopy (EELS) atomic
spectra of Fe and N elements from the bright dots as shown by the red arrow in (h). The red circles
show Fe and N signals, respectively. a.u., arbitrary units. j) Low-temperature scanning tunneling
microscopy (LS-STM) image of FeN;/GN-2.7, measured at a bias of 1.0 V and a current (/) of 0.3 nA (2
nm x 2 nm). k) Simulated STM image for (j). The inserted schematic structures represent the
structure of the graphene-embedded FeN,. The gray, blue, and light blue balls in (e), (j), and (k)
represent C, N, and Fe atoms, respectively. 1) dI/dV spectra acquired along the white line in the inset
image. U, 1.0 V; /, 0.3 nA; modulation frequency, 500 Hz; amplitude, 20 millivolts peak to peak; RC, 7
Hz. Reproduced with permission.®’” Copyright 2015, American Association for the Advancement of
Science.

Recently, iron carbide (FesC) was reported to be a new NPM type of ORR catalyst with a high

105,106

onset potential of 0.92 V vs. RHE and good stability in acidic medium, which has attracted

increasing attention of the scientific community.'®”™**

15

The nitrogen-containing sources such as
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cyanamide and pyrrole were generally introduced in the preparation of Fe;C catalysts. However, the
possibility in the formation of FeN,/C moieties (x>4) and the E . contribution of these moieties
were not well excluded.’” ™ It is known that high-temperature pyrolysis of coexisting iron salt,
nitrogen-containing and carbon source can generate Fe/N/C catalysts with abundant FeN,/C

26-28,82

moieties. This situation raises a critical question, i.e., does the ORR activity of the

so-constructed Fe;C catalyst originate from the Fe;C phase or FeN,/C moiety? Similarly, iron nitride

15 We noted that carbon source was

(Fe,N) was also reported to be ORR active in the acidic medium.
used in the preparation of the Fe,N catalyst. Hence, the same critical question also exists, i.e., does
the ORR activity stem from the Fe,N phase or FeN,/C moiety? To answer these key questions, we
intentionally designed Fe,N- and FesC-based catalysts with or without a nitrogen source during
preparation, and four typical Fe-based catalysts were obtained. By detailed characterization and
systematic comparison of Fe,N/NCNC (N-doped carbon nanocages), Fe,N/CNC (carbon nanocages)
and Fe3C-N/CNC, FesC/CNC, it was demonstrated that the high ORR activities originated from traces
of FeN,/C moieties rather than the Fe,N or Fe;C phases. DFT calculations suggested the relative order
of ORR activity, i.e., FeN4/C >> Fe,N >> Fe;C, which was in good agreement with the experimental
results.'*® Of course, in an alkaline medium, the promoting effect of Fe;C or Fe,N for Fe/N/C may still

1.1 More recently, FeN,/C was found to present high ORR activity with

exists, as reported by Wei et a
4-electron pathway, significantly higher than that of FesC with two 2-electron pathways as
demonstrated by Joo et al."® So far, FeN,/C can be regarded as the ORR active site of these new
catalysts although more exploration is need to gain deeper insight of FesC or Fe,N for Fe/N/C.

Fe exists in two chemical states in the Fe/N/C catalysts, namely Fe®* and Fe® . **%%%%® |t is also a
hot topic for exploration of Fe chemical states in catalysts, which is helpful to indentify the
microstructure of active site. Sun et al. investigated the effect of a series of inorganic molecules (e.g.,
CO and NO,) and ions (e.g., CI', F, Br, SCN’, 5032', and SZ') on the ORR activity of Fe/N/C catalysts.
Fe*"in Fe/N/C being the main active state for ORR at high potential (E> 0.7 V vs. RHE) was observed
to display decreasing ORR activity after the addition of inorganic molecules or ions during the tests,

119 This result provides an efficient approach to explore the active-site nature of

89,118,120-124

as shown in Fig. 8.
the series of Fe (or Co)/N/C catalysts, and also suggests that these catalysts are not
sensitive to CO and NO, at high potentials (E > 0.7 V vs. RHE). In addition, it implies that the proper
modulation of the ration of Fe’*/Fe** will bring up a forward progress in ORR activity because it is
likely to locate at the condition of the most favorable to the kinetical reaction. Kucernak et al. also
demonstrated that the heat-treated Fe/N/C catalyst interacted strongly with nitrite, nitric oxide, and
hydroxylamine. These species could either form a weakly-bonded nitrite complex or a significantly
stronger nitrosyl complex with an iron centered active site. An in-depth investigation of the ORR in
acid medium further revealed a behavior of Fe (or Co)/N/C catalysts which was similar to that of iron
macrocyclic complexes and suggested that the Fe chemical state in Fe/N/C was probably similar to
that of iron macrocyclic complexes.125 In summary, investigating the effect/interaction of specific
molecules and ions on the ORR active sites of Fe/N/C catalysts associated with comparing the
electrochemical behaviors with the known materials has recently developed as a new approach to
explore the active sites in the NPM catalysts, and more experimental and simulation exploration is
still needed for the further revelation.
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Fig. 8 Effects of a) F, b) CI', c) Br’, and d) SCN" ions on ORR activity of Fe/N/C (950°C) catalyst in 0.1 M
H,S0,. All above four ion concentrations were 5 mM; electrode rotation speed, 900 rpm; scan rate,
10 mVs™; loading, 0.6 mg cm?. e) lllustration of halide ions and S-containing species on the ORR of

Fe/N/C catalyst. Reproduced with permission.119 Copyright 2014, American Chemical Society.

Early studies support the prevalence of a redox-type mechanism for ORR on Fe (or Co)/N/C

126-128

catalysts based on the comparison of O, reduction on Fe macrocycles. . By using in situ X-ray

absorption spectroscopy and XANES technologies, S. Mukerjee et al, preformed a systematic study of
the Fe chemical states during the ORR process on Fe/N/C prepared through the pyrolysis.®>2%*%
Some important results are summarized as following: 1) The Fe-N, configuration in Fe/N/C exists a
Fe2+/Fe3+ redox transition with the denouement of the Fe** associated with the adsorption of *OH
through water activation during the ORR process.

Fe?*-N, + H,0 <> OHag-Fe**-N, + H' + & (1)

Fe?*-N, + 120, + H'+ e — OH,4-Fe*"-N, (2)
2) The non-planar ferrous Fe-N, moiety embedded in disordered carbon matrix has been identified as
the active site responsible for the high ORR activity, which can be reversibly switched to an in-plane
ferric Fe-N, moiety covered by oxygen adsorbates when the applied potential crosses the Fe?*/Fe?*
redox potential (Eq0x) anodically. 3) The turn-over frequency (TOF) of the active site is correlated to
its near-optimal Fe*"/Fe** redox potential which can optimize the binding energies between the Fe
center and the ORR intermediates, and essentially originated from its favorable biomimetic dynamic
nature that balances the site-blocking effect and O, dissociation. 4) The pyrolyzed Fe/N/C materials
with m-electron delocalization on disordered graphitic carbon basal planes cause a downshift of the
eg-orbitals (dzz), thereby leading to an anodic shift in the Fez)'/Fe3+ redox potential and improve the
stability of the active sites at elevated potentials. 5) The ORR activity of Fe (or Co)/N/C greatly
depends on the E..qox Of active site which can be as an index to select the catalysts. Fig. 9 shows the

65,130

ORR mechanisms and characterizations of Fe/N/C. These results indicate that the ORR process
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involves the circulation of Fe?*/Fe*" which dominates the ORR activity. Along this line, it also suggests
that the decrease of ORR activities is probably attributing the break off for the Fe?'/Fe** circulation.

Accordingly, it can conclude from the above results that the active sites of Fe (or Co)/N/C
catalysts are basically identified, i.e., MN,/C (x = 4, M=Fe, Co ) species, through a combination of
multiple characterization techniques and theoretical simulations; The correlation between ORR
performance and the density of active sites are well established and the highly dispersed single-atom
catalysts present excellent performance due to their maximum exposed active sites; For some
reported new NPM catalysts such as Fe;C and Fe;N, their active sites have finally been found to be
the Fe-N,/C (x > 4 ) other than the Fe;C or Fe,N species, based on the current characterization
techniques and theoretical levels; Fe chemical states play a critical role in the process of ORR, which
involves the circulation of Fe2+/Fe3+ and is similar to some known model compounds.

b) c)
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Fig. 9 a) The derived Fe-N switching behavior of two structural models (Fe-N4-C,) remarked as D1 and
D3 with/without axially bound O(H),ss. Reproduced with permission.®® Copyright 2015, American
Chemical Society. b) Potential-dependent normalized Fe K-edge XANES spectra with corresponding
redox peak transition shown in the inset as a background-subtracted square-wave voltammetry
profile collected in oxygen-free 0.1 M HCIO,. c) Fourier Transform of the extended region of the XAS
spectra collected in situ at the Fe K-edge (7112 eV) of Fe/N/C catalyst. Reproduced with
permission.130 Copyright 2014, American Chemical Society.

5. Doping effects of other nonmetal heteroatoms

In recent years, nonmetal heteroatom dopants such as S, P and B are gradually demonstrated to
dominate the ORR activities of catalysts. In general, after being introduced into Fe (or Co)/N/C
catalysts, these heteroatom dopants, especially S, can improve the ORR performance including

48,54,133-137
e These heteroatoms would modulate the

achieving a high E .. and large current density.
charge density of active site, create some new ORR catalytic sites due to their different natures such
as electron negativity and atom size, as well as increase the accessibility of reactant for ORR derived
from more exposed reactive sites, which are mainly responsible for the high ORR performance of
nonmetal doped catalysts. Woo's group prepared a series of Fe/N/C catalysts containing S, P and B

dopa nts.54‘138’139

In their preparation process, the S, P and B sources were introduced during the
pyrolysis of coexisting metal salts (Fe and Co), nitrogen-containing and carbon sources. Thus S, P and
B presented in the final catalysts. The results indicated that ORR activities were improved by S, P and
B doping due to the enhanced asymmetry of the atomic charge density in C atoms, leading to the
easier adsorption of oxygen molecules on the carbon atoms. Recently, Sun et al. synthesized a Fe/N/C

catalyst containing 2.1 at% S (Fe/N/C-SCN) and which presented excellent ORR activity (23.0 A g™ at
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0.80 V vs. RHE) in 0.1 M H,S0, solution, which is much better than that of Fe/N/C-Cl containing S of
only 0.7 at% for 13.4 A g™. The maximal power density of PEMFC constructed by this catalyst was
found to be of an extremely high value, reaching up to 1.03 W cm™, which demonstrates a greatly
promising application of PEMFC (Fig. 10). Excellent ORR performance of Fe/N/C-SCN attributed to
high external surface area and large pore size.” Strasser et al. investigated the ORR activities of S, P
and B doped Fe/N/C catalysts using ionic liquid as precursors. The S doped Fe/N/C presented
superior ORR activity comparable to Pt/C in the acidic medium and much better in the alkaline
37 Such excellent ORR activity of S doped Fe/N/C
could be attributed to the formation of high ORR active site in contrast to the ones of P, B doping and

medium, which was the best among all catalysts.

Fe/N/C. This finding demonstrates that the catalytically active functional site is strongly influenced by
the doping heteroatoms and that the ORR activity of the materials is controlled by the nature and
especially the chemical position of the heteroatoms. Now, a great deal of attention is focused on the
S doped Fe/N/C catalysts although the deep insights of S doping are not clear.*>>13%1401%3 |
summary, although the use of nonmetal heteroatoms in Fe (or Co)/N/C catalysts result in excellent
performance, more studies are needed to reveal the microstructures and active sites of the catalysts

in greater detail.

a) <)
4
X
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Fig. 10 a) ORR polarization curves and H,0, yield of Fe/N/C-SCN, Fe/N/C-Cl, and Pt/C in O,-saturated
0.1 M H,SO, solution. Electrode rotating speed, 900 rpm; scan rate, 10 mV s"l; Fe/N/C catalyst

Published on 18 August 2017. Downloaded by UNIVERSITY OF ADELAIDE on 19/08/2017 03:56:33.

loading, 0.6 mg cm’; Pt/C loading, 0.1 mg cm (or 20 pugp; cm™2); 30 °C water bath. b) Tafel plot. Inset:
comparison of kinetic current at 0.80 V vs. RHE between Fe/N/C-SCN and Fe/N/C-Cl. c) Polarization
(left, filled symbols) and power density (right, open symbols) plots for H,-O, PEMFC with Fe/N/C-SCN
and Fe/N/C-Cl as cathode catalysts at 80 °C. The back-pressure was 2 or 1 bar as indicated; flow rate:
0.3 slpm; membrane electrode assembly active area: 1.0 cm? NRE 211 membrane; cathode catalyst
loading: 4.0 mg cm™; anode catalyst: Pt/C (40 wt %, JM) with 0.4 mgp cm™. Reproduced with
permission.133 Copyright 2015, Wiley-VCH.

6. Conclusion and Perspectives

In this review, we have mainly discussed and summarized the recent advances of the Fe (or
Co)/N/C catalysts in the acidic medium, including the preparation, structural characterization and
related mechanism. Fe (or Co)/N/C catalysts present excellent ORR performance with high activity
and stability, closely comparable to that of Pt/C. PEMFC constructed by this kind of catalysts
demonstrates high power density and stability in long-term operation, exhibiting the promising
prospect of replacing Pt-based catalysts. An ideal Fe (or Co)/N/C catalyst should possess the
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properties of high surface area, excellent porosity, fine conductivity and highly exposed active sites
which are closely related to the nature of the precursors, templates and high-temperature treatment
condition as well as the synthetic approaches. Novel design strategies and combined the elaborate
selections of the precursors are two main gaining tractions to construct the advanced catalysts,
which can form the catalysts with greatly exposed high-active sites. MN,/C (x > 4, M=Fe, Co ) species
have been revealed through a combination of multiple characterization techniques and theoretical
simulations to be mainly responsible for ORR, which can be tuned by other nonmetal heteroatoms to
further increase the catalytic activities. Catalysts with highly dispersed single metal atoms present
the satisfying-excellent ORR performance.

Some reported new NPM catalysts such as FesC and Fe,N would be more evidences to
demonstrate because the effect of FeN,/C species is not well excluded. Based on current
characterization techniques and theoretical levels, the active site of these new catalysts has been
found to be the Fe-N,/C (x = 4 ) and not the Fe;C and Fe,N. Some other nonmetal heteroatoms such
as S, P and B can dope Fe/N/C to further improve ORR activity although the deep insights of doping
effect are still not clear. It is probably that the nonmetal heteroatom dopants in the catalysts
contribute to ORR performance by efficiently modulating the charges in active sites accompanied by
increasing the external surface area and enlarging the pore size. Here we highlight a few critical
issues for further optimization of the performance of Fe (or Co)/N/C catalysts for ORR in the acidic
medium:

1) Identify the nature of the ORR active centers. This could guide us to explore the key
parameters of the active-site formation, leading to the rational design of advanced catalysts. In this
regard, the following approaches can be adopted: a) construct and explore the model catalysts, such
as a single-metal atom embedded in a specific model. b) Study known compounds such as iron heme
in order to analogize their structures to the Fe (or Co)/N/C catalysts due to their similar
electrochemical behaviors. c) develop in situ state-of-the-art characterization techniques.

2) Gain atomic-scale insights into the ORR process at the active sites. This allows us to identify
the key steps for ORR and to prepare high-activity catalysts through structural engineering of
catalysts such as heteroatom doping. To this end, one has to understand the detailed doping
configuration and identify the electronic-structure modulation using the combination of advanced
characterization techniques and theoretical simulations.

3) Develop simple and low cost approaches to prepare an ideal catalyst with the properties of
greatly-exposed high active sites, large surface area, appropriately porous structure and high
conductivity, such as single-atom dispersed catalysts. This could guide us to obtain catalysts with high
catalytic efficiency, thus improving the performance of these catalysts applied in PEFMC.
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Polymer electrolyte membrane fuel cells

Exploring cheap and stable electrocatalysts to replace Pt for the oxygen reduction reaction (ORR) is
significant for the large-scale application of fuel cells, especially in polymer electrolyte membrane
fuel cells. In this paper, we have briefly reviewed the recent advances of the Fe (or Co)/N/C ORR
catalysts in acidic medium including their preparation, structural characterization and related
mechanism.

27


http://dx.doi.org/10.1039/c7ta04915c

