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Towards High-Efficiency Nanoelectrocatalysts for Oxygen
Reduction through Engineering Advanced Carbon Nanomaterials

Ming Zhou,*" Hsing-Lin Wang*§ and Shaojun Guo*"

One of the critical issues in the industrial development of fuel cells (e.g., proton exchange membrane fuel cells, direct
methanol fuel cells and biofuel cells) is the high cost, serious intermediate tolerance, anode crossover, sluggish kinetics,
and poor stability of the platinum (Pt) as the preferred electrocatalysts for oxygen reduction reaction (ORR) at cathode.
The development of novel noble-metal-free electrocatalysts with low cost, high activity and practical durability for ORR
has been considered as one of the most active and competitive fields in chemistry and materials science. In this critical
review, we will summarize recent advances on engineering advanced carbon nanomaterials with different dimensions for
the rational design and synthesis of noble-metal-free oxygen reduction electrocatalysts including heteroatom-doped
carbon nanomaterials, transition metal-based nanoparticles (NPs)-carbon nanomaterials composites and especially the
stable iron carbide (FesC)-based NPs-carbon nanomaterials composites. Introducing advanced carbon nanomaterials with
high specific surface area and stable structure into the noble-metal-free ORR field has not only led to a maximized
electrocatalyst surface area for the electron transfer but also resulted in an enhanced electrocatalyst stability for the long-
term operation. Therefore, the rational design and synthesis of noble-metal-free electrocatalysts based on heteroatoms,
transition metal-based NPs and Fe;C-based NPs functionalized carbon nanomaterials are of special relevance for their ORR
applications, and represents a rapidly growing branch of research. The demonstrated examples in this review will open
new directions on designing and optimizing advanced carbon nanomaterials for the development of extremely active and

durable earth-abundant cathodic catalysts for fuel cells applications.

1. Introduction

The rapid increase in the global energy consumption and the
environmental impact of traditional energy resources pose
serious challenges to human health, energy security, and
environmental protection.l’2 With the ever-increasing demand
for next generation renewable and sustainable energy
conversion technologies, it is undoubted that the substitution
of economic and sustainable clean energy for traditional fossil
fuels is becoming a necessity.g'8 Fuel cells are clean and
efficient energy conversion devices that can directly convert
energy of fuels to electricity through
electrochemical processes.g'16 The first fuel cells were
separately invented by Welsh physicist William Grove'” and
German physicist Christian Friedrich Schénbein®® in the 1830s.
The first commercial use of fuel cells came more than a
century later in Gemini mission by National Aeronautics and

the chemical
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Space Administration (NASA) to generate power for probes,
satellites and space capsules in the 1960s."%! By using
hydrogen (H,) or methanol as fuels and oxygen (O,) as
reductants, fuel cells can be operated at close to room
temperature, and are considered as promising power solutions
for future electric vehicles and portable electronic devices, Fig.
1A.”*® The cathodic reaction on fuel cells is the oxygen
(ORR). In the conventional fuel cell
technology, the noble-metal platinum (Pt) is used as a
preferred and effective four-electron transfer (rather than the
ineffective two-electron pathway) ORR electrocatalyst in both

alkaline and acidic conditions (Fig. 1B), mainly because of its
, 36,39-54

reduction reaction

excellent electrocatalytic activity.32

In spite of recent significant technological advances, a couple
of major challenges retain on the way to the widespread
application of Pt as the ORR electrocatalysts:gz' 36, 39:62 (i)
scarcity. The total loading and total content of Pt proposed by
the U.S. Department of Energy (DOE) Fuel Cell Technologies
Program in 2013 are 0.15 mg cm? and 0.14 g kw™,
respectively.eg’ % 0On the basis of Pt price revised by U.S. DOE,
the cost of Pt electrocatalyst still accounts for 49% of the
proton exchange membrane fuel cells stack cost and 24% of
the 80 kW, proton exchange membrane fuel cells system
cost. Therefore, the cost of fuel cells is directly linked to
the price of Pt in the volatile and highly monopolized precious
metal market; (ii) easy deactivation by carbon monoxide (CO)
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poisoning. Pt electrocatalysts are very sensitive to CO that
cannot be completely separated from H, fuel by current
engineering technology; even trace amounts of CO can be
adsorbed preferentially onto the electrocatalytic active sites of
Pt, resulting in a diminished catalytic activity; (iii) the fuel
crossover effect caused by undesired catalytic oxidation of
leaked fuel. In relation to the use of methanol as fuel in direct
methanol fuel cells, methanol steam can permeate into the
cathode chamber and poison Pt electrocatalysts due to the
presence of crossover effects, thus greatly reducing
electrocatalysts’ lifespan; (iv) durability issues for Pt
electrocatalysts are particularly critical because of the highly

A

Fuel Cell

aggressive conditions of low pH, dissolved molecular oxygen,
and the high positive potentials at which they operate.so"ez' 66-69
Pt nanoparticles (NPs) can dissolve and redeposit on other Pt
NPs, and Pt can deposit in the membrane through the

reduction of Pt* by H, diffusing from the anode (hydrogen
60, 61, 66, 70-72

crossover). Therefore, in one word, all the above
drawbacks prevent the large-scale practical application of fuel
cells, though alkaline fuel cells with Pt as an ORR

electrocatalyst were successfully developed for the Gemini and
the Apollo lunar missions carried by NASA in the1960s."2% 7%
76

Fuel

(such as methanol,
hydrogen...)

Products

i o,
.

; H,0

Membrane

B Oxygen Reduction Reaction on Cathode

In alkaline medium:

Effective 4-electron pathway:

Ineffective 2-electron pathway:

In acidic medium:

Effective 4-electron pathway:

Ineffective 2-electron pathway:

0, + 2H,0 + 4e- — 40H-
0, + H,0 + 2e- — HO,” + OH-
HO," + H,0 + 2e- —~ 30H-

0, + 4H* + 4e- — 2H,0
0, + 2H* + 2e- — H,0,
2H,0, + 2H* + 2e- — 2H,0

Fig. 1 (A) The typical fuel cells with methanol or H, as fuel. (B) ORR pathways in alkaline and acidic media.

At this juncture, how to reduce the costs by decreasing
cathode Pt loadings or replacing Pt with other materials and
meantime maintain the high performance is the crucial subject
of most current ORR electrocatalytic researches. Recently,
much effort has been devoted to developing low-cost and
high-efficient ORR electrocatalysts through decreasing Pt

content by synthesizing Pt-cheap metal composites,43’ 33, 77°80

developing transition metal-based NPs eIectrocataIysts,77' 78 81-

2 or fabricating metal-free NPs elet:trocatalysts.%"167 Among
these directions, a major trend in fuel cells research and
development (R&D) is the development of noble-metal-free
electrocatalysts [e.g., metal-free NPs, noble-metal-free
transition metal-based NPs, and especially the stable iron

carbide (Fe;C)-based NPs] with outstanding features of low

2| J. Name., 2012, 00, 1-3

cost, high activity, high tolerance to deactivation by CO and
crossover effect by methanol, and long durability for ORR.2**
3558, 168176 carbon offers the unmatched versatility among the
elements of the periodic table. 78 By combining the
advantages of carbon materials with those of nanostructured
materials, the advanced carbon nanomaterials with different
dimensions have been widely used as the nanoscale support in
the design and synthesis of electrocatalysts with superior
performance.® 2% 42 5558 169-175, 178-180, 18219 |\ ocant vears it
has been reported that the introduction of advanced carbon
nanomaterials into the noble-metal-free ORR field will further
boost the ORR performance of these noble-metal-free
electrocatalysts, which results in a fast growing branch of ORR
electrocatalysts, Fig, 2.5% 77 7% 81-167, 176, 194-204

This journal is © The Royal Society of Chemistry 20xx
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Transition metal-based
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Fig. 2 Schematic illustration of the high-efficiency carbon nanomaterials-based noble-metal-free oxygen reduction electrocatalysts, which combine the advantages of carbon

nanomaterials with large surface area/stable structure and heteroatoms/transition metal-based NPs/Fe;C-based NPs with high ORR electrocatalytic activity.

The metal-free heteroatom-doped carbon nanomaterials are
a new class of promising ORR electrocatalysts because they
exhibit comparable or higher electrocatalytic activity, longer-
term stability, and better tolerance against fuel crossover and
CO poisoning effects compared to the commercial Pt/C
electrocatalyst.93' 95-167, 205214 Both theoretical calculations and
experimental results suggest that the substitution of carbon
atom with heteroatoms in the sp2 lattice of graphitic carbon
can change the electronic arrangement of carbon-based
material and tailor their electron donor property, and
subsequently create the favorable sites for oxygen adsorption

or splitting, thus offering the improved ORR electrocatalytic
8, 42, 55-58, 169-173, 176, 215

activity. Therefore, the development of
advanced carbon nanomaterials being doped by single or
multiple heteroatoms for the production of low-cost

heteroatom-doped carbon-based nanomaterials with superior
ORR electrocatalytic activities is highly desired.

In addition to the heteroatom-doped carbon nanomaterials,
advanced carbon nanomaterials supported transition metal-
based NPs is another kind of popular noble-metal-free
electrocatalysts for enhancing ORR.7” 78 8187, 8992 By
introducing carbon nanomaterials with different dimensions
into transition metal-based NPs, the attractive assembly of
transition  metal-based NPs supported on carbon
nanomaterials exhibits higher activity and stability in the ORR
relative to their unsupported counterparts. Such superior
performance would be attributed to the synergetic effect
between carbon nanomaterials with large surface area/stable
structure and the transition metal-based NPs with high ORR
electrocatalytic activities, which in turn leads to stable and
robust transition metal-based NPs/carbon nanomaterials

This journal is © The Royal Society of Chemistry 20xx

composite ORR
performances.

Owing to the harsh ORR conditions especially in acidic media,
only a few types of materials have been found to be active and
durable towards the ORR, such as metal-free heteroatom-
doped carbon nanomaterials® '® and the noble-metal-free

transition metal-based

surfaces with superior
77,78, 81-87,89-92, 174,175

electrocatalytic

NPs functionalized carbon
14,65,83, 88,175,216 o100 them,
the best one is the transition metal-based NPs functionalized
carbon nanomaterials (e.g., Fe-N-C) where the active sites are
believed to involve surface nitrogen coordinated with iron.™*
85,202 217 Three main types of sites in Fe-N/C have been
identified:®* 177/ 1%° (i) FeN,/C sites where N is a nitrogen atom
of the pyrrolic type; (ii) FeN,/C sites where N is a nitrogen
atom of the pyridinic type, and (iii) C-N sites. Among these
three sites, the most active one is the FeN,/C of the pyridinic
type for which Fe is coordinated to the carbon support by four
pairs of electrons, one pair per pyridinic nitrogen atom.”™®
However, the leaching problem and low active site density
(optimum iron content in Fe-N/C electrocatalysts is usually <
0.2 wt.%ug) may cause a relatively poor durability, especially
in medium. Recently, a novel spherical ORR
electrocatalyst based on graphitic shell encased Fe;C NPs was
reported to be highly active and stable for ORR.'82200:202 5
the surface of these electrocatalysts, little nitrogen or metallic
functionality was detected while the electrocatalysts exhibited
high activity and stability towards the ORR during rotating disk
electrode measurements.”’ Also, the inner Fe3C NPs, being
protected by outer graphitic layers, play a synergetic role in
activating the outer graphitic layers towards ORR.” These

nanomaterials mentioned above.

acidic

J. Name., 2013, 00, 1-3 | 3
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nanomaterials have emerged as a kind of exciting “rising star”

ORR electrocatalysts with superior and stable performance.
Advanced

electrocatalysts are currently of great interest for chemistry,

carbon nanomaterials-based noble-metal-free

nanomaterials and nanotechnology, electrochemical energy

and storage and electroanalysis. Several reviews were

published recently on the topic of either heteroatom-doped
.| 55, 56, 168, 170, 171, 176, 194-196 L
carbon nanomaterials or transition
174,175 .
metal-based NPs for oxygen reduction. However, most of
the existed reviews are concentrated on the advances on

heteroatoms or transition metal-based NPs in ORR. Our review
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focuses on the most recent development of advanced carbon
nanomaterials with different dimensions as the support for
heteroatoms, transition metals-based NPs and especially Fe;C-
based NPs for the rational design and synthesis of high-
efficiency noble-metal-free oxygen reduction electrocatalysts.
This review has taken into consideration of the most recent
developments and presented comprehensive discussion of
rational design of the growing family of advanced carbon
nanomaterials-based noble-metal-free ORR electrocatalysts in
order to provide insights for developing novel and high-
efficiency noble-metal-free ORR electrocatalysts.
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Fig. 3 (A) TEM image of N-carbon shells. (B) Rotating ring-disk electrode tests for N-carbon shells and Pt/C in O,-saturated 0.1 M KOH with the rotating rate of 1600 rpm and the
scan rate of 5mV s™. Iy: disk current; /,: ring current. (C) Electron-transfer numbers per oxygen molecule for N-carbon shells and Pt/C. (D) Calculated charge density distribution for
N-Cgo with the molecular formula of CsoN as an example. (E) Schematic representations of three possible adsorption modes of an oxygen molecule on CsgN: HH1 Pauling model (1),
HH2 Pauling model (1), and HHV Pauling model (l1l), respectively. (Adapted with permission from Ref 9 Copyright 2015 Elsevier.)

2. Engineering Carbon Nanomaterials for ORR
2.1 Heteroatom-Doped Zero-Dimensional (0D) Fullerene

The 0D Cg fullerene is deemed to being formed by wrapping
20 since Ceo Was
discovered in 1985,221 the increasing interest and significance

up two-dimensional (2D) graphene (GN).

of the work in the fullerene field have generated the award of
the 1996 Nobel Prize in Chemistry to the discoverers, Smalley,
Curl, and Kroto.?2*#** Cgo has been found to exhibit a wide
range of interesting properties, in respect to electrical
t:onductivity,225 charge and photophysical
behavior.??’ Besides Cgo Was extensively used as an electron

226
transport,

acceptor, it also reveals a rich electrochemistry because of the
unique dimensional and electronic structures.?®
Nitrogen-doped carbon shells (N-carbon shells). By utilizing

the first-principles spin-polarized density functional theory

4| J. Name., 2012, 00, 1-3

(DFT) calculations, it was predicted that the full catalytic ORR
cycles could be completed energetically on OD heteroatom-
doped Cgq fullerene, i.e., nitrogen-doped Cgo (N—Ceo).94 This has
recently been experimentally proven that the fullerene-like
nitrogen-doped carbon shells (N-carbon shells), produced by
deliberately pyrolyzing fallen gingko leaves under N,
atmosphere at high temperature, could be applied as the
effective ORR electrocatalyst.93 The red circles in Fig. 3A
indicate the sharp turns with the ring structure of the N-
carbon shells, which may result from the integration of
nitrogen into the graphitic structure and accordingly would
lead to more active sites than the basal plane of graphitic
carbons. The ORR experimental results show that the obtained
N-carbon shells exhibit high electrocatalytic activity for ORR,
which is comparable to the commercial Pt/C, 20 wt.% Pt
loading (Fig. 3B). The electron-transfer number per oxygen
molecule on N-carbon shells is 4.1, indicating a four-electron
transfer process of ORR (Fig. 3C). The theoretical calculations

This journal is © The Royal Society of Chemistry 20xx
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were also explored to better understand the effect of nitrogen
doping on the ORR of N-carbon shells. Due to the limited
number of atoms that can be introduced in the model
calculation, the N-Cgq with the molecular formula of CsoN was
explored as a model for this study (Fig. 3D). Quantum
mechanics calculations with B3LYP density functional theory
(Gaussian03) indicate that the oxygen adsorption may process
on the HH Pauling site (HH1), HP Pauling site, and HH C-C site
of N-Cg (Fig. 3E). Because the carbon atoms adjacent to
nitrogen dopants possess a considerably higher positive charge
to counter balance the strong electronic affinity of the N atom,
a free O, molecule can be adsorbed onto HH1 more easily
compared to other two sites, suggesting that HH1 is a more
likely adsorption mode for an O, molecule at the N-Cgy. The N-
induced charge delocalization can facilitate the optimal
chemisorption mode of O,, aside-on adsorption (HH1 Pauling
site, Fig. 3F), onto the N-Cg,. The biased diatomic adsorption
can effectively weaken the O-O bonding and lower the
adsorption energy to facilitate ORR at N-Cgo. As such, doping
carbon fullerene with nitrogen heteroatoms as in the N-Cg, can

Chemical Society Reviews

effectively create the metal-free active sites for the
electrochemical reduction of 02.94

2.2 Heteroatom-Doped 1D Carbon Nanotubes (CNTs)

The 1D CNTs can be considered as a 2D GN sheet rolled up into
a nanoscale tube (which are single-wall CNTs), or with
additional GN sheets around the core of a single-wall CNTs
(called multi-wall CNTs).220 These CNTs have the diameters in
the range between fractions of nanometers and tens of
nanometers and lengths up to several centimetres. Since their
initial discovery by lijima in 1991 when they were produced
from a cathode by a carbon-are discharge method similar to
that used for preparing Cso.zzg Because of their unique
structural, electronic properties, high chemical stability, and
extremely high mechanical strength and modulus,230 CNTs
have exhibited a wide range of potential applications including
use as a high sensitivity microbalance,231 gas detector,232
catalyst support,233 electron source in fields of emission mode
for display,234 tiny tweezers for nanoscale manipulation,235 and
probe tips for scanning probe microscopy.236

\"'

IO.3mA

-1.2

-0.8 -0.4
E/V vs Ag/AgCl

0.0

Fig. 4 (A) SEM image of vertically aligned N-CNTs. (B) Linear-sweep voltammetry (LSV) curves for ORR in air-saturated 0.1 M KOH at the Pt/C (curve 1), vertically aligned CNTs
(curve 2), and vertically aligned N-CNTs modified glassy carbon electrodes (curve 3). (C) Calculated charge density distribution for the N-CNTs. (D) Schematic representations of

possible adsorption modes of an oxygen molecule at the CNTs (top) and N-CNTs (bottom). (Adapted with permission from Ref

Advancement of Science.)

2.2.1 Single heteroatom-doped CNTs

Nitrogen doped CNTs (N-CNTs). In 2009, Dai and co-workers
reported that vertically aligned N-CNTs (Fig. 4A) produced by
the pyrolysis of iron(ll) phthalocyanine237 could be used as an
effective electrocatalyst for ORR in alkaline elet:trolyte.107 The
half-wave potentials for ORR at the vertically aligned N-CNTs
electrode is comparable to that at the commercial Pt/C with 20
wt.% Pt loading (Fig. 4B). Control experiments suggest that
compared with the nonaligned N-CNTs, the superior
electrocatalytic performance of the vertically aligned N-CNTs is
attributed to their large surface area with all of the nanotube
top-ends falling on one plane at the interface between the
aligned nanotube and electrolyte solution that facilitates the
electrolyte/reactant diffusion. The as-prepared N-CNTs also
show lower overpotential, smaller crossover effect, and better
long-term operation stability. Quantum mechanics calculations
with B3LYP hybrid density functional suggest that carbon
atoms adjacent to nitrogen dopants possess a substantially
higher positive charge density to counterbalance the strong
electronic affinity of the nitrogen atom (Fig. 4C). A redox

This journal is © The Royal Society of Chemistry 20xx

107 Copyright 2009 American Association for the

cycling process reduces the carbon atoms that naturally exist
in an oxidized form by the action of the electrochemical
cycling, followed by reoxidation of the reduced carbon atoms
to their preferred oxidized state upon O, absorption. The
nitrogen-induced charge delocalization can also change the
chemisorption mode of O, from the usual end-on adsorption
(Pauling model) at the CNTs surface (top, Fig. 4D) to a side-on
adsorption (Yeager model) onto the N-CNTs (bottom, Fig. 4D).
The parallel diatomic adsorption can effectively weaken the O-
O bonding to facilitate ORR at the N-CNTs. It should be noted
that herein the N-CNTs were produced by the pyrolysis of
iron(ll) phthaloc.:yanine237 with the residual Fe NPs.% %107
Although great care was taken during the electrochemical
purification of N-CNTs before the ORR tests, the possible
effects of metal contaminates on ORR remains a matter of
t:ontroversy.zss"241 In this regard, be a significant
advancement to develop a metal-free growth process to
produce N-CNTs in order to confirm that the electroactivity of
N-CNTs for ORR was indeed caused by the induction of
nitrogen sites rather than the iron residue. In order to mitigate

it will

J. Name., 2013, 00, 1-3 | 5
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this issue, a combination of plasma-etching with chemical
vapor deposition (CVD) technology was used to generate N-
CNTs by the use of SiO, NPs as metal-free electrocatalysts (Fig.
5A).104 The ORR results suggest that the onset potential for the
N-CNTs shifts to a more positive value than that of CNTs (Fig.
5B), consistent with the previous report on vertically aligned
N-CNTs produced by the metal-catalytic growth.107 The
electron transfer number per oxygen molecule on the N-CNTs
is 3.52-3.92 at the potential ranging from -0.1 V to 0.2 V (vs.
Ag/AgCl, Fig. 5C), suggesting a four-electron process for ORR at
the N-CNTs electrode. Owing to the metal-free growth, the
observed electrocatalytic activity toward ORR for the newly
produced N-CNTs could be exclusively attributed to the
incorporation of nitrogen in the CNTs structure. This provides a
solid evidence that nitrogen doping is able to dramatically
enhance electrocatalytic activity of CNTs for ORR,107 by
creating the net positive charge on adjacent carbon atoms in
the nanotube structure to readily attract the electrons from
the anode for facilitating the ORR.

orbital of boron and the m orbital of carbon. The accumulated
electrons in the 2pz orbital are active as a result of the small
electronegativity of boron, and therefore become the HOMO
electrons in B-CNTs (Fig. 6C), suggesting boron doping plays
the crucial role in achieving advanced metal-free ORR catalyst.
Although the performance of B-CNTs is not yet as good as the
commercial Pt/C catalyst (20 wt.% and 40 wt.% Pt loading, Fig.
6B), the proportional relationship between ORR performance
and boron content suggests the great potential of B-CNTs for
further improvement. (ii) Sulfur doped CNTs (S-CNTs). S-CNTs
are another interesting type of non-Pt catalysts for enhancing
ORR. S-CNTs were synthesized by directly annealing oxidized
CNTs and benzenedithiol (BDT) under a N, atmosphere for ORR
in alkaline medium.”® Experimental results indicate that S-CNTs
prepared at 900 °C using the CNTs/BDT mass ratio of 1:2
exhibit much higher diffusion-limiting current and the more
positive onset potential for ORR than those prepared using 1:1
and 1:3 under the same condition. The onset potential of S-
CNTs (-0.082 V vs. Ag/AgCl) is slightly negative to Pt/C (20 wt.%
Pt loading, -0.02 V vs. Ag/AgCl), suggesting the excellent ORR
electrocatalytic performance of S-CNTs. Similar to the metal-
free N-CNTs,gS’ 104,105,107 g_NTs and S-CNTs both show smaller
crossover effect and better long-term operation stability than
the Pt/C catalyst (20 wt.% Pt loading) in alkaline electrolyte.

A* 8 B Tzs PUC 40%
B3-CNTs
. 6 . 2 9
"o | B2-CNTs "o PUC 20%
£ 215 /
<4{ B1-CNTs <
3 CNT: g1o
) ® = B3-CNTs
01 CNTs “B1-CNTs

“Water 7. 0, 2H,0
A Dlesmy < Metal-Free Catalysts NCNTs de+H"
sma: g
Y CVD Transfer
=8 = =
Si0,/Si Glassy Carbon
0.4 0.4
B ——CNTs C —— 100 RPM
O.0F=oNONTE, 1 0.0} — 400 RPM
. — S00RPM
N‘E"OA Pd NE “0.4F __ 1600 RPM
508 / S -08 ' -
< -1.2 ’ < 12 y o
E id 7 EN g 1 / o
= g =8 -
i 20 T
0.2 0.0 0.2 0. 0.6 -0.2

4 00 02 04 06
E (V) vs Ag/AgCI E (V) vs Ag/AgCI
Fig. 5 (A) Metal-free growth of N-CNTs for ORR. (B) LSV curves of the N-CNTs and CNTs
in O,-saturated 0.5 M H,SO, at a scan rate of 10 mV st (C) LSV curves of the N-CNT in
O,-saturated 0.5 M H,S0O, at different rotating rates of 100, 400, 900, and 1600 rpm at
a scan rate of 10 mV s™ The inset in Fig. 5C shows the Koutecky-Levich plots of the N-

CNTs derived from LSV curves. (Adapted with permission from Ref 104 Copyright 2010

American Chemical Society.)

2 96
or sulfur™)-

Different single heteroatom (such as boron™®
doped CNTs were also explored as the
electrocatalysts for ORR.® 1% (i) Boron-doped carbon
nanotubes (B-CNTs). B-CNTs with tunable boron content of
0.86, 1.33, and 2.24 at.% (denoted as B1-CNTs, B2-CNTs, and
B3-CNTs) were produced using CVD technology with benzene
and triphenylborane as precursors and ferrocene as catalyst.102
X-ray photoelectron spectroscopy (XPS) results show a rich
collection of boron chemical states in B-CNTs, including BC;,
BCO,, and BC,O0 moieties. The resulting B-CNTs show the
interesting boron content-dependent ORR activity with B3-
CNTs exhibiting the biggest peak current density (8.0 mA mg'l)
and most positive peak position at -0.35V vs. saturated
calomel electrode (SCE) (Fig. 6A). Similar trends are also
observed for the steady-state diffusion currents and the half-
wave potentials in the LSV curves (Fig. 6B). Theoretical
calculations indicate that the electrocatalytic activity of B-CNTs
for ORR stems from conjugation between the vacant 2pz

metal-free

6 | J. Name., 2012, 00, 1-3

-0.3 -0.6 -0.9
E(vs.SCE)/V —3

Fig. 6 (A) CV curves of CNTs and different B-CNTs in O,-saturated 1 M NaOH electrolyte
at a scan rate of 50 mV s™. (B) LSV curves of CNTs, different B-CNTs and commercial
Pt/C electrocatalysts in O,-saturated 1 M NaOH electrolyte at a scan rate of 10 mV st
and a rotation speed of 2500 rpm. (C) Important molecular orbitals involved in the O,
adsorption on B-CNTs (5,5). (a) spin-down HOMO-1 of B-CNTs (5,5). (b) LUMO of the
triplet O,. (c) spin-down HOMO-2 of 0,-B-CNTs(5,5). (Adapted with permission from
Ref ' Copyright 2011 Wiley-VCH Verlag GmbH & Co.)

2.2.2 Multiple heteroatoms-co-doped CNTs

Besides the single heteroatom-doped CNTs, multiple
heteroatoms (such as boron and nitrogen,103 phosphorus and
nitrogen,101 sulfur and nitrogen,97' 242 nitrogen, sulfur and
fluorine® or silicon and nitrogen137)-co-doped CNTs exhibit
significantly improved ORR due to their synergistic coupling

This journal is © The Royal Society of Chemistry 20xx
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effect between different heteroatoms that can facilitate the
electrocatalytic reduction of oxygen.lo' 1

Boron and nitrogen co-doped CNTs (BN-CNTs). Vertically
aligned CNTs were first used as the advanced carbon
nanomaterials support to achieve the co-doping concept for
enhancing ORR.'%3 By the pyrolysis of melamine diborate, the
vertically aligned BN-CNTs with a fairly uniform length of ~15
um was prepared on SiO,/Si substrate (Fig. 7A). Among the
chemically bonded carbon, boron, and nitrogen atoms in
vertically aligned BN-CNTs, the carbon content (85.5%)
dominates over boron (4.2 %) and nitrogen (10.3 %). The high
carbon content in vertically aligned BN-CNTs ensures high
conductivity for electrochemical applications, while the
presence of boron and nitrogen can significantly enhance the
ORR activity. The LSV curves in Fig. 7B show the vertically
aligned CNTs support two-step reaction pathway for ORR at
around -0.28 and -0.65V (vs. SCE). Vertically aligned B-CNTs
shows a similar profile to vertically aligned CNTs, but with an
overall better ORR activity (a more positive onset potential and
higher current density), which was attributed to the facilitated
chemisorption of O, by boron doping.243’ 24 ror vertically
aligned N-CNTs and vertically aligned BN-CNTs, they show a
single-step platform, indicating a four-electron ORR process. In
particular, the half-wave potential of the vertically aligned BN-
CNTs (-0.25V vs. SCE) is much more positive than that of
vertically aligned B-CNTs (-0.5 V vs. SCE) and vertically aligned
N-CNTs (-0.3 V vs. SCE). These clearly indicate that boron and
nitrogen co-doping significantly improves the electrocatalytic
activity of CNTs due to a synergetic effect arising from co-
doping of CNTs with both boron and nitrogen atoms. As is
known, the nitrogen is an electron-rich dopant (with an
electron lone pair) but boron is an electron-deficient one
(without electron lone pair). Due to the compensation effect
between the electron-rich and electron-deficient dopants, the
two cases may exist, which can impact the conjugation system
in very different ways: i) boron and nitrogen are bonded
together, and ii) boron and nitrogen locate separately,
corresponding to totally different electronic structures. Based
on this hypothesis, two kinds of boron and nitrogen co-doped
CNTs [bonded boron and nitrogen (B-N-CNTs) or separated
boron and nitrogen (B-CNTs-N)] were synthesized by different
procedures.99 For B-N-CNTs, the deterioration of ORR
performances with increasing B/N ratio indicates that the
bonded boron and nitrogen contribute little to the ORR activity
(Fig. 7C). In contrary, the B-CNTs-N can boost the ORR catalytic
ability with increasing B/N ratio (Fig. 7D). DFT calculations
demonstrate the HOMO plot shows a weak interaction
between O, and the B-N-CNTs with little charge transferred to
0,, leading to low ORR activity (Figs. 7E-F). To further
understand the second-order orbital
perturbation analysis was applied on both situations. For B-N-

such phenomena,

CNTs, the lone-pair electrons from nitrogen dopant are largely
neutralized by the vacant orbital of boron dopant, and few
electrons or vacant orbitals are left to conjugate with the
carbon m system. With little conjugation, the activation of
carbon 1 electrons can hardly occur. By contrast, the situation
for the B-CNTs-N is totally different. The separation of boron

This journal is © The Royal Society of Chemistry 20xx
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from nitrogen prevents the neutralization between the
electron donor (nitrogen) and acceptor (boron), making CNTs
have excellent ORR activity (synergetic effect).
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Fig. 7 (A) SEM image of vertically aligned BN-CNTs. (B) LSV curves of various catalysts in

0O,-saturated 0.1 M KOH electrolyte at a scan rate of 10 mV s™* and a rotation rate of
1000 rpm. (C) LSV curves of different vertically aligned BN-CNTs and CNTs in Op-
saturated 1 M NaOH electrolyte at a scan rate of 50 mV s™. The B/N ratio order: B3-N-
CNTs > B2-N-CNTs > B1-N-CNTs. (D) LSV curves of N-CNTs, different BN-CNTs and
commercial Pt/C electrocatalyst in O,-saturated 1 M NaOH electrolyte at a scan rate of
10 mV s™ and a rotation speed of 2500 rpm. The B/N ratio order: B3-CNTs-N > B2-CNTs-
N > B1-CNTs-N. (E) Bonded B and N co-doped CNTs (5,5). (F) HOMO plot of the

corresponding O, adsorption configuration (isodensity value of 0.007 au). N, blue; B,

pink; C, black; H, gray; O, red. (Parts A-B adapted with permission from Ref 103

Copyright 2011 Wiley-VCH Verlag GmbH & Co. Parts D-F adapted with permission from
Ref Copyright 2013 American Chemical Society.)

Followed by B,N co-doping concept for ORR, several groups
have tried to co-dope with the combination of various dual
elements (e.g., phosphorus and nitrogen,101 sulfur and
nitrogen,242 and silicon and nitrogen137) into CNTs for further
optimizing ORR performance. Phosphorus and nitrogen co-
doped CNTs (NP-CNTSs). An injection-assisted CVD method was
recently used to make NP-CNTs.'%* Owing to the synergetic
effect arising from co-doping CNTs with both phosphorus and
nitrogen, the resultant NP-CNTs show a significantly enhanced
electrocatalytic activity toward ORR with respect to CNTs
doped by phosphorus or nitrogen only. Sulfur and nitrogen co-
doped CNTs (NS-CNTs). In addition to NP-CNTs, NS-CNTs were
synthesized by annealing a mixture of N-CNTs and sulfur.?*?
The onset potential of NS-CNTs for ORR is almost the same as
that of Pt/C catalyst (20 wt.% Pt loading), and more positive
than that of N-CNTs in alkaline medium, suggesting that NS-
CNTs exhibit excellent performance in alkaline medium, which

is due to the co-doping of sulfur and nitrogen has changed the
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chemical environment, making the graphitic nitrogen species
more preferable for ORR. The NS-CNTs with enhanced ORR
performance can also be made by ball-milling CNTs with
thiourea, followed by thermal treatment.”’ Such incorporation
of sulfur and nitrogen took place in defect sites of CNTs. When
the graphitic structure of CNTs collapses, the amount of
nitrogen actually incorporated into the C-C network can be
increased by co-doping with sulfur. The ORR activity of NS-
CNTs increases with the increasing content of heteroatoms,
both in acid and alkaline media. As a consequence, co-doping
with nitrogen and sulfur results in more active electrocatalyst
for ORR in acid media as sulfur promotes the incorporation of
surface nitrogen. Silicon and nitrogen co-doped CNTs (NSi-
CNTs). Co-doping concept has also been well demonstrated on
NSi-CNTs for promoting ORR. With the help of CVD technology,
NSi-CNTs were synthesized by Liu, Peng and co-workers (Fig.
8A).137 In alkaline media, the onset potential of NSi-CNTs (-0.02
V vs. Ag/AgCl) is slightly lower than that of commercial Pt/C
catalyst, 47.6 wt.% Pt loading, (-0.001 V vs. Ag/AgCl) (Fig. 8B).
Theoretical calculations indicate that compared to single
heteroatom-doped or un-doped counterparts, silicon and
nitrogen co-doping changes the O, chemisorption mode from
the usual end-on adsorption to a relatively easy side on
adsorption onto material surface, making the electrons
considerably easy to be excited and transferred to O,, (Figs.
8C-8F). Nitrogen, sulfur and fluorine co-doped CNTs (FNS-
CNTs). In addition to dual doping onto CNTs, more recently,
the research interest has moved to dope three kinds of
elements (i.e., nitrogen, sulfur and fluorine) into CNTs surface
for further optimizing ORR, by first the adsorption of
heteroatoms-containing ionic liquids on the walls of CNTs,
followed by carbonization (Fig. 9A).98 The resultant FNS-CNTs
display one of the best performances among heteroatom-
doped nanocarbon electrocatalysts in terms of half-wave
potential
selectivity and the exchange current density of the FNS-CNTs
are comparable to those of the Pt/C electrocatalyst (20 wt.%
Pt loading). Furthermore, an alkaline fuel cell that employs
FNS-CNTs as the cathode electrocatalyst shows very high
current and power densities (Fig. 9B).

2.3 Heteroatom-Doped 2D Graphene (GN)

and kinetic current density. The four-electron

GN is a 2D monolayer of carbon atoms parked into a dense
hexagonal network structure,245 and can be considered as the
basic building block for graphitic materials of all dimensions
because it can be wrapped up into 0D Cg, rolled into 1D CNTs,
or stacked into 3D graphite.m' 220 gince the substance was first
isolated in 2004,245 GN has been attracting considerable
attention owing to its fascinating physical and chemical
properties and the explosive interests from experimentalists
and theoreticians.?*® ¥ GN exhibits remarkable electronic,
optical, thermal and mechanical properties.m' 248233 These

attractive properties generate huge interest to explore the
254, 255

potential applications of biomedicine, reinforced
. 256 .

composites, electronics and transparent electrodes for

. 257-260 .

displays, solar cells, and especially metal-free ORR
8,42,55-58,168-173, 176

catalysts.
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Fig. 8 (A) SEM image of SiN-CNTs. (B) LSV curves of CNTs, N-CNTs, SiN-CNTs and Pt/C in
0O,-saturated 0.1 M KOH solution. The net charge distributions of C, Si and N atoms in
pure GN (C), Si-doped GN with one silicon (D) or two silicon atoms (E) and Si, N-co-

137
f

doped GN (F). (Adapted with permission from Re Copyright 2015 Royal Chemical

Society.)
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Fig. 9 (A) Synthesis of the FNS-CNTs. (B) The performance of MEAs that employ FNS-
CNTs, CNTs, or Pt/C as the cathodes in alkaline fuel cells at 50 °C; open and closed
circles correspond to the cell voltages and power densities, respectively. (Adapted with
permission from Ref % Copyright 2014 Wiley-VCH Verlag GmbH & Co.)

2.3.1 Single heteroatom-doped GN

Nitrogen-doped GN (N-GN). In 2010, the first example on the
use of N-GN as metal-free electrocatalysts for ORR was
demonstrated by Liu, Dai and co-workers.”®? In this work, the

This journal is © The Royal Society of Chemistry 20xx
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N-GN was synthesized by CVD of methane in the presence of
ammonia. The resultant N-GN film can be readily etched off
from the substrate by dissolving the residual Ni electrocatalyst
layer in HCI,261 allowing the freestanding N-GN sheets to be
transferred onto different substrates suitable for subsequent
electrochemical investigation (Fig. 10A). The catalytic current
density at the N-GN is found to be ~3 times higher than that of
the Pt/C (20 wt.% Pt loading) over a large potential range in
air-saturated 0.1 M KOH solution (Fig. 10B). The electron
transfer number per oxygen molecule at N-GN electrode is 3.6-
4 at the potential ranging from -0.4 to -0.8 V (vs. Ag/AgCl).
Later, with the help of nanocasting technology, the N-GN
sheets with the size between 200 nm to several micrometers
and the thickness of ~18 nm were obtained.**
exhibits a one step, four-electron transfer pathway with a high

This material

kinetic current density of 7.3 mA cm'z, which is superior to that
of the Pt/C catalyst with 20 wt.% Pt loading (5.4 mA cm'z).
Further studies reveal that both the electrical conductivity and
the content of pyridinic nitrogen are two vital factors for
achieving nitrogen-doped
nanomaterials for ORR as they have a huge impact on the

high-performance carbon
electron transfer to electrodes and oxygen reduction at active
sites. More recently, the N-GN sheets,
polyacrylonitrile brush™*® with high nitrogen doping content of
up to 11.2 wt.% and high specific surface area of up to 217 m?

derived from

g'1 show the four-electron transfer mechanism for ORR with
higher kinetic limiting current and diffusion limiting current
density than the commercially available Pt/C electrocatalyst
(20 wt.% Pt loading) in alkaline medium. A more interesting N-
GN with size-defined mesopores (Fig. 10C) was recently
synthesized by employing a GN/silica nanosheet template.114
The N-GN sheets with the nitrogen doping content of 3.5%
have a lot of 22 nm mesopores on their surface, providing
much more active sites for boosting ORR. The ORR results
show that the N-GN sheets with mesopores exhibit a diffusion-
limiting current approaching that of Pt/C (20 wt.% Pt loading,
5.45 vs. 5.78 mA cm'z), and even a more positive onset and
half-wave potential [-0.01 and -0.11 V vs. reversible hydrogen
electrode (RHE)] than those of Pt/C in alkaline medium (Fig.
10D). Around the same time, an eco-friendly method based on
silica-protected pyrolysis process was developed to prepare N-
GN sheets with binary mesopores at 2.1 and 7.5 nm, allowing
to facilitate O, and electrolyte diffusion onto the catalyst
surface.”® The onset potential of ORR at GN commences
around -0.22 V (vs. Ag/AgCl), whereas the onset potential at N-
GN sheets with binary mesopores shifts positively to -0.13 V
with the limiting diffusion current density at -0.70 V being ~1.5
times larger than that of GN. N-GN quantum dots. Besides the
mesoporous N-GN, N-GN quantum dots are also very
promising for ORR. The synthesis of N-GN quantum dots with
the nitrogen/carbon atomic ratio of 4.28% has
demonstrated through the electrochemical etching of
filtration-formed GN film in acetonitrile containing nitrogen-
containing tetrabutylammonium perchlorate (TBAP).205 The
diameter of the N-GN quantum dots is ~2-5 nm (Fig. 10E). The
GN was further employed to support N-GN quantum dots for

been

promoting ORR. In alkaline solution, the ORR onset potential of

This journal is © The Royal Society of Chemistry 20xx

Chemical Society Reviews

N-GN quantum dots supported on GN was at ~-0.16 V (vs.
Ag/AgCl) with a reduction peak at ~-0.27 V (Fig. 10F), which is
close to those of the Pt/C electrocatalyst, indicating an
optimized catalytic ability of N-GN quantum dots for ORR.
Later, by the hydrothermal treatment of willow leaves, the N-
GN quantum dots with the height of ~1-4 nm and the
nitrogen/carbon atomic ratio of 4.28% were synthesized.262
Though such N-GN quantum dots exhibit more negative onset
and half-wave potentials (-0.002 and -0.244V vs. Hg/HgO)
than those of Pt/C, 20 wt.% Pt loading (0.07 and -0.129 V) in
alkaline medium, it still shows a four-electron process for ORR
over a wide potential range. Recent studies try to understand
the effect of the size of N-GN quantum dots on ORR
performance, showing that the N-GN quantum dots with the
smaller size led to a more negative onset potential and a lower
ORR current.’ This can be explained by the smaller-size N-GN
quantum dots have the elevated HOMO level, which makes
the electrons harder to be excited and transfer to O,, hence
hinders the ORR.
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Fig. 10 (A) A digital photo image of a transparent N-GN film floating on water. (B) LSV
curves of GN (red line), Pt/C (green line), and N-GN (blue line) in air-saturated 0.1 M
KOH. Electrode rotating rate: 1000 rpm. Scan rate: 0.01 V st Masseny) = Masspyq) =
Mass.cn) = 7.5 pg. (C) TEM image of N-GN with mesopores. (D) LSV curves of N-GN
with mesopores and Pt/C in O,-saturated 0.1 M KOH at a scan rate of 10 mV st with the
rotation rate of 1600 rpm. (E) TEM image of N-GNQDs. (F) LSV curves of N-GN quantum
dots in O,-saturated 0.1 M KOH with different speeds. The inset shows the Koutecky-
Levich plots derived from the LSV measurements. (Parts A-B adapted with permission
33 Copyright 2010 American Chemical Society. Parts A-D adapted with

permission from Ref ™ Copyright 2014 Wiley-VCH Verlag GmbH & Co. Parts E-F
205

from Ref

adapted with permission from Ref ©> Copyright 2012 American Chemical Society.)

Besides the N-GN, different single heteroatom (such as
sulfur,mg' 120, 123, 124 iodine,ln’ 22 chiorine' or brominenl)—
doped GN were also found to be good candidates as the
effective metal-free electrocatalysts for ORR. Sulfur doped GN
(S-GN). The edge-selectively S-GN first

synthesized by a simple yet efficient dry ball-milling graphite in

sheets were
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the presence of sulfur.*®® The limiting current density for ORR

of edge-selectively S-GN sheets (4.47 mA cm"z) approaches
93.4% (4.79 mA cm"z) of commercial Pt/C (20 wt.% Pt loading)
in O,-saturated 0.1 M KOH solution (Fig. 11A). The first-
principle study by DFT methods on the electronic structure of
edge-selectively S-GN sheets suggest that the catalytic activity
of the doped GN is closely related to spin and charge
distributions on the graphitic framework. Sulfur, covalently
bound to the zigzag and armchair edges of GN, can induce
both charge and spin densities on the GN. As a result, those
carbon atoms with high positive charge and spin densities can
serve as active sites for promoting the catalytic activity.
Furthermore, the sulfur atom itself is also an active site for
ORR, since the charge density of sulfur at the zigzag edge is
increased as high as 0.22 (circle in Fig. 11B). Furthermore, the
study of the HOMO and the LUMO distributions on GN
suggests that the HOMO and LUMO are strongly polarized by
the covalently bonded sulfur atoms at the edge of GN (Fig.
11C). These polarized zones should serve as the active sites for
ORR. Besides the ball-milling method,120 several other
approaches were also reported for S-GN synthesis. The
prominent examples include the successful fabrication of S-GN
with sulfur content of 1.53% by directly annealing GO and
benzyl disulfide in argon,123 the synthesis of S-GN with high
surface area via the thermal reaction between GO and the H,S
guest gas at high temperature,124 the use of a green and cost-
effective method for preparing S-GN achieved by the
continuous charge/discharge cycling of GN-sulfur composites
in lithium-sulfur batteries,109 the synthesis of crumpled and
sheet-like S-GN via magnesiothermic reduction based on the
low-cost, nontoxic CO, and Na,SO, as the carbon and sulfur
sources, respectively. All the above S-GNs show enhanced ORR
activity with nearly four-electron transfer pathway. lodine,
chlorine or bromine-doped GN (I-GN, CI-GN or Br-GN). In
addition, I-GN, CI-GN or Br-GN sheets were also explored as
effective electrocatalysts for ORR, showing that they can be
doped into GN nanosheets by a special designed method. The
obtained I-GN, CI-GN or Br-GN nanosheets shows the
remarkable electrocatalytic activities toward ORR in alkaline
medium.** First-principle density-functional calculations
reveal that the edges of halogenated GN have favorable
binding affinity with oxygen molecule, and the O-O bond
strengths are weakened as a result of the halogenation-
induced charge transfer (Figs. 11D-E), being in good
agreement with the experimental observations.**? Boron,
phosphorous or oxygen-doped GN (B-GN, P-GN or O-GN). By
combining the experimental data and DFT calculations, Qiao
and co-workers systematically investigated the nature and
origin of ORR activity of a series of heteroatom (N, B, P, O or
S)-doped GN catalysts.263 The results predict that the
electrocatalytic ORR performance of an ideal heteroatom-
doped GN possesses the exchange current density of 2.1 x 10
HA cm'z, onset potential of 0.33 V (vs. normal hydrogen
electrode, NHE) and an almost 100% 4-electron pathway
selectivity, which are comparable with or even better than
those of the state-of-the-art Pt catalyst. These combined
computational and experimental studies reveal the nature of

10 | J. Name., 2012, 00, 1-3

ORR electrocatalysis for GN-based materials, paving the new
way to the molecular design of highly efficient GN-based
metal-free catalysts with their ORR performance surpassing
that of the state-of-the-art Pt catalyst.
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Fig. 11 (A) LSV curves of the graphite, S-GN and Pt/C electrodes in O,-saturated 0.1 M
KOH solution at a scan rate of 10 mV s” and a rotation rate of 1600 rpm. (B) HOMO
distribution of S-GN. (C) LUMO distribution of S-GN. (D) The optimized O, adsorption
geometries onto CI-GN, Br-GN and I-GN, in which halogen is covalently linked to two
sp” carbons. (E) The projected density of electronic states onto O,: (d) CI-GN; (e) Br-GN;
(f) I-GN for the cases of corresponding (a), (b), and (c), respectively. (Parts A-C adapted
12 Copyright 2013 Wiley-VCH Verlag GmbH & Co. Parts D-E

12! Copyright 2013 Nature Publishing Group.)

with permission from Ref
adapted with permission from Ref

2.3.2 Multiple heteroatoms-co-doped GN

Co-doping of two different elements into GN is one of the
unique approaches to achieve the effective earth-abundant
materials for ORR. Sulfur and nitrogen co-doped GN (NS-GN).
NS-GN was synthesized by annealing a mixture of GO and
poly[3-amino-5-mercapto-1,2,4-triazole] composite.116 Due to
the synergistic effect between sulfur and nitrogen, the half-
wave potential of NS-GN is comparable to that of Pt/C (20
wt.% Pt loading), and the limiting current density of NS-GN
sheets even surpasses that of Pt/C (20 wt.% Pt loading) at -
0.28 V (vs. SCE) in alkaline solution. The electron-transfer
number for NS-GN sheets is close to 3.6 at the potentials
ranging from -0.5 to -0.7 V (vs. SCE), suggesting that the ORR
process mainly proceeds via a four-electron pathway. With a
similar annealing method but changing the sulfur precursor to
dipyrrolemethane103 or ethylene glycolllz, NS-GNs can be also
prepared and exhibit a remarkable electrocatalytic activity
towards the ORR, further supporting the conclusion that co-
doping of sulfur and nitrogen can make ORR catalysts more
effective.’®® 2 This co-doping concept has been extended to
other two multielement-doped GN for highly efficient non-
noble metal catalysts for ORR. Boron and nitrogen co-doped
GN (BN-GN). For example, BN-GN has been prepared by
simple thermal annealing of GO in the presence of boric acid
and producing the efficient ORR
electrocatalyst.”” The half-wave potential of BN-GN sheets
(B12C77N4; in the work) for ORR is at ~-0.25 V (vs. SCE) in 0.1 M

ammonia  for
126

This journal is © The Royal Society of Chemistry 20xx

Page 10 of 35



Page 11 of 35

KOH solution, which is close to that of the Pt/C (20 wt.% Pt
loading, Fig. 12A). The first-principle calculations were
performed to better understand the origin of high catalytic
capability of BN-GN (Fig. 12B). As is known, a small HOMO-
LUMO gap implies the low kinetic stability and high chemical
reactivity because the smaller energy gap means that the state
of the GN is energetically favorable to add electrons to a high-
lying LUMO and to extract electrons from a low-lying HOMO,
and thus the facile formation of activated complexes for any
potential reaction.?® Compared to pure GN, the substitution
of carbon by boron and nitrogen leads to a smaller HOMO-
LUMO energy gap. However, overdoping of B and N can lead
to a significant increase in the HOMO-LUMO energy gap. As a
result, Bs3gCygN3sH,s has the highest HOMO-LUMO energy
gap.lzs’ 265 Recently, more efforts have been invested to design
more complex BN-GN sheets with mesopores for providing
more active sites to boost ORR.**> One interesting example is
that the mesoporous BN-GN was made by annealing the GO-
based polyaniline nanosheets functionalized with boronic acid
followed by CO, activation. Benefiting from their high surface
area (363 m? g"l), unique 2D structure, and high heteroatoms-
doping contents (5.4wt.% boron and 5.3wt.% nitrogen), the
mesoporous BN-GN exhibits excellent ORR activity in alkaline
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media with a half-wave potential (-0.27 V vs. Ag/AgCl), close to
that of Pt/C, 20 wt.% Pt loading (-0.18 V vs. Ag/AgCl). BN-GN
quantum dots also exhibit great potential in enhancing ORR
due to their nanoscaled size compared to BN-GN as well as the
synergetic effect between boron and nitrogen. In order to
demonstrate this concept, NS-GN quantum dots were
prepared with an electrochemical etching method™" and the
combustion flame tet:hnique,110 respectively. As expected,
these two kinds of NS-GN quantum dots show high catalytic
activities for the ORR in alkaline medium. Phosphorous, sulfur
and nitrogen co-doped GN (NPS-GN). Recently, NPS-GN,
prepared by employing thiourea as a single source of nitrogen
and sulfur, and triphenylphosphine as phosphorous
precursors, has been considered to be a more effective system
for further boosting ORR.'™ Additional phosphorous doping
causes a remarkable synergistic effect on binary NS-GN sheets
by generating active phosphorous-nitrogen species. The
optimized NPS-GN exhibits excellent ORR activity, which is ~2
times better than that of binary NS-GN sheets, and ~5 times
better than that of single phosphorous-doped GN sheets. The
catalytic activity of the ternary-doped GN sheets is superior
than the Pt/C catalyst (20 wt.% Pt loading) in alkaline medium.
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Fig. 12 (A) LSV curves of BN-GN with different compositions and Pt/C catalyst in O,-saturated 0.1 M KOH solution. (B) Experiment ORR activities vs. DFT-predicated HOMO-LUMO

energy gap for BN-GN. (Adapted with permission from Ref 126

2.4 Heteroatom-Doped 3D Carbon Nanomaterials

Till now, various heteroatom-doped 3D carbon nanomaterials
were reported for the effective oxygen reduction.® % 3°38 %%
134-173,176, 194-196, 206, 207, 209, 212, 214 1. clarify the information and
make this section easy to follow and understand, Table 1
summarizes the related heteroatom-doped 3D carbon
nanomaterials for ORR, which are discussed in this section
below.

2.4.1 Single heteroatom-doped 3D carbon nanomaterials

2.4.1.1 N-GN-based 3D nanomaterials

There are several different designs on N-GN-based 3D
nanomaterials for promoting ORR. (i) N-GN framework. A
versatile, ultralight 3D N-GN framework has recently made for
enhancing ORR because it has the obvious merits in fire
resistance, ultra-low density (~2.1 mg cm'3) as well as the
unique 3D pore-rich structure with maximum access to the
nitrogen sites within highly exposed GN (Figs. 13A-D).160 In 0.1

This journal is © The Royal Society of Chemistry 20xx
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M KOH solution, the onset potential for ORR on GN framework
(~-0.18 V vs. Ag/AgCl) is slightly lower than that on the Pt/C
catalyst with 20 wt.% Pt loading (Fig. 13E). The electron-
transferred number per oxygen molecule involved in ORR is
determined to be ~3.7, indicating the ORR proceeds via a
nearly four-electron pathway. In addition, the peroxide yield
on GN framework is less than 20 % in all the potential range
and decreases to 13% at -0.8V (Fig. 13F). These results
indicate that the N-GN framework is indeed a promising metal-
free electrocatalyst for ORR in an alkaline solution. (ii)
Nanoporous N-GN. A nanoporous Ni-based CVD method to
synthesize free-standing 3D nanoporous N-GN sheets with
tunable pore sizes (Fig. 14A).151 The optimized 3D nanoporous
N-GN sheets show the onset potential of ~-0.08 V (vs. Ag/AgCl)
and the kinetic current density of 8.2 mA cm™ at -0.40 V (vs.
Ag/AgCl) (higher than that of Pt/C, 5.4 mA cm™ under the
same potential) in alkaline media (Figs. 14B-C). Such excellent
electrochemical activity for ORR is attributed to the unique
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physicochemical properties of free-standing 3D nanoporous N-
GN sheets including the high electrical conductivity of GN and
the 3D nanostructure fully exploiting the intrinsic large
effective surface area for high catalytic efficiency made by the
open porosity. (iii) Mesoporous N-GN. In 2014, a mesoporous
N-GN was successfully prepared by directly annealing the pre-
synthesized GO—pondopamine.117 The content of carbon,
nitrogen, and oxygen in the obtained N-GN sheets is 88.8%,
3.2% and 8.0%, respectively. The resulting mesoporous N-GN
shows the onset potential of -0.06 V (vs. Hg/Hg,Cl,) vs. -0.20 V
at GN for ORR, which is closer to that of the commercial Pt/C
with unmentioned wt.% Pt loading (0.10 V). (iv) N-GN/N-CNTs
composite. A facile solution self-assembly method was
demonstrated to 3D N-GN/N-CNTs composite by heating the
mixture of GN, CNTs and melamine (as a nitrogen-rich source)
at 900 °C under an Ar atmosphere.”s SEM and TEM images
indicate that CNTs and GN sheets combine together and they
are well linked together. By taking advantage of the abundant
highly active sites from N-GN and the 3D conductive network
from N-CNTs for efficient mass and electron transport, the N-
GN/N-CNTs composite in alkaline medium demonstrates their
potential as low-cost efficient ORR electrocatalyst. (v) N-GN
foams. 3D porous N-GN foams were prepared by using silica
%6 \With a 3D macroporous
morphology and high surface area for both enhanced
electrolyte-electrode interactions and electrolyte-reactant
diffusion, the 3D porous N-GN foams exhibit both remarkable
ORR activity and long-term stability in both alkaline and acidic
solutions, and their ORR activity is even better than that of the
Pt-based electrocatalyst in alkaline medium

spheres as hard temperature.
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Fig. 13 (A and B) Photographs of the as-prepared superlight N-GN framework, and one
with a piece of N-GN framework size of 1.8 cm x 1.1 cm x 1.2 cm standing on a
dandelion. (C and D) SEM images of N-GN framework. Scale bars: (C) 10 mm, (D) 100
nm. (E) LSV curves of N-GN framework and Pt/C in O,-saturated 0.1 M KOH solution. (F)
The curve of peroxide yield on the N-GN framework electrode. (Adapted with
permission from Ref *® Copyright 2012 Wiley-VCH Verlag GmbH & Co.)
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Nitrogen-doped 3D porous carbons. (i) Nitrogen-doped 3D
ordered mesoporous carbons (N-OMCs). N-OMCs were first
fabricated on the basis of a metal-free nanocasting technology
with  SBA-15 as the template and N,N’-bis(2,6-
diisopropyphenyl)-3,4,9,10-perylenetetracarboxylic diimide as
the source of both carbon and nitrogen.167 Being similar with
the ordered mesoporous carbons (OMCs), the N-OMCs with N
doping amount of 2.7% exhibit the 2D hexagonal
arrangements as well as the high BET surface area (510 cm’ g
1) and total pore volume (0.61 cm’® g'l). The onset potential of
N-OMCs for ORR in alkaline medium is -0.13 V (vs. Ag/AgCl),
which is nearly the same with that of the commercial Pt/C
catalyst (20 wt.% Pt loading). The calculated kinetic current
density of N-OMCs at 0.35V (9.15 mA cm'z) is more than twice
as high as that of commercially Pt/C catalyst with 20 wt.% Pt
loading (4.44 mA cm™ at 0.35 V). These suggest the superior
ORR activity of N-OMCs. Later, another novel N-OMCs with
both higher surface areas (up to 1500 m? g'l) and higher
nitrogen content (12 wt.%) were synthesized for further
enhancing ORR by the use of ionic liquids and nucleobases as
the source of carbon and nitrogen.165 The onset potential for
ORR on the N-OMCs is 0.035 mV (vs. Ag/AgCl) in alkaline
medium, corresponding to an overpotential ~0.025 V higher
than the commercial Pt/C catalyst (20 wt.% Pt loading). In acid
electrolyte, N-OMCs exhibit an onset potential at 0.573 V (vs.
Ag/AgCl) and an overpotential of 0.197 V as compared with
Pt/C catalyst (20 wt.% Pt loading). Recently, to improve the
ORR activity of nitrogen-doped carbon-based semiconductor
(i.e., graphitic-C3N,4, g-C5N,), an electron-conductive material of
OMCs was applied as a support for the g-C3N, catalyst.164
Compared with mesoporous g-C;N, and the mixed g-
C5N,+OMCs, the obtained composite of g-C3N,@OMCs exhibit
the enhanced electron transfer efficiency with lower onset
potential and higher ORR current density (Fig. 15A). To better
understand the effect of OMCs on the ORR activity of g-
C3N,@0MCs, the first-principle calculations were applied. As
shown in Fig. 15B(a), the free energy plots of ORR and
optimized configurations of adsorbed species on the g-C;N,
surface with zero, two, and four-electron participation are
demonstrated as paths |, Il, and Ill. The free energy of each
proposed ORR state, including the initial reactant O, adsorbed
g-C3N, (0,@g-C3N,), intermediate product OOH™ on g-C5N,4
(OOH@g-C3N,), and final product OH in the solution with
pristine g-C3N, (OH/g-C3N,). As illustrated in path I, oxygen
cannot be reduced spontaneously on the pristine g-CsN,4
surface without the electron participation (Fig. 15B(b)) due to
the existence of two insurmountable barriers in the free
energy plot at the states of intermediate and final products.
Since g-C5N, is a semiconductor, as illustrated in Fig. 15B(c),
the active sites facilitating ORR on g-C5N, are limited to very
narrow zones of the electrode-electrolyte-gas three-phase
boundaries. One effective way to increase the number of
electrons accumulated on the g-C3N, surface is adding an
electron-conductive material as a support for the g-C5N,.
Predictably, as shown in Fig. 15B(d), the active sites facilitating
ORR on g-C5N,4 with a conductive support can spread over the
whole surface of the electrocatalyst due to the increased
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electron transfer efficiency in the composite, which in turn
facilitates an efficient four-electron transfer process for ORR.
Therefore, the ORR active sites on g-C3N4 with a conductive
support (e.g., OMCs) can spread over the whole surface of the
catalyst due to the increased electron transfer efficiency in the
composite, which in turn facilitates an efficient four-electron
pathway. (ii) Nitrogen-doped 3D mesoporous carbon cubes
(N-mesoporous carbon cubes). 3D hollow-structured N-
mesoporous carbon cubes were first synthesized through a
magnesium thermal reduction approach in COZ.143 One
important feature of N-mesoporous carbons cubes for ORR is
economical and applicable to large-scale synthesis. Although
the onset potential of N-mesoporous carbon cubes was lower
than that of the commercial Pt/C (20 wt.% Pt loading) in 0.1 M
KOH solution, they encouragingly show the comparable limit
current density with the Pt/C catalyst (20 wt.% Pt loading). (iii)
Nitrogen-doped 3D nanoporous carbons (N-nanoporous
carbons). A new type of 3D N-doped nanoporous carbon was
made by a hydrothermal treatment of plant Typha orientalis at
180 °C for 12 h, followed by annealing them in NH;
atmosphere at 800 °c.®” Due to their high BET surface area
(898 m? g'l), abundant pores, high content of nitrogen atom

Chemical Society Reviews

(9.1 at.%), and 3D interpenetrated network structure, the N-
nanoporous carbon exhibits similar catalytic activity for ORR as
compared to the commercial Pt/C (20 wt.% Pt loading) catalyst
in alkaline media, and show excellent catalytic ability in acidic
media. (iv) Nitrogen-doped 3D hierarchically porous carbons
(N-hierarchically porous carbons). By using polydopamine
(PDA)-modified mixed cellulose ester filter film as a sole
template, N-hierarchically porous carbon with hierarchical
micro-, meso-, and macroporosity in one structure was
constructed.®® Such unique structure leads to a super-high
surface area of 2191 cm? g'l. After being further stimulated by
KOH activation, the N-hierarchically porous carbon shows a
nearly equal ORR activity to the Pt/C catalysts (20 wt.% Pt
loading) in alkaline solution. The ORR catalytic activity of N-
hierarchically porous carbons is among the highest reported
activities of metal-free nitrogen-doped carbon
nanoelectrocatalysts. (v) Other N-porous carbons based
nanomaterials. Following different protocols, various 3D
porous nitrogen-doped carbons with their unique
physicochemical properties were also synthesized, all of which

show the outstanding activities for ORR in alkaline medium.®
141, 148

Table 1 Summary of heteroatom-doped 3D carbon nanomaterials reported for ORR

Element Nanomaterial Reference
N-GN framework 160
Nanoporous N-GN 151
N-GN-based

i Mesoporous N-GN 117

nanomaterials .
N-GN/N-CNTs composite 145
N-GN foams 166
N-OMCs 167
N-mesoporous carbon cubes 143
Nitrogen-doped N-nanoporous carbons 157

. N-doped ) .
Single porous carbons N-hierarchically porous carbons 153
heteroatom- Other N-porous carbons based
) 138, 141, 148
doped nanomaterials
N-carbon nanofibers aerogel 266
Other kinds of N-carbon capsules 159
nitrogen-doped N-carbon nanocages 163
carbon nanomaterials N-carbon nanospheres 154
N-carbon nanoleaf networks 142
Other single element- P-OMCs 161
doped Se-GN/Se-CNTs networks 162
NS-porous carbons 155
NS-trimodal porous carbons 149
N and S co-doped NS-mesoporous carbons 140
N and S co-doped porous carbons-based Mesoporous NS-GN 127
Multiple nanomaterials NS-GN sheets-mesoporous carbon 147
heteroatoms-co- composite
doped NS-GN nanomesh foams 144
NP-mesoporous carbons foams 135
N and P co-doped . X
P-carbon nitride-carbon fibers papers 136
NOS-OMCs 156
N, S and O co-doped

NPS-porous carbons 150
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2.4.1.2 Other kinds of carbon
nanomaterials

In addition to N-GN-based 3D nanomaterials and nitrogen-
doped 3D porous carbons discussed above, different types of
nitrogen-doped 3D carbon nanomaterials also show superior
ORR activity. (i) Nitrogen-doped 3D carbon nanofibers aerogel
(N-carbon nanofibers aerogel). A highly active 3D N-carbon
nanofibers aerogel, prepared by direct pyrolysis of a mass-
producible biomass of bacterial cellulose, and followed by NH;
activation, first used as an advanced metal-free
electrocatalyst for ORR.”® The prepared N-carbon fiber
aerogel exhibits the high density of N-containing active sites of

5.8 at.% and high BET surface area of 916 m? g'l, resulting in

nitrogen-doped 3D

was
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the excellent ORR activity (half-wave potential of 0.80 V vs.
RHE), and excellent electrochemical stability (only 20 mV
negative shift of half-wave potential after 10000 potential
cycles) in alkaline media. Importantly, when used as a cathode
electrocatalyst of Zn-air battery, the N-carbon fibers aerogel
exhibits high voltages of 1.34 and 1.25 V at the discharge
current densities of 1.0 and 10 mA cm'z, respectively, which
are highly comparable with the state-of-the art Pt/C
electrocatalyst (20 wt.% Pt loading), indicating the great
potential of this metal-free electrocatalyst as a promising
alternative to the Pt/C (20 wt.% Pt loading) for alkaline fuel
cells and metal-air batteries. However, due to the very low
amount of nitrogen in the raw material of bacterial cellulose,

This journal is © The Royal Society of Chemistry 20xx
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additional ammonia gas annealing step is required to
introduce more nitrogen into the material in order to realize
the excellent ORR performance. To simplify the synthesis
process, the prawn shells with high nitrogen content were
applied as the raw material instead of bacterial cellulose to
produce the N-carbon nanofiber aerogel.139 By this way, only
one-step pyrolysis of carbonization is required to get the 3D N-
carbon fibers aerogel. Such 3D N-carbon fibers aerogel exhibits
high N doping level of 5.9%, and high surface area of 526 m? g
' As an electrocatalyst, the resultant 3D N-carbon fibers
aerogel exhibits superior electrocatalytic activity towards ORR
with a more positive ORR onset potential, better stability and
high resistance to crossover effect compared to the
commercial Pt/C (unmentioned wt.% Pt loading). (ii) Nitrogen-
doped 3D carbon capsules (N-carbon capsules). Combining
the solvothermal reaction with the carbonization was used to
make the N-carbon capsules with nitrogen content (~13 at.%)
and high BET surface area of ~595 m? g'1 using melamine and
glyoxal as precursors.159 In alkaline medium, the electron-
transfer number per oxygen molecule of ORR at the applied
potential between -0.50 and -0.80 V (vs. Ag/AgCl) on N-carbon
capsules is 3.7, indicating a predominant oxygen reduction
process of four-electron pathway. Specially, the measured
H,0, yield for highly N-carbon capsules was below 16%, similar
to that of the commercial Pt/C (12 wt.% Pt loading), indicating
the electron-transfer number of ~4 as well. Such excellent ORR
activity can be due to the large surface area and the high-level
nitrogen doping of N-carbon capsules. Later the same group
reported another kind of N-carbon capsules with bamboo-like
CNTs whiskers.”®® Due to the combined the advantageous
features of high surface area of 985 m? g'l, abundant active
sites (from the structural defects of the pore edges and
bamboo-shaped CNTs and nitrogen doping) and easy access to
medium and favorable mass transport, N-carbon capsules
exhibit the same onset potential as that of the Pt/C (20 wt.% Pt
loading), but higher reaction current density in O,-saturated
0.1 M KOH solution. (iii) Nitrogen-doped 3D carbon nanocages
(N-carbon nanocages). By the use of an in-situ generated MgO
template method and pyridine as the precursor, N-carbon
nanocages with high specific surface area of 1393 m? g'1 and
high nitrogen content (~10%) were produced.163 In O,-
saturated 0.1 M KOH electrolyte, the electron-transfer number
per oxygen molecule (3.27 at -0.5 V vs. Ag/AgCl) and the onset
potential (-0.13 V) of N-CNs for ORR are comparable to the
Pt/C electrocatalyst, 20 wt.% Pt loading, (3.92 at -0.5 V vs.
Ag/AgCl and -0.03 V) but the diffusion-limiting current of N-
carbon nanocages is higher than that of Pt/C electrocatalyst
(20 wt.% Pt loading). (iv) Nitrogen-doped 3D carbon
nanospheres (N-carbon nanospheres). Using the fermented
rice as the raw resource, a green approach was developed to
synthesize N-carbon nanospheres,154 which have very high
specific surface areas of 2105.9 m? g'l, high porosity of 1.14
cm?® g'1 and higher nitrogen content of 6.2 at.%. Although the
onset potential of N-carbon nanospheres (-0.06 V vs. Hg/HgO)
is slightly lower than that of Pt/C (20 wt.% Pt loading), its onset
potential is positively shifted compared with that of the
directly carbonized products of unfermented rice and

This journal is © The Royal Society of Chemistry 20xx
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fermented rice. In addition, N-carbon nanospheres exhibit the
four-electron process for ORR with long-term stability and
excellent resistance to crossover effects and CO poisoning. (v)
Nitrogen-doped 3D carbon nanoleaf networks (N-carbon
nanoleaf networks). A simple method was used to construct
N-carbon nanoleaf networks by using CNTs as a single
precursor.142 The resultant N-carbon nanoleaf networks can
act as ORR electrocatalysts with superb electrocatalytic
activity. The excellent ORR activity is attributed to the
synergistic effect of the N-doped, nanoporous structure,
structural integrity, high surface area (380-497 m? g'l) and
good conductivity (up to 112 S m™), originating from the
unique bridged structure of the CNTs and graphene
nanoribbons (GNRs), ensuring the rapid electron transfer and
mass.
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Fig. 16 (A) Schematic illustration on the preparation of P-OMCs. (B) LSV curves for
OMCs, P-OMCs-1 (P-OMCs with the length of 1.5 um and the thickness of 0.2 um), P-
OMCs-2 (P-OMCs with the length of 1.0 um and the thickness of 0.4 um), P-OMCs-3 (P-
OMCs with the length of 0.7 um and the thickness of 0.6 um) and Pt/C on a glassy
carbon rotating disk electrode in O,-saturated 0.1 M KOH solution at a scan rate of 10
mV s LSV curve for P-OMCs-3 on a glassy carbon rotating disk electrode in N,-
saturated 0.1 M KOH solution at a scan rate of 10 mV s™. (Adapted with permission
from Ref *** Copyright 2012 American Chemical Society.)

Other important elements have also been explored to
dope 3D carbon nanomaterials for ORR. Selenium-doped 3D
CNTs-GN  networks (Se-GN/Se-CNTs networks). One
interesting example is Se-GN/Se-CNTs networks by directly
annealing CNTs, GN and diphenyl diselenide in Ar.'®? The
obtained Se-GN/Se-CNTs exhibit slightly negative onset
potential and higher current density (at -0.9 V vs. Ag/AgCl)
compared with the Pt/C electrocatalyst (47.6 wt.% Pt loading),
suggesting that doping Se into 3D carbon nanomaterials can
provide a good opportunity for boosting ORR. This is because
that selenium has an evidently larger atomic size than carbon,
the introduction of selenium atoms into carbon materials may
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cause higher strain at their edges, thus facilitating charge
localization and associated chemisorption of oxygen.
Phosphorus-doped 3D OMCs (P-OMCs). In 2012, P-OMCs with
different lengths were synthesized using a metal-free
nanocasting method of SBA-15 mesoporous silica as template
and triphenylphosphine and phenol as phosphorus and carbon
sources, respectively (Fig. 16A).161 Experimental results
indicate the P-OMCs with shorter length (0.7 um) exhibit
higher ORR performance compared to those of longer
channels (1.0 and 1.5 um) in alkaline medium, which is likely
because O, molecules have less resistance in shorter channels.
The onset potential and the limiting current at P-OMCs with
the channel length of 0.7 um are both comparable with those
at Pt/C (20 wt.% Pt loading) in O,-saturated 0.1M KOH solution
(Fig. 16B). Later, on the basis of the principle that P-OMCs with
short mesochannels can greatly improve the ORR activity
mentioned above,161 the same concept was further extended
to fabricate a kind of thin disk-type or plate-type P-OMCs with
shorter mesochannels for ORR,146 which outperforms P-OMCs
with the channel length of 0.7 um.161
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mesoporous GN and Pt/C at 1600 rpm. (B) Electron-transfer numbers as a function of
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doped by N and S. C1 has very high spin density, C2 and C3 have high positive charge
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2.4.2 Multiple heteroatoms-co-doped 3D carbon nanomaterials
2.4.2.1 Nitrogen and sulfur co-doped 3D porous carbons-
based nanomaterials.

(i) Hierarchical nitrogen and sulfur co-doped porous carbons
(NS-porous carbons). A green approach was used to prepare
NS-porous carbon with hierarchical-porous structure and high
surface area by using organic ionic liquid as nitrogen, sulfur
and carbon sources and the eutectic salt as template.155 The
onset potential for optimized NS-porous carbon is close to that
of the Pt/C electrocatalyst (20 wt.% Pt loading), but its current
density is higher than that of the Pt/C electrocatalyst (20 wt.%
Pt loading). The DFT calculations reveal that the dual doping of
nitrogen and sulfur atoms lead to the redistribution of spin and
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charge densities, which may be responsible for the formation
of a large number of carbon atom active sites. (ii) NS-trimodal
porous carbons. A self-sponsored co-doping approach to
facilely control the doping of nitrogen and sulfur into graphitic
carbon network structure has been recently demonstrated,149
in which the required carbon and dopant (nitrogen and sulfur)
sources are self-sponsored by a sole precursor (1-allyl-2-
thiourea) without the need for the catalysts. The optimized
NS-porous carbons with the large BET surface area of 572 m? g
' and trimodal pore (i.e., microporous, mesoporous and
macroporous) structure possesses an onset potential of -0.035
V for ORR, almost identical to that of commercial Pt/C
(unmentioned wt.% Pt loading). The excellent ORR activity of
NS-porous carbons can be attributed to the synergistic effect
caused by sulfur, nitrogen heteroatoms doping as well as the
presence of macropores in the trimodal-porous network. (iii)
Nitrogen and sulfur co-doped 3D mesoporous carbons (NS-
mesoporous carbons). By using honeysuckles as the single
precursor, an economic strategy has been explored for the
preparation of NS-mesoporous carbon with the specific
surface area of 802.8 m’ g'l, the mesopore size of ~4.1 nm,
and the nitrogen and sulfur contents of 1.95 at.% and 0.75
at.%."° In alkaline medium, the onset potential of NS-
mesoporous carbon for ORR is 0.046 V (vs. Hg/HgO), similar to
that of Pt/C (20 wt.% Pt loading). The electron transfer number
per oxygen molecule of NS-MCs at -0.3 V (vs. Hg/HgO) is 3.60,
demonstrating that the ORR proceeds on NS-mesoporous
carbons via a four-electron pathway. (iv) Mesoporous NS-GN.
In 2012, a one-step doping/annealing process was designed to
prepare the mesoporous NS-GN with benzyl disulfide and
melamine as sulfur and nitrogen precursors, respectively.127
The thickness of the NS-GN sheets is 1-1.5 nm, indicating 3-6
carbon atomic layers. The mesoporous size of NS-GN is 10-40
nm. The NS-GN displays a very high ORR onset potential of -
0.06 V (vs. Ag/AgCl), close to that of commercial Pt/C, 20 wt. %
Pt loading (-0.03 V vs. Ag/AgCl) and much more positive than
those of N-GN, S-GN, or GN (~-0.18 V vs. Ag/AgCl) in alkaline
medium (Fig. 17A). Also, the electron-transfer number per
oxygen molecule is between 3.3 and 3.6 over the potential
range from -0.4 to -0.8 V (vs. Ag/AgCl, Fig. 17B), suggesting a
four-electron process for ORR. These indicate that this
material has clearly better catalytic performance, which
further supports the proposed synergistic effect caused by
dual sulfur and nitrogen doping. The DFT calculations reveal
that the synergistic performance enhancement results from
the redistribution of spin and charge densities brought about
by the dual doping of sulfur and nitrogen atoms (Fig. 17C). (v)
Nitrogen co-doped 3D graphene sheets-
mesoporous carbon (NS-GN sheets-mesoporous carbon)
composite. NS-mesoporous carbons-GN sheets with the BET
surface area of 281 m> g'1 were synthesized by using nano-
casting technology with mesoporous silica/GN nanosheets as
hard templates, and cystine as heteroatom and carbon
precursors.147 Though the ORR activity of NS-GN-mesoporous
carbons composite in alkaline medium is not as good as the
Pt/C (20 wt.% Pt loading), it shows the outstanding long-term
stability, superior to the Pt/C electrocatalyst. (vi) Nitrogen

and sulfur
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and sulfur co-doped GN nanomesh foams (NS-GN nanomesh
foams). A kind of 3D NS-GN nanomesh foams, composed of
GN sheets with in-plane nanopores, was synthesized by Zhao
et al.*** With hierarchical pore arrangement, favorable mass
transport and the richly available GN edges, the 3D NS-GN
nanomesh foams exhibit a comparable onset potential of
~0.04 V (vs. Ag/AgCl) but higher limiting current for ORR in
alkaline medium compared to the Pt/C catalyst (20 wt.% Pt
loading, ~ 0.05 V vs. Ag/AgCl).
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Fig. 18 (A) LSV curves for NP-mesoporous carbons foams synthesized under different
conditions and Pt/C in O,-saturated 0.1 M KOH solution at the scan rate of 5 mV stand
the rotating rate of 1,600 rpm. Sample 1: NP-mesoporous carbons foams heated at
1000 °C; Sample 2: NP-mesoporous carbons foams heated at 1100 °C; Sample 3: NP-
mesoporous carbons foams heated at 900 °C; Sample 4: NP-carbons heated at 1000 °C;
Sample 5: N-porous carbon foams heated at 900 °C. (B) ORR volcano plots of
overpotential (n) versus adsorption energy of O* and the difference between the
adsorption energy of O* and OH¥*, respectively, for N-doped, P-doped and N,P-co-
doped GN. (C) Schematic energy profiles for the ORR pathway on N,P co-doped GN in
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alkaline media. (Adapted with permission from Ref “° Copyright 2015 Nature
Publishing Group.)

2.4.2.2 Nitrogen and phosphorus co-doped NP-mesoporous
carbons foams (NP-mesoporous carbons foams).

In another case, nitrogen and phosphorus co-doped 3D foams
have been designed to enhance ORR. 3D NP-mesoporous
carbons foams with the large surface area of 1548 m? g'1 was
made by simply pyrolysing polyaniline aerogels obtained from
a template-free polymerization of aniline in the presence of
phytic acid.’*® As shown in Fig. 18A, a reduction potential
similar to that of the commercial Pt/C catalyst (20 wt.% Pt
loading) was observed at the optimized NP-mesoporous
carbons foams for ORR in alkaline medium, suggesting their
high electrocatalytic activity. Furthermore, the onset potential
of 0.94 V (vs. RHE), the half-wave potential of 0.85 V (vs. RHE)
and the limiting current of NP-mesoporous carbons foams are
comparable to those of Pt/C (20 wt.% Pt loading). Theoretical
calculations indicate that in alkaline media, the calculated
activation energy for the rate-limiting step of the Langmuir—
Hinshelwood mechanism is ~0.5 eV for NP-GN, which is lower
than those of N-GN (~0.56-0.62 eV) and Pt(111) surface (0.55
eV) (Figs. 18C-D). Thus, the 3D NP-MCs foams possess ORR
activities comparable to, or even better than that of Pt in
alkaline media. Phosphorus-doped graphitic carbon nitride on
3D carbon fibers papers (P-carbon nitride-carbon fibers
papers). Recently, one interesting 3D nanostructure of P-
carbon nitride consisting of thin nanosheets directly grown on
carbon fibers papers exhibits high activity and stability in
ORR."® The P-carbon nitride-carbon fibers papers affords an
onset potential of 0.94 V (vs. RHE) and a half-wave potential of
0.67 V (vs. RHE) for ORR in alkaline medium, which are close to
those of Pt on carbon fibers papers (the onset potential of 0.99
V vs. RHE and the half-wave potential of 0.80V vs. RHE), and
better than the phosphorus-free
counterpart P-carbon nitride-carbon fibers papers (the onset
potential of 0.90 V vs. RHE and the half-wave potential of 0.63
V vs. RHE). Furthermore, the P-carbon nitride on CFPs exhibits
a Tafel slope value of 122.3 mV decade™ in ORR region, much
lower than that of P-carbon nitride-carbon fibers papers (135.7
mV decade™), suggesting its favorable reaction kinetics.

those observed for

2.4.2.3 Nitrogen, sulfur and oxygen co-doped 3D ordered
mesoporous carbons (NOS-OMCs).

NOS-OMCs with hexagonal mesostructures were prepared via
a nanocasting method using SBA-15 mesoporous silica as a
template and glucosamine, p-toluenesulfonic acid, and sucrose
as sources of carbon as well as dopants.156 The triple-doped
NOS-OMCs electrocatalyst displays the best ORR activity
compared to the dual-doped (NO-OMCs and OS-OMCs) and
monodoped O-OMCs in acidic medium. Interestingly, the work
functions of these heteroatom-doped OMCs, measured by
Kelvin probe force microscopy, display a strong correlation
with the activity and reaction kinetics for the ORR. Nitrogen,
phosphorus, and sulfur co-doped 3D porous carbons (NPS-
porous carbons). 3D NPS-porous carbons were synthesized
using metal-organic template and
dicyandiamide, triarylphosphine and dimethyl sulfoxide as

frameworks as a
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nitrogen, phosphorus, and sulfur precursors.150 The electron-
transfer number per oxygen is 3.5-3.9 from -0.4 to -0.9 V (vs.
Ag/AgCl) in alkaline medium, suggesting a favorable four-
electron pathway of the ORR. The kinetic limiting current
density of NPS-porous carbons at -0.6 V (vs. Ag/AgCl) is up to
~11.6 mA cmz, which is 1.2 times higher than that of the Pt/C
catalyst (20 wt.% Pt loading). The excellent electrocatalytic
activity of NPS-porous carbons should be attributed to the
three reasons below. (i) Due to the different
electronegativities between the doped heteroatoms (e.g., N:
3.04, P: 2.19, S: 2.58) and the carbon atoms (C: 2.55), the
electroneutrality of the doped carbon framework is broken to
explore a higher number of active sites, facilitating the
adsorption of O, and significantly enhancing the rate of the
overall ORR process. (ii) The changed asymmetric spin density
of heteroatoms in NPS-porous carbons can effectively weak
the O-0 bonding to provide more active sites and enhance the
ORR activity of carbon materials. (iii) The pore structures of
NPS-porous carbons are changed owing to the heteroatoms
doping. The product with different active sites and increasing

Journal Name

percentage of mesopores has remarkable influences on the
ORR activity.

3. Engineering Noble-Metal-Free Transition
Metal-based NPs/Carbon Nanomaterials
Composites for ORR

Besides the heteroatom-doped carbon nanomaterials,
advanced carbon nanomaterials functionalized with transition
metal-based NPs is another kind of interesting noble-metal-
free electrocatalysts displaying high ORR activities.”” 78 8187, 8-
2 with different
NPs, the
functionalization of transition metal-based NPs on carbon
nanomaterials exhibits higher ORR activity and stability
compared to their unsupported counterparts. The interesting
and powerful synergetic effect between the carbon
nanomaterials with large surface area/stable structure and the
transition metal-based NPs with high ORR electrocatalytic
activities can be the main reason, leading to the superior

. 77, 78, 81-87, 89-92, 174, 175
electrocatalytic performance for ORR.

By introducing carbon nanomaterials

dimensions into  transition metal-based
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Fig. 19 (A) TEM image of the CoO/N-CNTs hybrid. Inset shows an electron diffraction pattern of the hybrid. The inside circle corresponds to graphite (002) from CNTs. (B) CVs of
CoO/N-CNTs and N-CNTs in O,-saturated (solid line) or N,-saturated (dash line) 1 M KOH. (C) CV curves of different materials in O,-saturated (solid line) or N,-saturated (dash line)
1 M KOH. (D) ORR polarization curves of CoO/N-CNTs, Co304/N-CNTs, Co304/N-GN and Pt/C in O,-saturated (solid line) or N,-saturated (dash line) 1 M KOH at a sweep rate of 5 mV
s™ and rotation rate of 1600 rpm. (Adapted with permission from Ref ® Copyright 2012 Nature Publishing Group.)

3.1 Transition Metal-Based NPs on 1D Carbon Nanomaterials

Cobalt(ll) oxide NPs on 1D N-CNTs (CoO/N-CNTs). A two-step
method combining the direct growth of nanocrystals on CNTs
and the gas-phase annealing in a NH3 atmosphere has been

18 | J. Name., 2012, 00, 1-3

used to prepare 5 nm CoO/N-CNTs hybrids (Fig. 19A).%2 Herein,
cobalt oxide was in the form of CoO due to thermal annealing
in the reducing NH3 environment, confirmed by X-ray
diffraction (XRD). The amount of CoO and nitrogen in CoO/N-
CNTs is ~67wt.% by thermogravimetric analysis (TGA) and

This journal is © The Royal Society of Chemistry 20xx
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~2.5at.% by XPS, respectively. The CoO/N-CNTs hybrid shows
an ORR onset potential of 0.93 V (vs. RHE) and a peak potential
of 0.86 V (vs. RHE) in 1 M KOH, much more positive than those
of the pure N-CNTs (Fig. 19B). Both the ORR onset and the
peak potentials of CoO/N-CNTs hybrid are similar to those of
the hydrothermally derived Co3;0,/N-CNTs and Co3;0,/N-GN
hybrids (Fig. 19C). Rotating disk electrode measurements
indicate that CoO/N-CNTs, Co030,-N-CNTs and Co3;0,-N-GN
hybrids exhibit very similar LSV curves with similar half-wave
potential, about 35 mV more negative than Pt/C
electrocatalyst (20 wt.% Pt loading, Fig. 19D). These indicate
that these materials contain similar active sites in nature for
ORR. However, the CoO/N-CNTs hybrid affords higher peak
current density by ~30% than the other two hybrids in CV
curves, suggesting that the CoO/N-CNTs hybrid contains a
larger number of effective or accessible ORR active sites. The
average electron transfer number per oxygen molecule is ~3.9
for CoO/N-CNTs. The hydrothermally synthesized Co3;0,/N-
CNTs hybrid shows an ORR activity similar to that of the
CoO/N-CNTs hybrid, suggesting both of these hybrids favor a
four-electron reduction pathway for ORR. Manganese-cobalt
oxide on 1D N-CNTs (MnCo0,0,/N-CNTs). A simple and scalable
method was used for the synthesis of spinel MnCo,0, NPs
partially embedded in N-CNTs (MnCo,0,/N-CNTs, Fig. 20A) by
oxidative thermal MnCo,0,/N-CNTs  exhibits
superior ORR performance to N-CNTs, as indicated by the ORR
polarization curves in Fig. 20B, a more positive onset potential
and higher disk current, lower H,0, yield, and higher electron
transfer number per oxygen molecule.
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Fig. 20 (A) TEM image of MnCo204/N-CNTs. (B) ORR polarization curves of
MnCo0204/N-CNTs and N-CNTs. Inset: peroxide yield and electron transfer number per
oxygen molecule at various potentials. (Adapted with permission from Ref & Copyright
2014 American Chemical Society.)

3.2 Transition Metal-based NPs on 2D Carbon Nanomaterials

Cobalt-Cobalt(ll) Oxide Core-Shell NPs on 2D GN (Co/CoO-
GN).

transition metal-based NPs were often deposited directly onto
88, 89, 267

In transition metal-based NPs-GN catalyst systems,

GN surfaces through in situ chemical depositions.
Despite the fact that the depositions led to a tight NPs-GN
contact, NPs prepared from these methods lack the desired
size and morphology control, thereby making it difficult to
tune the GN-metal oxide NPs interaction for better catalyst
performance.87‘ 88 Recently, Guo et al. demonstrated a direct
solution-phase-based self-assembly approach based on the
sonication of the pre-synthesized Co/CoO NPs hexane with GN
DMF solution to deposit preformed monodisperse Co/CoO
core/shell NPs on the surface of GN (Fig. 21A). The obtained
Co/CoO-GN showed much enhanced catalysis for ORR in
alkaline medium, thus indicating the interaction between
Co/CoO and GN can indeed be tuned to enhance NPs
t:atalysis.87 Compared to GN and Co/CoO-Ketjen carbons, the
Co/Co0-GN shows much enhanced catalytic activity for ORR
(Fig. 21B). Their ORR activity depends on the CoO thickness
with 1 nm CoO shell showing the maximum activity. The work
demonstrates the importance of Co/CoO dimension and G as a
support in tuning electrocatalysis for efficient ORR. The
optimized Co/CoO-GN have a comparative activity and better
stability than the commercial Pt/C (20 wt.% Pt loading) and
may serve as a promising alternative to Pt/C catalyst (20 wt.%
Pt loading) for ORR in alkaline solutions (Figs. 21C-D). In
addition to transition metal-based NPs-GN, such tune concept
can be also realized between metal oxide and other kinds of
carbon nanomaterials, which will be discussed in Section 3.3.
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Fig. 21 (A) TEM image of GN-Co/CoO. (B) ORR polarization curves of GN, Co/Co-Ketjen
carbons, and Co/Co-GN in O,-saturated 0.1 M KOH solution at the scan rate of 100 mV s’
! and the rotation rate of 1600 rpm. ORR polarization curves of the Co-CoO/GN and
Pt/C electrocatalyst in O,-saturated 0.1 M KOH solution at the scan rate of 10 mV st
and the rotation rate of 400 rpm. (D) The chronoamperometric responses of Co-
CoO/GN and Pt/C at -0.3 V (vs. Ag/AgCl) in O,-saturated 0.1 M KOH solution at the
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rotation rate of 200 rpm. (Adapted with permission from Ref ¥’ Copyright 2012 Wiley-
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Fig. 22 (A) TEM image of Co304/N-GN. Inset shows an electron diffraction pattern of the hybrid. (B) Tafel plots of Co304/N-GN and Co30,/GN hybrids for ORR in alkaline medium.
(C) TEM image of MnCo,0,/N-GN. (D) CV curves of MnC0,04/N-GN, MnCo,0, + N-GN mixture, Co304/N-GN, and N-GN in O,-saturated (solid line) or N,-saturated (dash line) 1 M
KOH. (E) ORR polarization curves of MnC0,04/N-GN, MnC0,0,4 + N-GN mixture, Co304/N-GN, N-GN and Pt/C in O,-saturated 1 M KOH at a sweep rate of 5 mV s and rotation rate

of 1600 rpm. (Parts A-B, adapted with permission from Ref
Chemical Society.)
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Cobalt(I1,ll) oxide NPs on 2D N-GN (Co;0,/N-GN). In 2011,
Liang et al. synthesized Co304/N-GN in solution by the growth
of Co304 NPs onto nitrogen doped GN.®° The size of Co304 in
Co304/N-GN is ~4-8 nm (Fig. 22A). Control experiment verifies
that nitrogen-dopants were onto reduced GO sheets
not Co304 NPs. The half-wave potential of Co304/N-GN for
ORR in alkaline medium was 0.83V, similar to that of the
commercial Pt/C, 20 wt.% Pt loading (0.86 V vs. RHE) and more
positive than that of Co304-GN (0.79V vs. RHE). The electron
transfer number per oxygen molecule of Co304/N-GN is ~4.0
at 0.60-0.75V. Excellent ORR activity of the Co304/N-GN

20 | J. Name., 2012, 00, 1-3

hybrid electrocatalyst was also gleaned from the much smaller
Tafel slope of 42 mV decade-1 at low over-potentials than that
measured with Co304/GN hybrid (54 mV decade-1) in
0.1 M KOH (Fig. 22B). The bond formation between Co304 and
N-GN and changes in the chemical bonding environment for C,
O and Co atoms in the hybrid material are probably
responsible for the synergistic ORR catalytic activity.
Manganese-cobalt oxide on 2D N-GN (MnCo,0,/N-GN). In
order to further tune and optimize the ORR performance of
transition metal/N-GN hybrid system,89 binary MnCo,0, NPs
were also deposited on the surface of N-GN (Fig. 22C) through

This journal is © The Royal Society of Chemistry 20xx
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Mn cation substitution for ORR following the similar chemical
synthesis.se. In 1 M KOH, the ORR onset potential and peak
potential of MnCo,0,/N-GN were 0.95 and 0.88 V (vs. RHE)
(Figs. 22D-E), respectively, ~20 mV more positive than those
of Co304/N-GN. This suggests that Mn substitution in the
cobalt oxide-N-GN hybrid can further enhance the ORR
catalytic activity. XPs results reveal that the superior ORR
activity of MnCo,0,/N-GN is attributed to the covalent
coupling of the MnCo,0,4 NPs with N-GN.

Cobalt-Cobalt(ll, Ill) oxide-carbon bishell nanoparticles
encapsulated into 3D porous carbons matrix (Co-Co3;0,-
C/porous carbons matrix). As we discussed above, the ORR
activity of transition metal-based NPs-GN can be optimized by
tuning their interaction between the NPs and GN. In addition
to 2D GN, such tune concept can also happen between the
metal oxide NPs and 3D carbon nanomaterials. For example,
Zou, Guo and co-workers tuned the interaction between
electrochemical active transition metal-based NPs and carbon
supports for further enhancing the ORR activity.90 In order to
demonstrate such concept, herein, a metal-organic
frameworks (MOFs) can be used as a kind of precursor to in
situ encapsulate Co-Co3;0,-C NPs into a highly ordered porous
carbons matrix.” Previously, Co30, has proved to be ORR
active but suffers from low electrical conductivity and low
stability.ss’ 8 In this work, the organic ligands from MOFs were
transformed into porous graphitic carbon, which could in
Situ wrap the metal oxide NPs, resulting in the fancy Co-
Co30,-C core-bishell nanostructure. The key part of this work is
that they create a very strong interaction/contact between the
metal oxide and the carbon shell linked to the porous carbons
matrix, which is very important for not only enhancing the
electron transfer between NPs and the porous carbons matrix
(enhancing the ORR activity), but also making the NPs hard to
detach from the porous carbons matrix support (enhancing the
ORR stability) (Fig. 23A). It is found that in alkaline medium,
Co-Co30,4-C/porous carbons matrix shows much higher activity
for ORR with an onset potential of 0.93 V (vs. RHE) and a half-
wave potential of 0.81 V (vs. RHE), very close to those of the
Pt/C catalyst with 20 wt.% Pt loading (Fig. 23B).

Chemical Society Reviews

3.3 Transition Metal-Based NPs on 3D Carbon Nanomaterials

Co-Mo nitride supported on 3D N-carbon nanocages
(CoMoN/N-carbon nanocages). By combining the merits of the
high activity of cobalt nitride and the superb stability of
molybdenum nitride, the alloyed CoMoN NPs supported on N-
carbon nanocages demonstrates high activity and stability for
ORR in acidic medium.®® Such CoMoN/N-carbon nanocages
were prepared through a two-step process.83 The N-carbon
nanocages were first prepared by an in situ MgO template
method at high temperature. The CoMoN/N-carbon nanocages
hybrid electrocatalysts were further synthesized by a
convenient impregnation [mixing the N-carbon nanocages
suspension in deionized water with cobalt nitrate
(Co(NOs),-6H,0) and ammonium molybdate
((NH4)sM0,0,4-4H,0)] and nitridation method (pyrolysis under
NH; atmosphere). The experimental results show that in O,-
saturated 0.5 M H,SO,, the ORR peaks appear at 0.316 V (vs.
RHE) for MoN/N-carbon nanocages, 0.621 V for
Coo.50M0g 50N, /N-carbon nanocages, and 0.626 V for Cos 4;N/N-
carbon nanocages, respectively (Fig. 24A). The corresponding
onset potentials are ~0.630, ~0.808, and ~0.810 V (vs. RHE),
respectively. These mean that the reduction and onset
potentials of CogsoMogsoN,/N-carbon nanocages for ORR are
both higher than those of Cos,;N/N-carbon nanocages and
MoN/N-carbon nanocages, suggesting the svnergetic effects
between Co and Mo. The onset potential for the
Coo.50M0g 5oN,/N-carbon nanocages (~0.808 mV vs. RHE) is
only ~0.147 V lower than that of the Pt/C catalyst with 20
wt.% Pt loading (Fig. 24B). The electron transfer number per
oxygen molecule and the corresponding H,0, yield during the
ORR are calculated to be ~3.75 + 0.10 and ~12.6% in the
range of 0.05-0.60 V (vs. RHE), indicating a dominant four-
electron process. The long-term ORR stability results show the
optimized bimetallic CoMoN/N-carbon nanocages
electrocatalysts exhibit the best stability with a decrease of
~16% after 100 h of testing, much smaller than the ~36%
decrease for Cos4;N/N-carbon nanocages and ~75% for Pt/C
with 20 wt.% Pt loading (Fig. 24C).
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Fig. 24 (A) CVs of CoMoN/N-carbon nanocages, CoosoM0g.50N,/N-carbon nanocages and Cos 47N/N-carbon nanocages in N-saturated and O,-saturated 0.5 M H,SO, solution. (B) LSV

curves of N-carbon nanocages, MoN, Cos 47N, and Cogs0M0g 50Ny in O,-saturated 0.5 M H,SO, solution at a rotating speed of 1600 rpm. The LSV test of Pt/C was performed in O,-
saturated 0.1 M HCIO, at a rotating speed of 1600 rpm. (C) Chronoamperometric responses of different materials except Pt/C for 100 h in O,-saturated 0.5 M H,SO, solution under

magnetic stirring. The corresponding test for the Pt/C was performed in O,-saturated 0.1 M HCIO,. Applied potential: 0.2 V (vs. Ag/AgCl). (Adapted with permission from Ref &

Copyright 2015 Wiley-VCH Verlag GmbH & Co.)
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Nickel-iron incorporated 3D nitrogen-doped mesoporous
carbons (FeNi/N-mesoporous carbons). The synergetic effects
from multiple active sites for ORR also happen on FeNi/N-
mesoporous carbons.” In the synthesis strategy, mesoporous
SBA-15 was selected as the support and further decorated by
nitrogen-doped nanocarbons that acted as the nanoreactor for
the in situ growth of well-dispersed alloy NiFe alloy NPs.
Although the FeNi/N-mesoporous carbons showed a slightly
higher onset potential than the Pt/C (10 wt.% Pt loading), the
former manifests several distinct advantages over the Pt/C
catalyst such as better tolerance, higher durability and cheaper
price. The high ORR activity of FeNi/N-mesoporous carbons
should be attributed to the uniformly dispersed FeNi-alloy NPs
in the nanochannels of the ordered porous structure, making
the catalytic sites readily accessible for electroactive
substances. Furthermore, because the FeNi/N-mesoporous
carbons were produced by annealing at a high temperature,
and the active sites were embedded in nanochannels of the
porous structure and further protected by a layer of
nanocarbon. Such particular structures make the above
materials show long-term stability for ORR.

4. Engineering Stable Noble-Metal-Free FesC-
Based NPs/Carbon Nanomaterials Composites for
ORR

Carbon nanomaterials functionalized with stable Fe;C-Based
NPs are considered as a kind of more novel catalyst for ORR in
both acid and alkaline solution.'®*2°% 22 Those catalysts with
little nitrogen or metallic functionality on their surface exhibit
very high activity and stability towards the ORR.?®? Recent
researches suggest that the inner FesC NPs which are
protected by outer graphitic layers play a synergetic role in
activating the outer graphitic layers towards ORR.%? These
make carbon nanomaterials functionalized with Fe;C-based
NPs to be the good candidates for the future active and stable
ORR electrocatalysts.

4.1 Fe;C-based NPs on 1D Carbon Nanomaterials

4.1.1 Fe-Fe;C modified on Nitrogen-enriched 1D carbon nanorods
(N-Fe-Fe;C/carbon nanorods)

1D N-Fe-FesC/carbon nanorods were synthesized by annealing
the mixture of NH,CN and FeCl; at 750 °C (Fig. 25A)."%® Fig. 258
presents the FezC/carbon nanorods with a distinctive core-
shell structure. In 0.1 M pH 7.0 phosphate buffered solution,
the kinetic current density of N-Fe-Fe;C/carbon nanorods at O
V (26.89 mA cm'z) was almost twice higher than that of the
commercial Pt/C (10 wt.% Pt loading, 14.20 mA cm'z),

suggesting the markedly improved dynamics of N-Fe-

This journal is © The Royal Society of Chemistry 20xx
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Fe;C/carbon nanorods for ORR. An H-type microbial fuel cells
(MFCs) was further set up to study the possibility of using N-
Fe-FesC/carbon nanorods as an alternative cathode
electrocatalyst to Pt/C with 10 wt.% Pt loading (Fig. 25C). The
N-Fe-Fe;C/carbon nanorods-based MFCs generate an average
power output density of 0.18 W m"3, three times higher than
the average power output (0.054 W m'3) in the Pt/C (10 wt.%
Pt loading)-based MFCs (Fig. 25D). Furthermore, the N-Fe-
Fe;C/carbon nanorods-based MFCs display a charge transfer
resistance of 8.9 Q, much lower than that of the Pt/C (10 wt.%
Pt loading)-based MFCs (25.7 Q), suggesting that the N-Fe-
Fe;C/carbon nanorods-based MFCs possess a superior catalytic
performance for ORR. Polarization tests show both MFCs
present a comparable open circuit voltage of around 0.82 V
(Fig. 25E). However, the N-Fe-Fe;C/carbon nanorods-based
MFCs achieved a maximum power density of 4.20 W m> and a
short-circuit current density of 25.39 A m"3, higher than those
of the Pt/C (10 wt.% Pt loading)-based MFCs (3.98 W m? and
21.23A m'3, respectively) (Fig. 25E).
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Fig. 25 (A) XRD patterns of N-Fe-FesC/carbon nanorods. (B) TEM images of a single N-
Fe-FesC/carbon nanorods with close-end graphite shell (a) and single N-Fe-Fe;C/carbon
nanorods with open-end graphite shell (b). (C) Schematic diagram of the designed MFC
with two testing cathode chambers sharing the same anode. N-Fe/FesC@C nanorods in
the figure are the N-Fe-FesC/carbon nanorods. (D) The output power density with Re
loading of 1 Q in N-Fe-FesC/carbon nanorods-based MFCs and Pt/C-based MFCs (E)
MFCs polarization and power density curves with N-Fe-FesC/carbon nanorods and Pt/C

J. Name., 2013, 00, 1-3 | 22

Page 22 of 35



Chemical So

Journal Name

cathodes. N-Fe/FesC@C nanorods in the figure are the N-Fe-FesC/carbon nanorods.
(Adapted with permission from Ref 198 Copyright 2012 Wiley-VCH Verlag GmbH & Co.)

4.1.2 Fe;C on 1D CNTs (Fe;C/CNTs)

To further explore more active non-noble metal catalysts for
ORR, Fe;C/CNTs hybrids were prepared by annealing a mixture
of  Pluronic P123 [i.e., Poly(ethylene glycol)-block-
poly(propylene glycol)-block-poly(ethylene glycol)], melamine,
and Fe(NOs)3; at 800 °C in Nz.lgg TEM result (Fig. 26A) shows
that the Fe-based (NPs are distributed either at the tip or
inside of CNTs with the diameter of 50-110 nm. The lattice
distance of 0.21 nm in HRTEM image (Fig. 26B) corresponds to
the (211) crystal planes of the Fe;C phase. XRD pattern of
Fe;C/CNTs hybrids shows the peaks located at 37.8°, 43.9°,
45.0°, 46.0°, 49.2, and 54.5°, corresponding to Fes;C crystal
structure (Fig. 26C). Fe3;C/CNTs show much higher
electrocatalytic activity toward ORR than the commercial Pt/C
(20 wt.% Pt loading), as indicated by their 49 mV more positive
half-wave potential than that of the commercial Pt/C (Fig.
26D). Rotating ring-disk electrode test results reveal that the
H,0, yield at FesC-CNTs is below 7.7% within the potential
range between 0.3 and 0.9 V (vs. RHE) in alkaline medium,
corresponding to a high electron-transfer number of 3.99.
Such negligible H,0, yield clearly confirms the extremely high

etyiReviews

ARTICLE

ORR electrocatalytic efficiency at the FesC/CNTs hybrids. The
Tafel slope (91.2 mV decade'l) of Fe3C/CNTs is closed to that of
Pt/C with 20 wt.% Pt loading (84.8 mV decade'l), suggesting a
good kinetic process of Fe;C/CNTs for ORR in alkaline medium.
They also show very high stability for ORR with no shift in ORR
polarization curve after 3000 cycles between 0.364 to 0.964 V
(Figs. 26E). While there is a 23 mV loss of half-wave potential
for the Pt/C electrocatalyst (20 wt.% Pt loading) under the
same conditions (Figs. 26F). In addition, the Fe;C/CNTs
electrocatalyst is also active for ORR in acidic solution. The
onset potential of Fe;C/CNTs for ORR in acidic solution is
closed to that of Pt/C with 20 wt.% Pt loading (Fig. 26G). The
H,0, yield on the Fe;C/CNTs electrocatalyst in acidic solution is
below 4.1% between 0.25 V and 0.6 V (vs. RHE), revealing a
four-electron-pathway dominated ORR process. The kinetic
currents show a Tafel slope of 134 mV decade™ at low
overpotentials, close to 108.5 mV decade™ for the Pt/C. The
Fe;C/CNTs electrocatalyst also shows superior stability for ORR
than the Pt/C electrocatalyst, as revealed by a much lower
ORR polarization curve change on Fe;C-CNTs than on the Pt/C
electrocatalyst (Figs. 26H-1). The above characteristics make
Fe;C/CNTs one of the best non-noble-metal electrocatalysts
ever reported for ORR in both alkaline and acidic medium.
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Fig. 26 TEM (A), HRTEM images (B) and XRD pattern (C) of FesC/CNTs. (D) Rotating ring-disk electrode voltammograms of FesC/CNTs in O,-saturated 0.10 M KOH solution at the
scan rate of 5 mV s™ and the rotation rate of 1600 rpm. (E) LSV curves of Fe;C/CNTs for ORR in O,-saturated 0.10 M KOH solution before and after 3000 cycles. (F) LSV curves of

Pt/C for ORR in O,-saturated 0.10 M KOH solution before and after 3000 cycles. (Adapted with permission from Re

4.2 Fe;C-Based NPs on 2D Carbon Nanomaterials

Based on their previous work for Fe;C-based carbon hollow
sphere electrocatalyst,202 Xing, Li and co-workers further
reported the direct fabrication of 2D functionalized few-layer
GN sheets (i.e., Fe3C/GN sheets) by one-step high-temperature
autoclave synthesis (Fig. 27A).200 In alkaline medium, the ORR
activity of Fe3C/GN sheets is close to that of Pt/C (20 wt.% Pt
loading) (Fig. 27C). The rotating ring-disk electrode analysis
discloses that this peroxide yield on Fe;C/GN sheets
corresponds to an electron-transfer number of 3.7. The
stability of the Fe;C/GN sheets and Pt/C electrocatalyst is
assessed by the chronoamperometric test; the Fe;C/GN sheets
exhibit a slow attenuation and high current retention (70%)
after 16 h (Fig. 27D). In comparison, the Pt/C electrocatalyst
(20 wt.% Pt loading) shows a much faster current decrease
with only 58% retention after 16 h (Fig. 27D). Considering the
similar encapsulation structure and the nitrogen doping level
of Fe;C/GN sheets with the hollow sphere electrocatalyst
previously reported,202 the Fe;C/GN sheets electrocatalyst
should have a similar ORR mechanism, that is, the synergetic
effect between protective GN sheets and the encapsulated
Fe;C nanoparticles may be responsible for the high ORR
activity and stability of the Fe;C/GN sheets electrocatalyst.

4.3 Fe;C-Based NPs on 3D Carbon Nanomaterials

4.3.1 N-Doped Fe-Fe;C on 3D carbon foams (N-Fe-Fe;C/carbon
foams)

In 2013, Lee et al. produced N-Fe-Fe;C/carbon foams starting
with the commercially available melamine foams.””" XRD
analysis indicates that metallic Fe, Fe;C, and graphitic carbon
co-exist (Fig. 28A), and the well-defined crystalline phase has a
lattice fringe with a d spacing of 0.184 nm, consistent with the
(221) plane of Fe;C (Fig. 28B). Although the onset and the half
potentials of N-Fe-Fe;C/carbon foams for ORR are both lower
than those at Pt/C electrocatalyst with 20 wt.% Pt loading,

24 | J. Name., 2012, 00, 1-3
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their current density is even slightly higher than that for Pt/C
electrocatalyst at high overpotentials (Fig. 28C). The number
of electrons transferred on N-Fe-Fe;C/carbon foams is
determined to be ~3.7 to 3.85 (at the potentials between -0.1
V and -0.7 V vs. Hg/HgO) in 0.1 M KOH, suggesting that it is an
efficient four-electron transfer pathway. The stability tests

reveal that the Fe-Fe;C/carbon foams degrade in a slower rate
than the Pt/C catalyst (Fig. 28D).
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Fig. 27 (A) TEM and (B) HRTEM images of FesC/GN sheets. (C) ORR polarization plots
(bottom) and H,0, yield plots (top) measured with FesC/GN sheets and Pt/C
electrocatalyst on rotating ring-disk electrode at 900 rpm in O,-saturated 0.1 M KOH.
The scan rate was 10 mV s™. (D) Chronoamperometric responses of FesC/GN sheets
and Pt/C electrocatalyst at 0.8 V (vs. RHE) on rotating disk electrode at 1000 rpm in O,-
saturated 0.1 M KOH solution. (Adapted with permission from Ref ** Copyright 2014

Wiley-VCH Verlag GmbH & Co.)
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Fig. 28 (A) XRD and (B) HRTEM image of N-Fe-FesC/carbon foams. (C) LSV curves of pure Ketjen black (1), carbonized melamine foam (2), a physical mixture of Fe/Fe;C melamine
and Ketjen black (3), N-Fe-FesC/carbon foams (4), 9.55 mgp, m? (5), and 28.6 mgp cm? (6) in O,-saturated 0.1 M KOH at the rotation rate of 2000 rpm. Non-precious-metal
electrocatalyst loadings were 0.286 mg. cm™. (D) Chronoamperometric responses of N-Fe-FesC/carbon foams and Pt/C in O,-saturated 0.1 M KOH solution at -0.2 V (vs. Hg/HgO)
and 1600 rpm. (Adapted with permission from Ref o1 Copyright 2013 Wiley-VCH Verlag GmbH & Co.)

4.3.2 Fe;C on 3D nitrogen and iron co-doped carbonized nanoscale
MOFs (Fe;C/N-Fe-carbonized MOFs)

Monodisperse nanoscale N-Fe-carbonized MOFs containing
FesC NPs can be used as an advanced template for making a
new kind of Fe;C/ N-Fe-carbonized MOFs with the specific
surface area of 326 m’ g’1 and the uniform pore size of ~3.8
nm for boosting ORR.*® The amorphous carbon matrix, the
embedded Fes;C, graphite carbon, and Fe particles, are
discerned by the HRTEM images (Figs. 29A-C). In alkaline
electrolyte, Fe;C/N-Fe-carbonized MOFs exhibit the ORR onset
potential of 1.03 V vs. RHE, which is slightly positive than that
of the commercial Pt/C with 20 wt.% Pt loading (1.01 V vs.
RHE) (Fig. 29D). The transferred electron number per oxygen
molecule for Fe;C/ N-Fe-carbonized MOFs is calculated to be
approximately 3.97 over the potential range from 0.55 to 0.73
V (vs. RHE). The rotating ring-disk electrode measurement
further proves that there is negligible ring current, and the
transferred electron number per oxygen molecule calculated
from the LSV curves is about 3.98 over the potential range
from 0.16 to 0.76 V (vs. RHE). These experimental results
demonstrate that the four-electron process is the dominating
pathway for ORR at the N-Fe-FesC/carbonized MOFs.

This journal is © The Royal Society of Chemistry 20xx

Furthermore, the current density of the Fe;C/N-Fe-carbonized
MOFs shows a much slower decay than that of the Pt/C (Fig.
29E). About 21% loss of the current density is occurred at the
Fe;C/N-Fe-carbonized MOFs after 40000 s, whereas the
corresponding current loss at the Pt/C under the same
condition is as high as 47%. This result exemplifies that the
Fe;C/N-Fe-carbonized MOFs electrocatalyst is more stable
than the commercial Pt/C electrocatalyst. Furthermore,
alkaline direct methanol fuel cells based on Fe3C/N-Fe-
carbonized MOFs and Pt/C (20 wt.% Pt loading) are
constructed for the comparative performance evaluation (Fig.
29F) under the identical conditions. The open circuit voltage
for the alkaline direct methanol fuel cells equipped with the N-
Fe-Fe3C/carbonized MOFs cathode (3 mg cm-2 electrocatalyst)
is as high as 0.81 V, which is higher than 0.74 V for the cell
equipped with the Pt/C cathode (3 mg cm-2 electrocatalyst),
indicating better methanol tolerance of the N-Fe-
Fe.C/carbonized MOFs for ORR. Furthermore. the peak power
densitv and current densitv reach 22.7 mW cm™ and 93.9 mA
cm™ at the cathode with the Fe3;C/N-Fe-carbonized MOFs
electrocatalyst, respectively, which are about 1.7 times and 1.4
times higher than those of the Pt/C cathode.

J. Name., 2013, 00, 1-3 | 25
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Fig. 29 HRTEM images of (A) amorphous carbon, (B) Fe;C and (C) Fe@C in Fe;C/N-Fe-carbonized MOFs. (D) LSV curves of Fe;C/N-Fe-carbonized MOFs and Pt/C in O,-saturated 0.1
M KOH at a rotation rate of 1600 rpm. (E) Chronoamperometric responses of Fe3C/N-Fe-carbonized MOFs and Pt/C at 0.84 V (vs. RHE) for 40000 s in O,-saturated 0.1 M KOH. (F)
Alkaline direct methanol fuel cells single-cell performance constructed with FesC/N-Fe-carbonized MOFs and Pt/C at 60 °C under the same condition. (Adapted with permission

from Ref 2 Copyright 2014 American Chemical Society.)

4.3.3 Fe;C on 3D carbon microspheres (Fe;C/carbon microspheres)
Despite Fe;C-based materials show obvious advantage in
enhancing ORR, the role of the Fe;C phase in ORR catalysis is
not clearly understood,202 probably because previous reported
Fes;C-based materials were a mixture of several phases consist
of carbon-coated Fe;C in different scales, bare FesC, and
metallic Fe particles, making them difficult to conclude the role
of the Fe;C phase in the ORR. More critically, the possible use
of the Fe;C-based electrocatalysts in acidic media is apparently
out of question as the carbide will dissolve in acid. To mitigate
these issues, the novel
uniform FesC NPs encased by graphitic layers were prepared
through one-step high-pressure pyrolysis using ferrocene and
cyanamide as precursors.202 The Fe;C/carbon microspheres are
hollow with a diameter of 400 - 500 nm and a shell thickness
of ~60 nm (Fig. 30A). HRTEM images (Fig. 30B) and XRD
pattern confirm the presence of Fe;C phase in Fe;C/carbon
microspheres. The unique chemical stability provided by
Fe;C/carbon microspheres leads to excellent ORR stability in
acidic media (Fig. 30D). In 0.1 M HCIO,, the ORR polarization
curve of FezC/carbon microspheres exhibits a half-wave
potential of ~0.73 V vs. RHE, ~0.1 V lower than that of Pt/C, 20
wt.% Pt loading (Fig. 30D). The H,0, yield is found to be less
than 8 % at the potential between 0.1 and 0.8 V (vs. RHE) and

hollow microspheres comprising

26 | J. Name., 2012, 00, 1-3

decreases to ~6% at potentials below 0.6V (vs. RHE),
indicating a four-electron pathway dominated ORR process. To
further investigate the ORR mechanism of Fe;C/carbon
microspheres, a destructive test is conducted by ball-milling to
destroy the protective carbon shells of Fe;C/carbon
microspheres around the carbide nanoparticles. After the
milling, the FesC NPs are exposed and therefore largely
removed in hot acid during the following leaching. As
expected, the obtained Fe;C/carbon microspheres-BL loses the
ORR catalytic activity (Fig. 30E). Therefore, the very high
activity of FesC/carbon microspheres in acid solution is
resulting from the encased carbide NPs activate the
surrounding graphitic layers (Fig. 30C), making the outer
surface of the carbon layer much more active for ORR. At the
same time, another kind of noble-metal-free Fe;C-based
NPs/carbon nanomaterial composites (i.e., Fe;C/porous
carbons) were fabricated by annealing the Fe(NO;);
impregnated filter paper.203 The electron-transferred number
per oxygen molecule on Fe;C/porous carbons is ~3.82 - 3.97,
and the H,0, yield is below 17.3% over the potential range of -
0.2 to -0.65 V (vs. Ag/AgCl) in alkaline medium, suggesting
their superior electrocatalytic ORR activity. Fe;C/porous
carbons also show higher stability for ORR than the Pt/C.

This journal is © The Royal Society of Chemistry 20xx
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Ref 2% Copyright 2014 Wiley-VCH Verlag GmbH & Co.)

4.3.4 Fe-N decorated CNTs grown on hierarchically porous carbon
(Fe-N-CNTs-OPCs)
As discussed above, FeszC-based NPs on 3D carbon
nanomaterials with different structures have been recently
reported, such as foams,201 MOFs,204 and microspheres.202
However, the ORR performance of these composites still can
hardly match that of Pt/C (20 wt.% Pt loading) in the terms of
ORR onset potential and current density.268 Recently, by
exploring a simple, low-cost and eco-friendly bottom-up route,
Qiao and co-workers developed a novel 3D porous Fe-N-C
hybrid material (i.e., Fe-N-CNTs-OPCs), composed of
hierarchically ordered porous carbons (OPCs) microblocks
interlinked via in situ grown CNTs, for effectively catalyzing
ORR.?®® SEM image (Fig. 31A) shows that ordered macropores
are ~200 nm in diameter, and large amounts of entangled
CNTs clusters are observed on OPCs microblocks, interlinking
them into a network. HRTEM images reveal that the iron NPs
are found to be encapsulated either inside each compartment
of the bamboo-structure or on the tip of CNTs (inset of Fig.
31A). Energy-dispersive X-ray spectroscopy (EDS) elemental
mapping shows the homogeneous distribution of C, N, and O

elements on both OPCs and CNTs in Fe-N-CNTs-OPCs (Fig. 31E).

This journal is © The Royal Society of Chemistry 20xx

Apart from the intensive Fe signals from the iron particles, Fe
species were also detected on other sections where no Fe
particles were observed. Such finely dispersive Fe species
could possibly bond with the neighboring C or N atoms, which
is believed to be highly active for ORR. In alkaline solution, the
Fe-N-CNTs-OPCs displays a positive ORR onset potential within
18 mV close to that of Pt/C with 20 wt.% Pt loading at low
over-potential (Fig. 31B). This has rarely been achieved and is
even more positive than those of some recently reported
carbon nanomaterials-based noble-metal-free ORR
electrocatalysts.® %% 5578 168176 182 194196, 214, 267, 269271
Furthermore, the Fe-N-CNTs-OPCs exhibits less than 1% of
peroxide yield, corresponding to an electron transfer number
up to 3.99 (Fig. 31C), which confirms their extremely high ORR
efficiency through the high efficient 4-electron pathway. In
contrast, the sample without in situ formed CNTs (i.e., Fe
decorated ordered porous carbon with only non-graphitized
Fe-N-CNFs-OPCs) shows higher
peroxide yield and lower efficiency (2-electron ORR pathway)
(Fig. 31C). It should be noteworthy that the cost economy of
Fe-N-CNTs-OPCs is far more economical than the commercial
Pt/C (columns with color) by giving out a significantly higher

hollow carbon nanofibers,
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ORR activity per cost unit, due to its much lower price for
synthesis (Fig. 31D), suggesting the extremely promising
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Fig. 31 (A) SEM image of Fe-N-CNTs-OPCs. Inset: TEM images of Fe-N-CNTs-OPCs (a, b). (B) ORR polarizatio curves of Pt/C (20 wt.
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4.3.5 Fe-N doped graphitic carbon bulbs (Fe-N-GCBs)

To further reduce the cost of the ORR catalysts, Qiao’s group
fabricated Fe-N-GCBs by critically select the cheap and self-
made Prussian blue as the only precursor. Importantly, the
pyrolysis temperature of PB can be as low as 550 °C, avoiding
some severe drawbacks including the loss of doped nitrogen
which is essential to ORR and the origin of high cost of the final
product during the high temperature synthesis. In alkaline
electrolyte, the ORR onset potential of the Fe-N-GCBs is
slightly higher than that of Pt/C though the peroxide
production of the Fe-N-GCBs is a little bit higher than that of
Pt/C. In the acid electrolyte, the performance of the Fe-N-GCBs
is to some extent lower than that of Pt, but not too far behind
it. The peroxide ratio of the Fe-N-GCBs is also very low (<4%).
According to Gasteiger’s benchmark, the volumic current of a
non-Pt catalyst should be at least 1/10 of the Pt/C for
economic viability in fuel cell applications.40 In the acid

28 | J. Name., 2012, 00, 1-3
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electrolyte, the current density of the Fe-N-GCBs at 0.8 V (vs.
RHE) is about 1/4 of Pt/C. Assuming that the density of the
material is 1/2 of the Pt/C, the volumic current density of the
material is 1/8 of Pt/C, which is above the benchmark. These
make Fe-N-GCBs to be one of the promising and economical
catalysts for ORR in both alkaline and acid media.

5. Conclusions and Perspectives

This review provides a summary of the recent development of
advanced carbon nanomaterials with different dimensions as
the support of heteroatoms, transition metals-based NPs and
especially Fe;C-based NPs for the rational design of high-
efficiency carbon nanomaterials-based noble-metal-free
oxygen reduction electrocatalysts. Single heteroatom (e.g., N,
B, S, I, Cl, Br, Se and P) or multiple heteroatoms (e.g., BN, NP,
NS, NSi, FNS, NPS and NPS) doping of different carbon

This journal is © The Royal Society of Chemistry 20xx
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nanomaterials shows
they exhibit
electrocatalytic activity,
tolerance against fuel
poisoning than the commercially available Pt/C. Transition
metal-based NPs (e.g., CoO, MnCo,0,, Co-CoO, Co3;0,, CoMoN,
Co-Co30,-C and FeNi) couple with advanced carbon
nanomaterials have exhibited remarkable electrocatalytic
performance (higher activity and stability) for ORR as
compared to their unsupported counterparts. Superior ORR
activity is attributed to the synergetic effect between the
advanced carbon nanomaterials and transition metal-based
NPs; the graphitic shell with little nitrogen and metallic
functionality and the inner core of Fe;C-based NPs exhibit high
activity and stability towards the ORR. Such synergetic effect in
activating the outer graphitic layers towards ORR makes
carbon nanomaterials functionalized with Fe;C-based NPs a
novel class of ORR electrocatalyst operating in both alkaline
and acidic media.

Although considerable progress has been made in the
development of high-efficiency carbon nanomaterials-based
noble-metal-free ORR electrocatalysts, the development of
ultimate materials for commercial ORR electrocatalysts
remains a challenge.

Metal-free heteroatom-doped carbon nanomaterials for
ORR. (i) Metallic impurities vs. heteroatoms doping for ORR.
It was found that the metallic impurities present in CNTs play
an important role in enhancing the electrocatalytic activity of
CNTs on different analytes,272'282 such as oxygen.283 In
particular, recent results have shown that even "impurities of
impurities" on the level of tens of atoms have the direct
influence on electrochemistry of CNTs?8% 284 285 Also, the
researchers believe that metal impurities are very often
present within GN materials, and such residual impurities
result in a significant alteration of the electrochemical
2862% some recent heteroatom-

promising electrocatalytic activity
comparable or even higher
longer-term stability, and greater
crossover and carbon monoxide

because

behavior of the materials.
doped GN materials as “metal-free” electrocatalysts, initially
prepared by Hummers method,291 for ORR suffer from
contamination of manganese besides other impurities.292
order to clarify the electroactive sites of heteroatom doped-
CNTs, a new method was proposed to synthesize the truly
metal-free N-CNTs.'** Owing to the metal-free growth, the
observed electrocatalytic activity toward ORR of the newly
produced N-CNTs can be exclusively attributed to the
incorporation of nitrogen in the CNTs structure, which is a
solid evidence that nitrogen doping dramatically enhances the
electrocatalytic activity of CNTs for ORR.’ It is reasonable to
believe that the electron-accepting ability of the nitrogen
atoms have created net positive charge on adjacent carbon
atoms to attract electrons from the anode for facilitating
ORR.*”’ However, regarding that a plenty of metal-free
heteroatom-doped carbon nanomaterials are derived from the
carbon materials produced on using metal catalysts; therefore,
it would be prudent to discuss the ORR mechanisms of these
“metal-free” heteroatom-doped carbon materials. (ii) The
effect of single type of heteroatom functionality on ORR. In
most cases, there are different types of heteroatom

In
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functionalities existing in single heteroatom-doped carbon
nanomaterials, 4% 148163197 making it hard to determine the
effect of single type of heteroatom on ORR. Identified by XPS,
a mixture of pyridinic N, pyrrolic N and/or graphitic N was
usually found in N-doped carbon nanomaterial 89146 148-163, 197
One point is that graphitic N, which are far from N-GN sheet
edges, are active sites for ORR whereas those that are close to
the edges are less active.*® Conversely, another viewpoint is
that only pyridinic N next to the zigzag edge can facilitate O,
adsorption for enhancing ORR whereas the graphite N inside
the GN domain does not contribute to the ORR activity.294
Another study by the combination of theoretical calculations
and experiments indicates that O, can be activated on both
graphitic N and pyridinic N species.295 Such controversy
indicates that though elaborate experiments and careful
theoretical calculations executed, different
groups/researches gave different explanations for the effect of
single type heteroatom on ORR, and the exact mechanisms
104307110 1 6rder to solve this problem, Li et al.
prepared several kinds of N-GN quantum dots molecules with
the exactly known structures/functional groups by the organic
synthesis. They solidly prove that the N-GN quantum dots with
the smaller size lead to a more negative onset potential and a
lower ORR current,128 considered as a kind of more direct and
efficient way to determine the exact effect of single type
heteroatom on ORR. We believe in the future the researchers

were

remain unclear.

will be able to directly compare the ORR performance
between the molecules with and without nitrogen
(heteroatom) incorporation or with different nitrogen

functional groups. We trust that with the progress of the
processing technology, especially the advanced organic
synthesis allowing us to prepare nitrogen doped graphenes,
the mechanism of effect of single type of heteroatom
functionality on ORR will be finally be realized and such
understanding will benefit the development of ORR
electrocatalysts with optimized performance. (iii) Surface area
vs. surface active sites/defects for ORR. In most cases, larger
surface area of the electrocatalysts would result in more active
sites/defects, leading to better ORR activity (i.e., larger current
density and/or lower overpotential). But meanwhile, large
amounts of active sites/defects on surface may also lower
material conductivity and reduce the ORR performance,
accordingly. Therefore the balance between the surface area
(active sites/defects) and material conductivity is another
important factor in optimizing the heteroatom-doped carbon
nanomaterials with high ORR activities._(iv) Alkaline medium
vs. acidic_ medium for ORR. Up to now, a huge amount of
heteroatom-doped carbon nanomaterials were reported to
exhibit high ORR performance. Quite a few of them even show
better activities than the commercial Pt/C. The majority of
those materials are operated in alkaline condition, which is
probably because most heteroatom-doped carbon
nanomaterials suffer from the low electrocatalytic activity or
poor durability in acidic media. However, compared with
alkaline media, the acidic media is commonly used in
commercial proton exchange membrane fuel cells. Thus, the
development of the metal-free heteroatom-doped carbon
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nanomaterials with superior ORR activities in acidic media is
highly desired. And exploring the exact mechanisms of these
nanomaterials being operated in both alkaline and acidic
media and developing electrocatalyst materials/structure that
are robust in acid media is crucial for achieving high-
performance, metal-free ORR electrocatalysts for future
commercial applications.
Noble-metal-free  transition
nanomaterials composites for ORR. Alkaline medium vs. acidic
medium_for ORR. Introducing noble-metal-free transition
metal-based NPs into or onto carbon nanomaterials can lead
to further improved ORR performance due to the synergetic
effect between the advanced carbon nanomaterials and
However, the current ORR
transition metal-based NPs

metal-based NPs-carbon

transition metal-based NPs.

activities of most these
functionalized onto or into carbon nanomaterials are still
Pt/C electrocatalysts
operated in both alkaline and acidic media. Especially, the
inherent drawbacks of the low conductivity of transition
metal-based NPs and their poor stability in acid medium may
limit the commercial application as the noble-metal-free
electrocatalysts for ORR. Therefore, we believe that seeking
transition metal NPs incorporated into carbon-based
nanomaterials/structures with superior ORR activities (higher
activity and stability) than the commercial Pt/C operated in
both alkaline and acidic media is within reach. Investigating
and understanding the fundamental mechanism of the stability

of transition metal-based NPs on carbon nanomaterials surface

lower than that of the commercial

and the electronic interactions between these NPs and carbon
nanomaterials would be very helpful to realize such goal.
Noble-metal-free, Fe;C-based NPs/carbon nanomaterials
composites for ORR. The working mechanism for ORR. Hu et
al. claimed the possible ORR mechanisms by performing
control experiments on carbon nanomaterials functionalized
with FesC NPs as follow:*°? (1) the encased carbide NPs
activate the surrounding graphitic layers, making the outer
surface of the carbon layer much more active for ORR; (2) the
surrounding graphitic layers can protect NPs from being
etched in alkaline or acidic media, resulting in very stable ORR
response. However, the control experiments do not fully
support the hypothesis as the nitrogen content of Fe;C/carbon
microspheres is 0.5 wt.% (as estimated by XPS) and there are
still plenty of iron atoms in these electrocatalysts, making it
difficult to determine whether FeN, sites play a role in
Fe;C/carbon microspheres catalysis.182
Other critical points are: (i) The Pt/C target. To evaluate
the ORR performance of new materials, the commercially
available Pt/C was often selected as the reference for
comparison purpose. Till now, the Pt/C with different Pt
contents have been used, such as the Pt/C with 10 wt.% Pt
Ioading,gl' 198 12 wt.% Pt Ioading,159 20 wt.% Pt Ioading,sz' 90,107
40 wt.% Pt Ioading,102 47.6 wt.% Pt Ioading,137 and even
unmentioned wt.% Pt Ioading.lu' 139, 149 However, in most
cases, different Pt loadings can definitely lead to different
performances (e.g., half-wave potentials and diffusion limiting
currents) for ORR under the same loading amount of
catalysts.102 This means that it is very possible that the ORR

30 | J. Name., 2012, 00, 1-3

activity of the new nanomaterial is better than that Pt/C with
lower wt.% Pt loading but worse than that of Pt/C with higher
wt.% Pt loading. In order to strictly claim whether the ORR
performance of one material is better, comparable or worse
than Pt/C, it is critical to setup a standard protocol or
specifically point out which kind of Pt/C is applied in the
conclusive  sentences. (ii) Environmental/experimental
conditions. The activity of materials for ORR may show
obvious differences under different
environmental/experimental conditions. For example, the
diffusion limiting current at Pt/C (20 wt.% Pt loading) obtained
from Los Alamos National Laboratory (Los Alamos, NM U.S.) is
lower than that from Technical University of Denmark (Lyngby,
Denmark) or Changchun Institute of Applied Chemistry
(Changchun, China),200 which could be most likely due to the
much higher elevation (i.e., lower atmospheric pressure and
accordingly lower oxygen concentration in the base solution)
of Los Alamos, New Mexico State, U.S. (¥7355 feet = ~2242 m)
compared to Lyngby, Denmark (~82 feet = ~25 m) or
Changchun, China (~730 feet = ~¥222 m). Therefore, it is almost
necessary to give detailed information on the
environmental/experimental parameters, especially the
elevation, humidity or atmospheric pressure.

This review aims to provide an update on the emerging
growth of studies of the carbon nanomaterials-based noble-
metal-free ORR electrocatalysts in recent years, with special
emphasis on the phenomenological knowledge and the topics
under debate. And it will also appeal to the scientific
communities who are interested in the general areas of
physical chemistry, electrochemistry, nanomaterials and
nanotechnology, electrochemical energy storage,
electroanalysis. We look forward to the bright future of carbon
nanomaterials-based noble-metal-free ORR electrocatalysts
and are keen to see breakthroughs in the understanding of the
nature of the ORR on these noble-metal-free electrocatalysts.
We hope that the coming groundbreaking advancements will
bring forward conceptually different scope to this active area.
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