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Developing noble metal-free catalysts with low cost, high performance and stability for oxygen reduction reaction (ORR) in fuel
cells is of great interest to promote sustainable energy devices. In this review, we summarized noble metal-free catalysts for ORR,
including non-noble metal-based and heteroatom-doped carbon nanomaterials. Mesoporous structure, homogeneous distribution
of nanocrystals and synergistic effect of carbon base and nanocrystals/doped heteroatoms have great effect on the ORR property.
The noble metal-free nanomaterials showed comparable catalytic property, better stability and methanol tolerance than commercial
platinum (Pt)-based catalysts, showing great potential as substitutes for noble metal-based catalysts. In addition, the challenges
and chances of developing noble metal-free ORR catalysts are also discussed.
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1 Introduction

In recent decades, rapid development of industry and increas-
ing environment pollution are calling for more environmen-
tal friendly and highly efficient energy devices, especially
the one powered by renewable energy resources. Fuel cell
is known as one new device of energy conversion with the
advantages of high efficiency, high reliability and so on [1,2].
Whereas, high-cost and low-stability catalysts for oxygen re-
duction reaction (ORR) as well as the production and storage
of H, are two main obstacles for the promotion of fuel cells
[3,4].

In a typical H,-O, fuel cell, the fuel is oxidized at the an-
ode, which provides the electron for the reduction reaction
at the cathode. Accordingly, oxygen is reduced into water
molecules or hydroxyl ions at the cathode. The half reactions
in acid electrolyte can be shown below, including hydrogen
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oxidation reaction (HOR) at anode and ORR at cathode com-
pared to the reversible hydrogen electrode (RHE):

HOR: 2H, — 4H'+4e, E"=0V (vs. RHE) (1)
ORR: O,+4H +4e — 2H,0,

@)
E’=1.23V (vs. RHE)

In fuel cells, the reaction of oxygen reduction at the cathode
is sluggish. Theoretically, the dynamic efficiency of H»-O»
fuel cells can reach over 80% at room temperature, but the
practical efficiency is only about 10%—20%, which is mainly
due to the ORR at the cathode [5]. In order to improve the
efficiency of fuel cells, catalysts for ORR are in great needed.
Noble metal Pt has been confirmed the most efficient catalyst
for ORR [6]. However, the commercially 20 wt% Pt nanopar-
ticles (NPs) loaded on the Ketjen carbon (20% Pt/C) suffers
from high cost, low stability, and poor tolerance of methanol
[7]. As aresult, exploration for highly efficient, low-cost and
more stable catalysts for ORR is a key issue for the promo-
tion of fuel cells.
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There are great efforts on exploring efficient ORR catalysts
over the past decades, which have provided more possibility
for the promotion of fuel cells. The following ideas have been
put forward to deal with the problems.

Firstly, alloying the Pt NPs or structuring various shapes of
Pt nanocrystals with plenty of exposed active crystal faces,
which can lower the cost of the catalysts with comparable or
even higher catalytic property than 20% Pt/C [8-16].

Secondly, developing the non-noble metal-based catalysts,
which are mainly based on iron (Fe), cobalt (Co), and nickel
(Ni) and so on [17-24].

Thirdly, designing metal-free catalysts, such as nitrogen
(N), phosphorus (P)-doped carbon nanocatalysts [25-27].

There have been lots of reviews on the Pt-based catalysts,
in which the surface electronic effects and structures are fully
discussed in improving the catalytic performance [28-30].
Nowadays, significant advances in exploration of nanochem-
istry and nanomaterials have stimulated the researches in de-
veloping nanomaterials on ORR catalysts. Nanomaterials
without noble metals have shown comparable ORR activity
to Pt, but superior methanol tolerance and stability. More and
more interesting researches have been directed to design no-
ble metal-free catalysts. In this review, we will mainly fo-
cus on recent development about the ORR catalysts based on
non-noble metal and non-metal nanomaterials. At first, we
will present the mechanism of ORR, regular test methods and
parameters for better understanding of the following discus-
sion. Then we will discuss the non-noble metal-based cata-
lysts, including metal oxide, metal carbide, and metal nitride,
among which the non-noble metal-nitrogen/carbon (M—N/C)
active sites will be highlighted. The influence of morphology
of catalysts, coordination between NPs and substrate along
with the structure of NPs on catalysts will be discussed. In ad-
dition, synthesis and ORR performance of heteroatom-doped
carbon nanomaterials (N, P and so on) were illustrated. Fur-
thermore, we will conclude the challenges and chances of de-
signing noble metal-free catalysts.

2 Mechanism and testing method

2.1 Reaction pathways of ORR

The ORR reaction takes place by two pathways: 2-electron
pathway and 4-electron pathway [31]. Both of the pathways
are shown in Figure 1. The 2-electron pathway of ORR,
which is also called partial reduction, involves an interme-
diate product-adsorbed hydrogen peroxide. Whereas, the
4-electron pathway (full reduction) does not involve the
production of hydrogen peroxide, which is believed a better
choice for its improved efficiency and high reactivity of
hydrogen peroxide compared to the stability of water. In the
2-electron pathway, oxygen molecule is firstly adsorbed on
the catalyst surface to form an adsorbed oxygen molecule
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(marked as *O,). The *O, can absorb electron and react with
the hydrogen ions to form the absorbed hydrogen peroxide,
which will undergo further reduction to generate two water
molecules or simple dissociation to produce a hydroxide
molecule. In the 4-electron process, *OOH is produced, fol-
lowing the O, adsorption. The 4-electron pathway is divided
into two mechanisms by the place where the second hydrogen
addition takes place. If the second hydrogen addition takes
place at the oxygen adsorbed to the catalyst (mechanism 1),
two adsorbed *OH groups will be produced. Later, hydrogen
addition and electron transfer take place at each *OH group,
producing two water molecules. On the other situation, the
second hydrogen addition takes place at the oxygen already
bound to hydrogen (mechanism 2), resulting in desorption of
a H>O and adsorption of O atom. The second water molecule
is formed by hydrogen addition to the *O. Mechanism 1 has
been proved more thermodynamically favored by density
functional theory (DFT) simulations [3,32,33].
Mechanism 1:

0, — *O,

*0,+e +H" — *OOH
*OOH+e +H™ — *OH+ *OH
2%0H+2e +2H' — 2H,0

©)

Mechanism 2:

0, — *0,

*0,+e +H' — *OOH

*OOH+e +H' — *0+H,0 4
*O+e +H" — *OH

*OH+e +H — H,0

2.2 Regular measurements of ORR catalysts

There are several methods for regular measurements of ORR
catalysts, with relative strengths and weaknesses. For exam-
ple, the gas diffusion electrodes method/fuel cell membrane
electrode assemblies with a typical two-electrode setup can
demonstrate the function of catalysts in practical devices
[6,34]. Whereas, this measurement demands thick layers
composed of carbon, binder in addition to the catalysts,
which may be difficult to measure the specific activity due
to the ill-defined catalyst active sites and sluggish mass
transport.

2e 2e
—_— _

0, E0=0.68V H,0, Eo=1.77V H,0

| 4 T

E,=1.23 V

Figure 1 Scheme of the ORR mechanism by direct pathway and indirect
pathway (color online).
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Commonly, the rotating disk electrode (RDE)/rotating
ring-disk electrode (RRDE) measurements can overcome
the drawbacks of oxygen transport [35]. Thin film can be
produced in RDE/RRDE measurements due to the dispersed
ink of catalysts and ion-exchange Nafion film. Besides, the
electrons on surface will be decreased by the limited current
density and high rotation speed [36].

In a typical ORR polarization curve of the catalyst,
there are three parts where ORR kinetics are controlled in
different ways: the kinetic controlled zone, the diffusion con-
trolled zone and the mixed kinetic-diffusion controlled zone
(Figure 2). In the initial kinetic controlled zone, the ORR
is slow and the current density increases slightly with the
decreased potential. In the following mixed controlled parts,
the reaction accelerates and the current density increases with
the dropping potential. While, the current density reaches a
platform, whose value is determined by the test parameters.
According to the Levich equation, the catalyst is able to
achieve the limited current density of 5.78 mA/cm? (the-
oretical value) at 1600 r/min in 0.1 mol/L KOH at room
temperature with sufficient amount of active sites [37]. The
onset potential (Eonset) and the half-wave potential (E1,) are
two important parameters for confining the activity of ORR
catalysts. Commonly, the potential with 5% of the limited
current density is defined as the Eouse [38]. The Ey repre-
sents the potential with half of the limited current density.
Besides, kinetic current density (Jk) is another factor in
evaluating the ORR catalysts, which can be calculated by the
Koutecky-Levich (K-L) equation:

11 .

~| =

where J is the current density, and Ji is the limited current
density. The Jx at 0.9 or 0.95V for Pt catalyst or Pt alloy
catalyst is often compared. All of the potentials are usually
compared with the commercial 20% Pt/C catalyst.

Electron transfer number (1) and the H,O, production can

E onset

. E P onsef
g Kinetic
P controlled
E
2
(7]
c
& | Diffusion
b controlled
[
=3
=3
g N\ Mixed kinetic-

Ju diffusion controlled

Potential (V vs. RHE)

Figure 2 Typical ORR polarization curve (color online).

be calculated by the RDE/RRDE results. The relative equa-
tions are listed below:

J, = Bw'?=0.62nFC (D) *v "' (6)

AL =n(I,+1/N) (7)

I (1
H,0% = [2 * N]/ 1, (8)

where w is the angular velocity, F is the faraday constant, Cy
is the oxygen bulk concentration, Dy is the oxygen diffusion
coefficient and v is the kinetic viscosity. /s and I, are the disk
and current density, respectively. N is the current collection
efficiency of the Pt ring.

3 Non-noble metal-based catalysts for ORR

Non-noble metal-based catalysts have been widely explored
due to its low cost, earth-abundant precursor and so on. For
now, the ORR catalysts based on non-noble metal showed
comparable activities to commercialized Pt/C catalysts as
promising candidates for practical applications of fuel cells
(Table 1). Commonly, the non-noble metal based ORR cat-
alysts showed better durability in relative gentle conditions
(e.g. 0.6 V vs. RHE in alkaline solution). Most of non-noble
metal based catalysts were commonly available in alkaline
electrolyte with good catalytic performance. Whereas, in
acid electrolyte, the erosion process of non-noble metal leads
to lower stability of the electrochemical catalyst, restricting
the applications of non-noble metal based catalysts owing
to the H'-dominant condition in proton exchange membrane
fuel cells (PEMFCs). In addition, the methanol crossover
effect on non-noble metal catalysts is not as serious as plat-
inum based catalysts, leading to a higher methanol tolerance.
The catalytic activities and mechanisms of non-noble metal
catalysts will be discussed in this section (Table 1). Among
all types of non-noble metal catalysts, metal oxides present
relative poor activities but high stabilities. While, the metal
carbides/nitrides illustrate high catalytic performance even
comparable to Pt/C only in base electrolyte. Moreover,
due to the special electronic structures, the M—N/C species
illustrated promising catalytic performance in both alkaline
and acid conditions. However, the real active sites and
mechanisms on the M—N/C catalysts are still debatable and
will be discussed in the following section.

3.1 Metal oxide-based catalysts

Low cost and easily synthesized metal oxide is one impor-
tant member of transition metal-based compounds, which has
been proved active in ORR catalysts. However, most of the
oxide suffered from low conductivity, dissolution and so on.
Reducing the crystal to nanomaterials and combining the NPs
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Table 1 ORR performance of non-noble metal-based catalysts in O, saturated 0.1 mol/L KOH

ORR catalyst Eonset (V vs. RHE) Ei» (vs. RHE) n Reference
C0304/N-rmGO / 0.83 4 [20]
Fe;04/N-GAs 0.77 / ~2 [39]
G-Co/CoO / 0.78 / [40]
FexN/NGA 0.95 / 4 [41]
TiN/CB 0.84 / / [42]
TiN/CNT-GR 0.83 / / [43]
Fe:N@NPC-500 0.92 0.78 3.8 [44]
FesC/NG-800 (in 0.1 mol/L HCIOs) 0.92 0.77 3.8 [45]
Fe;C/C-700 1.05 0.83 / [46]
Fe;C/C-700 (in 0.1 mol/L HCIO, ) 0.90 0.73 / [46]
FeMoC-NG 0.87 / 4 [47]
Fe;C@NCNT-800 1.05 0.81 / [48]
/
Mn;0,4 0.80 / 4 [49]
Fe-N/C-800 0.92 0.81 / [50]
Col0-NMCV 0.83 0.78 4 [51]
Co SAs/N-C(900) / 0.88 4 [52]
N/Co-doped PCP/NRGO 0.97 / 4 [53]
C-MnFe,0;4 / 0.80 / [23]
C—Fe;04 / 0.61 / [23]

with carbon substrates can help to improve the conductivity
and avoid dissolution [54]. Reducing spinel and perovskite
crystals into nano-sized clusters can help to improve the ORR
activity. Besides, other non-noble metal oxide-based catalyst
was also explored with ORR catalytic property.

3.1.1 Spinel (AB,O4)-based catalysts

Spinel (ABO.) is a general class of minerals with equiaxed
crystal system. In the spinel structure, 1/8 of the tetrahedral
sites are occupied by A atoms, and 1/2 of the octahedral sites
are occupied by B atoms. The spinel crystals were initially
believed more active in oxygen evolution reaction (OER)
than ORR in alkaline electrolyte [55]. However, Dai ef al.
[20] proposed a hybrid material of Co;O4 NPs on N-doped
graphene (Co;O04/N-rmGO) as a highly active catalyst for
the ORR (Figure 3(a, b)). The hybrid exhibited surprising
highly ORR activity (with a positive ORR onset potential at
0.88 V relative to the RHE and higher cathodic currents) than
the individual Cos;O4 NPs or graphene oxide (Figure 3(c, d)).
Besides, the Co3;04/N-rmGO exhibited ignorable decay in the
alkaline electrolyte after even 25000 s continuous operation,
which was superior to commercial Pt/C catalyst. The N com-
ponent on the reduced graphene oxide (GO) was believed
to serve as both the nucleation and catalytic-active sites.
Even the mechanism of the ORR catalysts remained unclear,
the synergistic coupling between the N-doped graphene and
Co0304 NPs was believed a must for the high performance.

This work opened the relevant researches about the Co-based
spinel crystal as well as other spinel-catalysts for ORR.

3.1.2 Perovskite (ABO;3)-based catalysts

Perovskite (ABQOs) is another important member of metal ox-
ide (Figure 4(a)) [56]. In a typical perovskite crystal, the
unit cell consists corner shared BOs octahedra together with
A-site cations at the corner. The substitution of A, B cations
and the generated oxygen deficiency have large influence on
the electronic structure and coordination chemistry, which in
turn confer the crystal with good ORR property [57]. Good-
enough et al. [58] proposed the mechanism of the ORR on
the perovskite crystal. It is proposed that the ORR process
proceeded via an exchange between the adsorbed O a4 so-
lution species and the surface OH™ species. In this reaction
proceeding, the surface OH™ species must be in high concen-
tration and not too tightly bound to the surface.

The flexible perovskite structure can withstand large lat-
tice mismatch and accommodate dopants on A and/or B site
lattices, which provides more possibility for modified ORR
catalysts. For example, Otagawa et al. [59] explored 18 sub-
stituted perovskites La;-.Sr,MOs (M=Ni, Co, Mn, Fe and so
on). It was found that the catalytic property increased with a
high occupancy of anti-bonding 6* orbital of M—OH. A vol-
cano plot of catalytic activity versus M—OH bond was also
proposed.

The mechanism of perovskite on ORR was also widely
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Figure 3 (a) Scanning electron microscopy image of Co;04/N-rmGO hybrid; (b) high magnification transmission electron microscopy image of Co304/N-
rmGO hybrid; (c) CV curves of Co3;04/rmGO hybrid, Co;04/N-rmGO hybrid and Pt/C in O,-saturated (solid line) or Ar-saturated 0.1 mol/L KOH (dash line);
(d) Co;04/N-rmGO hybrid (loading ~0.1 mg/cm?) in O,-saturated 0.1 mol/L KOH at the different rotation rates indicated. The insets showed Koutecky-Levich
plots (J°! versus w*?) at different potentials. Adapted from Ref. [20] with permission from Nature Publishing Group (color online).
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Figure 4 (a) Cubic perovskite crystal structure. Blue sphere was A, gray sphere was B and purple sphere was O. Adapted from Ref. [56] with permission
from Nature Publishing Group. (b) ORR mechanism of perovskite. Adapted from Ref. [60] with permission from American Chemical Society (color online).

explored. In Figure 4(b), Shao-Horn et al. [60] proposed were strongly dependent on the crystallographic structures,

the ORR activity for perovskite correlated to o*-orbital oc- and followed an order of a-MnO,>B-MnO,>6-MnO,. When
cupation and the extent of B-site transition metal-oxygen co- reaching 3 mA/cm?, a-MnO, was at the potential of 760 mV
valency. In the process of ORR in alkaline solution, the rate- close to 860 mV of the 20% Pt/C. The outstanding ORR
limiting steps were the competition between the O,> /OH ™ dis- activity of a-MnO; was proved due to the strongest O, ad-
placement and the OH™ regeneration. sorption capability. The onset potential of ORR on a-MnO,

was at —0.14 to —0.13 V, larger than $-MnO, (-0.15 V) and
5-MnO; (—0.30 V). The half-wave potential for a-MnO, was
In addition, other non-noble metal oxides (MnO,, Fe,Os, between —0.20 and —0.24 V. In contrast, half-wave potentials
CoO and so on) were also studied of ORR catalytic prop- of —0.30 and —0.34 V were for B-MnO and 3-MnO..

erty [61,62]. Manganese oxide of various structures were
synthesized and explored for catalyzing ORR in alkaline
solution [63]. It was shown that electro-catalytic activities Metal nitrides have attracted much attention as efficient elec-

3.1.3 Other oxide-based catalysts

3.2 Metal nitride-based catalysts
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tro-catalysts for hydrogen evolution reaction (HER), ORR,
OER and so on. High corrosion resistance and low electri-
cal resistance make transition metal nitrides potential mate-
rials for energy conversion and storage applications [64]. In
transition metal nitrides, nitrogen atoms are partly inserted
in the interstitial positions of transition metals, leading to a
narrow Fermi-gap [65]. The catalytic performance of tran-
sition metal nitrides are believed from the noble metal-like
electronic structure [66]. Single and bi-metal nitrides have
been proved with good ORR property.

3.2.1

Single metal nitrides have been explored with good ORR
property. In 1963, Trassatti et al. [67] reported the TiN elec-
trode can be synthesized by treating the titanium electrode in
nitrogen at high temperature. The TiN electrode showed oxy-
gen reduction catalytic property in basic electrolyte. Lately,
other metal nitride (Co.N, FeN,, Mo.N,, W.N,) based ORR
catalysts were also synthesized, combining with substrate
(carbon nanotubes (CNTs), graphene, graphene aerogel)
[41,44,68-72]. Recently, iron nitride-based on graphene
acrogel was proposed with good catalytic property in alkaline
electrolyte [41]. The iron nitride/nitrogen-doped graphene
aerogel was fabricated by a facile two-step hydrothermal
process of FePc and graphene oxide. The resulting iron ni-
tride NPs were uniformly distributed on the 3D mesoporous
graphene aerogel with a diameter of about 5 to 20 nm. The
synergistic effect between iron nitride and the graphene
substrates promoted the ORR. The onset potential of the

Single-metal nitride-based catalysts
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hybrid was close to the commercial Pt/C catalyst and the
charge transfer resistance was much lower than the individ-
ual graphene aerogel, iron nitride and their physical mixture.
Besides, the catalysts showed better stability in alkaline
electrolyte than the commercial Pt/C and proceeded a direct
4-electron transfer process. What is more, the large surface
area and porosity were also of vital importance for the good
catalytic property.

In addition to the RDE tests, some test on PEMFCs are also
proceeded to explore the ORR property on non-noble metal
nitride-based catalysts. Wang [73] proposed a single-phase
fee structure of B-W>N (2—7 nm) nanocrystals on Vulcan
XC-72R support (B-W.N/C), as shown in Figure 5(a, b).
Linear scan voltammogram of B-W,N/C showed its ORR
activity. In Figure 5(c), single cell tests were also achieved
with the as-prepared W>oN/C (18 wt% W) as the cathode
electro-catalyst from 60 to 80 °C. At the current density of
100 mA/cm?, the cell voltage at 80 °C is 0.367 V, of which
the maximum power density is 39.2 mW/cm?  Stability
test of the single cell was also carried out at the current
density of 120 mA/cm?, which showed almost no decay for
80 h (Figure 5(d)).

3.2.2 Bi-metal nitride-based catalysts

More recently, bimetallic nitrides have also been explored
for finding more active metal nitride-based catalysts. It is
believed the synergistic effect of the bi-metal nitride could
promote the ORR catalytic property. Cui et al. [74] proposed
the synthesis of mesoporous cobalt molybdenum nitride
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Figure 5 (a) TEM analysis of WoN/C (18 wt%) catalyst and (b) corresponding particle size distribution; (c) polarization curves at different cell temperatures of
the single cell with the WaoN/C (18 wt% W) as the cathode catalyst; (d) stability test of the catalyst at the constant current density. Adapted from Ref. [73] with

permission from Elsevier (color online).
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(CosMosN) by a co-precipitation method followed by ammo-
nia annealing treatment (Figure 6(a)). More active-site expo-
sure was generated by the well-designed mesoporous struc-
ture (Figure 6(b, ¢)) and the intrinsically electronic configura-
tion resulted in excellent ORR catalytic performance in alka-
line solution. The assembled Li-O; battery showed promising
discharging capacity and cycling stability (Figure 6(d)).

3.3 Metal carbide-based catalysts

Initially, metal carbides were used as support for ORR cata-
lysts for its high electronic conductivity and stability [75]. Es-
pecially, tungsten carbide (W.C) was widely used as the cat-
alyst support for its Pt-like surface electronic properties. For
example, palladium and Fe on nanocrystalline tungsten car-
bide (PdFe-WC/C) was obtained with WC as support [76]. In
0.5 mol/L H,SOs, PdFe-WC/C showed comparable catalytic
property to that of commercial Pt/C catalyst, which was be-
lieved from the synergistic effect of Pd, Fe and WC base. In
addition, non-noble metal carbide based ORR catalysts were
also synthesized.

3.3.1

Transition metal carbide-based nanomaterials have been
widely applied as ORR catalysts, including the single metal
carbide-based nanomaterials and bi-metal carbide-based
nanomaterials [46,77]. Especially, iron carbides have caused

Single-metal carbide-based catalysts
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intensive attention for its enhanced ORR activity, especially
the one with Fe/C core/shell structure. Usually, iron ions
could be reduced into metallic NPs by carbon during the
heating process. Lately, carbon atoms diffused into the
interstitial void of metallic iron to form iron carbide. At the
same time, carbon component in precursor can be catalyzed
into graphitic carbon shell, which will protect the metallic
core from corrosion and decay of catalytic property [78].
Iron carbide (especially Fe;C)-based nanomaterials have
been proved with good ORR performance by series works. A
facile heat-treated core/shell Fe/Fe;C-C nanorods have been
synthesized from cyanamide and FeCl; [79]. The Fe/Fe;C
NPs with an average diameter of 20 to 30 nm were encased
in the nitrogen-doped graphitic carbon shell. Compared with
Pt/C, the Fe/Fe;C@C nanorods showed improved activity
and enhanced kinetics with reduced cost in neutral solutions.
In MFCs test, the as-developed catalysts showed long-term
stability. It is worth noting that the MFC with Fe/Fe;C-based
catalysts showed remarkable performance compared with
the one with commercial Pt/C. Iron carbide encased in dense
graphitic carbon stands out in catalyzing ORR process in
acid electrolyte, which can be achieved easily by annealing
process. It is believed that the FesC NPs play an important
role in activating the outer graphitic layers for ORR. Besides,
the outer graphitic shells can stabilize the inner iron carbide
NPs to protect them from corrosion and decay.

300 600 900 1200 1500
(Caoacity mAh a™')

Figure 6 (a) HRTEM image and the corresponding FFT patterns (inset) of CosMosN; (b) scanning electron microscope (SEM) image of CosMosN; (¢) TEM
images of Co;MosN; (d) scheme of Li-O, battery, discharge and charge voltage profiles of the CosMosN based cell at various cycles at a current density of
0.1 mA/cm? in the voltage windows between 2.0 and 4.3 V. Adapted from Ref. [74] with permission from the American Chemical Society (color online).
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3.3.2 Bi-metal carbide-based catalysts

Bi-metallic carbide-based catalysts are believed to be ef-
ficient for ORR. The synergistic effect of multi-metal and
substrate can promote the electron transfer for reaction, thus
accelerating the ORR process. Shen et al. [47] proposed a
bi-metal carbide-based catalyst of Fe and Mo with highly
catalytic property. The as-prepared FeMo carbide-based cat-
alysts showed excellent electro-catalytic activities for ORR
in alkaline electrolyte, with high onset potential (—0.09 V vs.
Ag/AgCl), nearly 4-electron transfer number. The catalytic
role of individual content was also compared by varying the
Fe/Mo weight ratios. The catalytic order (FeMo (1:3) Car-
bide/NG-800 (3.6 mA/cm*)>FeMo (3:1) Carbide/NG-800
(3.2 mA/cm?)>Mo Carbide/ NG-800(2.7 mA/cm?)>Fe Car-
bide/NG-800 (2.5 mA/cm?)) indicated the higher catalytic
performance of bi-metal carbide-based catalysts than that of
single one. The outstanding ORR performance was due to
the synergistic effect of the well-dispersed transition metal
carbide NPs and N-doped graphene. It is worth noting that
the N-doping is found to play a vital role in improving the
ORR performance by promoting the electron transfer and
increasing the density of active sites.

3.4 M-N/C-based catalysts

The macro-cyclic structure based ORR catalysts can date
back to the year of 1964, when Jasinski [80] reported ORR
catalyst based on macro-cyclic structure with M—N coordi-
nation for the first time. Subsequently, further researches
on the M—N, macro-cycle were proceeded, finding that such
structures were not stable in acid electrolyte. Later, heat
treatment of M—N, macro-cycles in an inert atmosphere was
proposed to improve the ORR activity and stability in 1970
[81,82]. Gupta et al. [83] reported the ORR catalyst with
non-M—Ny-macrocycles as nitrogen source, leading to more
researches on preparing ORR catalysts with cheaper and
more common inorganic salts as precursors. In the subse-
quent studies, various precursors were used for preparing
ORR catalysts, such as organometallics, N.-metal chelates
and some common inorganic salts [84,85]. It was commonly
accepted that heat-treated catalysts, especially the ones with
precursors of M—N chelation, were good catalysts in both
acid and alkaline electrolyte. Whereas, it was found out
that when the metallic center was not chemically bound to
the macro-cycle after heat-treating the M—N4 macro-cyclic
catalyst, it still processed good ORR property [86]. As a
result, there are still lots of conflicts about whether the M—N4
structure was totally destroyed after heat-treatment and what
exactly the active sites of the ORR are.

Nanostructured M-N/C catalysts were also developed
with high ORR catalytic property. Pyrolysis of cheap and
common precursors containing M, N and C is one of the
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most cost-effective methods, which can produce catalysts
containing M, N and C were believed with effective M—N/C
active sites. A one-pot, large-scale protocol for preparing 1D
bamboo-like carbon nanotube/Fe;C nanoparticle hybrid for
ORR catalysts were proposed [87]. In Figure 7(a), the ORR
catalysts were prepared by directly annealing the mixture
of P123, melamine, and Fe (NOs); in an inert atmosphere.
The 1D bamboo-like CNTs could provide more exposure of
the active sites. The Fe;sC NPs encased by the CNTs could
form more M—N/C active sites, promoting the ORR activity
(Figure 7(b—g)). The half-wave potential of the catalyst was
0.861 V (vs. RHE) in 0.10 mol/L KOH solution, which was
even more positive than the commercial Pt/C catalyst. The
ORR activity of the catalyst was also comparable to the
commercial Pt/C catalyst in acid electrolyte. Higher stability
and better methanol tolerance were also observed for the
catalyst.

Whether the M is part of the active sites or just catalyzes the
formation of the active sites is one of the hot debates. Sch-
erson et al. [88] proposed that the M component was not the
active site but only catalyst to form the active sites. In situ Fe
K-edge X-ray near-edge structure showed that iron sites in the
thermally activated material were quite different from those
in the M—N, environment of the intact macro-cycle. Subse-
quently, Ozaki et al. [89] revealed the nature of active sites
of the catalysts by X-ray adsorption fine structure analysis
and hard X-ray photoemission spectroscopy. It was found out
that the Co content existed in the dorm of metallic Co in the
Co—N-C catalysts and the catalysts still remained effective
after removing the Co by acid washing. The authors held the
idea that M-component was not part of the active sites.

However, there are amounts of researches proving the M
part played important roles in activating the catalysts as part
of the active sites. Fe;C/C was synthesized a facile pyrolyz-
ing process of ferrocene and cyanamide in nitrogen. The
Fe;C NPs were encapsulated in graphitic carbon layers [46].
In RDE test, the FesC/C-700 catalyst exhibited a high on-
set potential (0.90 V) and a half-wave potential at 0.73 V in
0.1 mol/L HClOs, both of which were comparable to com-
mercial Pt/C. After the ball-milling and acid leaching, the
micro-spherical morphologies of the catalysts were destroyed
and Fe;C particles were almost removed (Fe;C/C-700L). As
a consequence, the corresponding sample lost the magnetic
property, illustrating the remove of Fe;C NPs. The non-ignor-
able potential shift between the Fe;C/C-700BL and Fe;C/C-
700 proved the role of M in catalyzing ORR.

The real active site of the M—N/C-based ORR catalysts
is still a debated issue [90]. Wei et al. [91] explored the
ORR catalytic performance of a highly active Fe-N-C ORR
catalyst containing Fe—N, coordination sites and Fe/Fe;C
nanocrystals. It is convinced that the interaction between
metallic iron and Fe—N, coordination structure favored the
adsorption of oxygen molecule. Zelenay efal. [92]
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Figure7 (a) Illustration of the formation of the bamboo-like carbon nanotube/Fe;C nanoparticle; (b) TEM image, (c) HRTEM, (d) high angle annular dark field
scanning transmission electron microscopy (HAADFSTEM), and (e—g) its mapping images of the resultant bamboo-like carbon nanotube/Fe;C nanoparticle.
Adapted from Ref. [87] with permission from the American Chemical Society (color online).

illustrated the performance of H»-air fuel cells with Fe-N-C
catalysts with various nitrogen precursors. DFT calculation
and the current densities recorded showed the catalysts with
edge-hosted FeNy sites were likely the major contributors. It
is widely accepted that the M—N coordination is a must for
highly active M—N/C ORR catalysts.

The ORR property of the catalysts was related to the ac-
tive sites as well as micro-porosity, pyridinic nitrogen con-
tent and so on. One study on M—N chelates of different metal
(M=Fe, Co, Cu, Zn) showed that the ORR activity of different
M-N/C catalysts increased in the order of H=*Zn<Cu<Co<Fe
(Figure 8(a)) [93]. Different M ions coordinated to N affected
the morphology, structure and physical-chemical property of
the catalysts. Micro-porosity was one important factor for
ORR catalysts. Increasing the porosity by heat treatment in
reactive gases such as NH; could increase the porosity, thus
led to higher accessibility to oxygen. Content of pyridinic
nitrogen could also influence the ORR property. It was evi-
dent that transition metal in precursor could fix nitrogen, with
the order of Zn>Cu>Co>Fe. In addition, variety of nitrogen
was also affected by the transition metal, leading to influence
on ORR activity (Figure 8(b)). To conclude, micro-porosity,
pyridinic nitrogen content were all related to the ORR prop-
erty.

4 Carbon-based ORR catalyst

Compared to other non-precious metal catalyst group, carbon
catalysts, including amorphous carbon, CNTs, 2D graphene
and graphite, are more promising for the practical applica-
tion due to the low cost, high conductivity and large sur-
face area [94]. Generally, the ORR performance of carbon
based materials could be boosted by the heteroatom doping,
as the heteroatom dopants could improve the excellent elec-
tric conductivities, mechanical flexibilities, superior surface
areas and sufficient stabilities [95]. Therefore, the carbon ma-
terials are considered to replace Pt in the future for fuel cell
and other electrochemical energy application. Specifically,
the N [96], P [97], S [98], B [99] et al. are often chosen to
be doped into carbon framework for triggering the ORR per-
formance. It is worth noting that the carbon-based ORR cat-
alyst is not subjected to the harsh condition of both base and
acid solution, but suffers from the oxidation from high poten-
tial. What is more, the carbon-based catalyst also presented
high methanol tolerance. Therefore, it cannot be questioned
that the following experiment and simulation investigations
of the heteroatom dopants in carbon materials could guide
the researchers to obtain the high performance carbon-based
catalyst.
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Figure 8 (a) Staircase voltammetry recorded at 900 r/min RDE rotation speed of catalysts with different metal; (b) graph summarizing the factors that influence
the ORR activity in alkaline conditions (measured in terms of onset potential): pyridinic nitrogen content, micro-porosity, and dehydrogenation start temperature
during pyrolysis of the precursor. Adapted from Ref. [93] with permission from Elsevier (color online).

4.1 Nitrogen-doped carbon catalyst

As a common non-metal dopant, nitrogen can be doped into
several locations within the carbon structure, resulting in ef-
fective ORR activities. Dai and co-workers [96] reported a
vertically aligned nitrogen-containing CNTs which obtained
a much better ORR catalytic activity, long-term operation
stability, and tolerance to methanol than 20 Pt/C. It deliv-
ered a steady-state output potential of =80 mV and a current
density of 4.1 mA/cm? at —0.22 V, compared with —85 mV
and 1.1 mA/cm? at —0.20 V for a Pt/C electrode. In general,
the five available valence electrons present in nitrogen could
form sp*-like hybridization between N and C atoms into C-N
bonds, which were considerably polarized owing to the larger
electronegativity of N than C and became active sites for O,
adsorption [96]. Comparable atomic sizes of N and C allow
the N atoms dope into C planes by three types including “pyri-
dinic”, “pyrrolic” and “graphitic” N. As shown in Figure 9(a),
pyridinic N is located at the edge sites and possesses two sp?
carbons [100]. Therefore, it provides the graphitic © system
with one pr electron. In contrast, the graphitic nitrogen is able
to provide two pr electrons. Additionally, the pyrrolic nitro-
gen atom in the five-sided ring is thermally unstable. These
three types of N-doping location could be distinguished by N
peak in X-ray photoelectron spectroscopy (XPS) results, as
shown in Figure 9(b), in which the N1s peak has three com-
ponents centered at 398.2, 400.3 and 401.5 eV, corresponding
to pyridinic, pyrrolic, and graphitic N, respectively [100].
Ruoff and co-workers [101] investigated the effect of the
bonding state of the N atom in graphene on the selectivity
and catalytic activity for ORR. It has been found that the
electro-catalytic activity of the catalyst is dependent on the
graphitic N content which determines the limiting current
density. While the pyridinic N content improves the onset
potential for ORR. However, the total N content in the
graphene-based non-precious metal catalyst does not play
an important role in the ORR process. Recently, the various
N-doped C has been widely investigated to fulfil its potential

as ORR catalysts. Yu ef al. [102] utilized a hydrothermal
process with oxidized CNTs, GO, and ammonia as pre-
cursors to synthesize a N-doped graphene and N-doped
CNTs nanocomposite (N-doped graphene/CNT composites)
catalyst, in which ammonia is not only as nitrogen sources
to obtain the N-doped graphene but also N-doped CNTs.
The value of onset potential was —140 mV for N-doped
graphene/CNT composites which was much more posi-
tive than those of the N-doped graphene, N-doped CNTs,
graphene/CNT composites and directly mixed product of
GO and oxidized CNTs. Since the N-doped graphene and
N-doped CNT catalysts have shown promising ORR activ-
ity individually, some interest has sprouted up to develop
N-doped carbon catalysts with the embedded N sources
and one-pot methods [103,104]. N-doped porous carbons
have been synthesized by using a zeolite-type nanoscale
metal-organic frameworks as a self-sacrificing template,
which simultaneously acted as both the carbon and nitrogen
sources in a facile carbonization process [105]. The obtained
high ORR activities were ascribed to the synergetic contri-
butions of the abundant active sites with high graphitic N
portion, high surface area and porosity, and the high degree
of graphitization [105]. Although, the N-doped carbon
materials have exhibited significantly improved ORR activ-
ity, unfortunately, it is not possible to completely control
nitrogen-doping sites in carbon nanomaterials.

4.2 Other atom-doped graphene

Other heteroatoms such as boron-, sulfur- and phosphorous-
doped carbon materials also have been studied in terms of
their catalytic activity for ORR. Hou et al. [97] reported a
phosphorus-doped graphene as shown in Figure 10(a) syn-
thesized via low-cost and scalable thermal annealing method
for the synthesis of P-doped graphene (PG) using GO and
triphenylphosphine as carbon and phosphorus sources, re-
spectively. The energy dispersive X-ray (EDX) spectrum in-
dicated the presence of O (2.02 at%) and P (1.32 at%)
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Figure 10 (a) TEM image of PG and the corresponding SAED pattern (inset); (b) EDX spectrum of P-doped graphene; (c) the high-resolution P 2p XPS
spectrum of P-doped graphene; (d) LSV curves of graphene, P-doped graphene and Pt/C in an O-saturated 0.1 mol/L KOH solution at a scanning rate of 10
mV/s and a rotation speed of 1600 r/min. Inset of (d) shows the onset potential of graphene, P-doped graphene and Pt/C. Adapted from Ref. [97] with permission

from Wiley.

elements (Figure 10(b)). The P 2p peak in XPS results con-
firmed that the P-C and P—O bond exist in P-doped graphene
in Figure 10(c, d). The resultant PG showed remarkable cat-
alytic activity with onset potential of ca. 0.92 V. Also, from
the K-L equation, it was indicated that the ORR proceeded
via a combination of two-electron and four-electron path-
way [97]. Although the P-doped graphene shown an out-
standing tolerance to methanol crossover effect and excellent
long-term stability compared with Pt/C electrode, its ORR
performance is still not comparable to Pt/C catalyst.

Miillen and co-works [98] investigated the comparison the
ORR activities between S- and N-doped graphene. The stud-
ies proved that sulphur could be doped into graphene sheets
in a major form of thiophene-like S. The electro-catalytic ac-

tivity of S-doped graphene is strongly dependent on the an-
nealing temperature, resulted from the different states of S—C
bonds. However, it is found that the kinetic current density
of S-doped graphene (5.3 mA/cm?) is significantly lower than
that of N-doped graphene (7.8 mA/cm?). The worse perfor-
mance is due to that: 1) S—C bonds are predominately at
the edges; and 2) there are defect sites of S-doped graphene,
which results in the lower content and inhomogeneous dis-
tribution of sulfur in S-doped graphene compared to that of
N in N-doped graphene. Although the other heteroatoms-
doped carbon materials have been developed which are of
fundamental importance to understand the effects on changes
of electronic and geometric structure of carbons from the
dopants [85]. Unfortunately, no significantly improvement of
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ORR performance has been obtained so far by doping these
heteroatoms beyond nitrogen.

4.3 Multi-elements co-doped carbon catalyst

Most of reports show excellent ORR performance of het-
eroatom-doped carbon-based electrocatalysts in alkaline me-
dia, but only very few studies show a good performance in
acid media as well. Even if previously reported N-doped
metal-free carbons exhibited a good performance in acid me-
dia, their performance fast declined after several cycles due
to degradation of the carbon matrix. To further improve the
ORR activities, the addition of non-precious metals as sec-
ondary dopants has been induced into the N-doped carbon-
based materials, leading to that catalysts exhibit a higher ac-
tivity, long-term stability, and better tolerance to poisons than
only N-doped carbons.

Qiao and co-workers [106] reported a B, N co-doped
graphene via a two-step doping method by calcining GO
with NH; and subsequently H;BOs to dope the N and B
respectively. According to the experimental data and DFT
simulation, the co-doped catalyst illustrated excellent ac-
tivity, good methanol tolerance and excellent long-term
stability in an alkaline medium compared with singly B- or
N-doped graphene. Dai et al. [107] prepared N, P co-doped
carbon networks by pyrolyzing the super-molecular ag-
gregate of self-assembled melamine, phytic acid, and GO,
which displayed remarkably high ORR catalytic activity in
acid and base electrolyte. The N and P co-dopants could
induce charge redistribution to enhance the ORR activity.
The enhanced ORR performance was reported mainly due
to the synergistic effects that arise between the doped het-
eroatoms which would result in a larger asymmetrical spin
and higher charge density than that can be achieved by single
heteroatom doping.

5 Conclusions

Numerous efforts have been made to explore ORR catalysts
with low cost, high performance and earth-abundant sources.
This work has systematically reviewed and discussed the
design and synthesis of potential noble metal-free nanocat-
alysts, including transition metal oxides, transition metal
carbides, and transition metal nitrides-based nanomaterials,
M-N/C species and heteroatom-doped carbon materials.
The M—-N/C species are considered as the promising ORR
catalysts with high performance, stability and selectivity and
so on, although the reported noble metal-free ORR catalysts
showed comparable performance with commercial Pt/C
catalysts. Whereas, the non-noble metal catalysts still need
further improvements: (1) Higher stability in harsh condition
should be addressed. ORR catalysts in practical utilization
are normally exposed to highly oxidative and corrosive
environments, where transition metal-based nanomaterials

and metal-free nanomaterials are less stable. (2) Active
sites density is supposed to be improved for improving the
volumetric current. (3) The mechanism to improve the ORR
performance of noble metal-free catalysts in MFCs is still
debatable. The ORR process in micro-environment at elec-
trode surface in practical fuel-cell is more complicated than
that of electrochemical cell. (4) The structure-activity rela-
tionship of noble metal-free nanomaterials has not been well
built. The rather complicated structure of noble metal-free
catalysts makes it more difficult to explore the structure-ac-
tivity relationship than noble metal catalysts. (5) Low-cost
precursors and more facile synthesis are needed, since the
practical ORR catalysts need facile synthesis method and
low-cost for commercial production.

In addition, the development in nanomaterial, nanochem-
istry and characterization method may provide more conve-
nience for figuring out the above questions, such as in-situ
researches, and valence state.
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