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Abstract

Electrocatalysts for oxygen reduction reaction have been the study of interest because of their importance in various energy
storage and conversion reactions. Though platinum-based catalysts are found to be the most active catalysts for oxygen reduction
reactions, their high cost and scarcity have led researchers to discover alternative active and cost-effective catalysts. In this regard,
heteroatom- and metalloid-doped catalysts were explored as possible alternatives to traditional platinum-based catalysts.
Consequently, a large number of heteroatom- and metalloid-doped catalysts have been synthesized and evaluated for oxygen
reduction activity. Synergistic catalysts, with dual-doped, tri-doped, and multi-heteroatom-doped catalysts, were also synthesized
by doping more than one heteroatom. In this review, we discuss the fundamental principles and reasons behind the origin of ORR
catalysis of heteroatom- and metalloid-doped catalysts discussed with the support of literatures.
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Introduction

Increasing energy crisis due to an ever-growing population
demands the requirement of advanced energy generation tech-
nologies, especially for transport applications. State-of-the-art
emerging technologies include rechargeable batteries, high-
energy-density supercapacitors, and high-power-density fuel
cells [1-3]. Among these, fuel cell technologies are promising
in view of high-power density and nearly zero emission and
most importantly it allows a continuous operation, if reactants
are constantly supplied. There are various types of fuel cells,
among them proton exchange membrane fuel cells (PEMFCs)
and anion exchange membrane fuel cells (AEMFCs) which
are of particular interest for transportation applications. In
both types of fuel cells, hydrogen (H,) acts as a fuel and O,/
air acts as an oxidant. The H, gas is oxidized at the anode and

>4 Shaik Gouse Peera
gouse @kmu.ac.kr; gousechem @gmail.com

>< Tae Gwan Lee
wateree@naver.com

! Department of Environmental Science and Engineering, Keimyung

University, Daegu 42601, Republic of South Korea

2 Energy Rescarch Center, University of Maryland, College

Park, MD 20740, USA

O, reduces at the cathode, producing H,O as the final product
at the cathode. The electrons generated at the anode, after H,
oxidation, perform the electrical work and are utilized at the
cathode to reduce O, to H,O. The slower kinetics of oxygen
reduction reaction (ORR) that occur at the cathode actually
determines the overall power density of the fuel cells. The
state-of-the-art catalyst used for ORR is platinum (Pt) or Pt-
alloy nanoparticles supported on a high surface area carbon
[4—6]. The ORR activity of Pt nanoparticles is high, compared
with any other metallic nanoparticles in the periodic table; Pt/
C has become the only choice of catalysts for fuel cells so far
for practical applications. However, the use of the Pt/C cata-
lyst tremendously increases the cost of fuel cells, and hence
developing alternative, cheap, and earth-abundant catalysts is
highly desirable, in order to make the fuel cell technologies in
an affordable price. Development of cost-effective catalysts
without compromising the high ORR activity and durability
needs a basic understanding on the identification of ORR ac-
tive sites, reaction Kkinetics, interactions of active sites with
gaseous O, energy barriers for O, adsorption, electron trans-
fer between the substrate and gaseous reactants of ORR reac-
tions, etc. Understanding the effect of each of these parameters
is so important, in order to manipulate the electronic configu-
rations and geometries around the ORR active sites, to effec-
tively lower the energy requirements for efficient O, reduc-
tion. This article overviews the fundamental aspects and
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motivations behind the development of such alternative and
cheap catalysts with heteroatom- and metalloid-doped cata-
lysts developed in recent literatures. The first section of this
article deals with heteroatom-doped catalysts, followed by a
second section in which metalloid catalysts are discussed.

Heteroatom-doped (metal-free) catalysts

Since a few decades, researchers have come up with wide va-
rieties of alternative catalysts which include earth-abundant
catalysts such as transition metal-based catalysts [7, 8]. The
most popular transition metals utilized for ORR are Fe- and
Co-based catalysts [9—11]. As such, the metallic nanoparticles
of Fe and Co exhibit reasonable ORR activity. However, the
activity of these metallic nanoparticles enhances several folds
when they are incorporated together with heteroatoms such as
N, P, S, B, and halogens, especially with N doping. When they
are incorporated with N-doped carbon, a special bonding con-
figuration called metal coordination to nitrogen species of car-
bon (M—N—C) are formed, and many researchers are convinced
that the activity of transition metal-derived catalysts comes
from these M—N-C active sites [12, 13].

On the other hand, the doping of heteroatoms themselves is
found to induce the carbon matrix into a catalytically active
site, without the help of any metal species, so-called metal-
free catalysts [14]. Heteroatom-doped carbon materials have
evolved as metal-free ORR catalysts, which is considered as a
revolutionary breakthrough in the field of catalysis, which
includes both energy storage and conversion technologies
[15]. They have been paid much attention in the past two
decades as they can be easily synthesized and they are inex-
pensive compared with metal-based catalysts. Moreover, they
show high catalytic activity and stability in both acidic and
alkaline electrolytes. Due to this, enormous research is dedi-
cated to develop heteroatom-doped catalysts and understand
their kinetic behavior. Heteroatom-doped carbon materials
such as carbon nanotubes, carbon nanofibers, graphitic meso-
porous carbons, and graphene are extensively investigated as
metal-free catalysts. As a general aspect, all sp2 carbon mate-
rials contain a o bond formed by the hybridization of's, py, and
py atomic orbitals and a 7t bond formed with the p, orbital
(valence band) with an empty 7t* orbital (conduction band)
(Fig. 1). Hence, sp2 carbon—containing materials can be con-
sidered as metal or zero band gap semiconductors. However,
the absence of an intrinsic band gap restricts their wide-range
applications [16—-18].

Chemical doping of foreign heteroatoms, in which carbon
atoms are replaced by the heteroatoms, is considered as an
effective way in band gap engineering, modifying the elec-
tronic and surface properties of carbon nanomaterials [19, 20].
“Various foreign heteroatoms such as nitrogen (N), sulphur
(S), boron (B), phosphorus (P) and halogens such as fluorine
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(F), chlorine (Cl), bromine (Br), iodine (I) and are proposed in
the literatures as effective chemical dopants to the carbon
nanomaterials” [21-27]. Due to the electronegativity differ-
ence between carbon and heteroatoms, an induced polariza-
tion network, i.e., positive/negative charges on the adjacent
carbon, occurs, thereby facilitating ORR. This polarization
network also influences the magnetic, optical, and electronic
properties of the doped carbons [28]. By the doping of hetero-
atoms, neighboring C atoms experience different charge and
spin densities, which also provide surface active sites facili-
tating the effective electron transfer [29].

Different heteroatoms catalyze electrochemical O, reduc-
tion differently, based on their binding configurations in car-
bon support, electronegativity of the heteroatom with that of
carbon, number of valence electron, and influence on charge
and spin density on neighboring C atoms. For instance, N
doping effectively opens the band gap between the conduction
band and the valence band by shifting the Dirac point above
the Fermi level. N doping changes the charge and spin densi-
ties of adjacent C atoms, which attracts the gaseous O, for its
subsequent reduction to H,O, due to the higher electronega-
tivity of N compared with C. This electronegativity difference
brings out the different electron density distribution of neigh-
boring C atoms around the N-doped sites [30]. Generally,
there are four types of N configurations, namely, pyridinic
N, pyrrolic N, quaternary N/graphitic-N, and N-oxides of
pyridinic N. All these configurations can be identified with
the help of their different binding energies by X-ray photo-
electron spectroscopy (XPS) analysis. In terms of their bond-
ing configurations, the pyridinic type of N species usually
exists at the defect or edge sites of the carbons, and introduces
its one-7t electron pair to the aromatic 7t system. Pyrrolic N is a
five-membered heterocyclic configuration, which bonds with
two carbon atoms and contributes two 7t electrons to the aro-
matic 7t system. Quaternary-N/graphitic-N atoms present in
the plane of carbon sheets by replacing the C atoms in the
plane within the hexagonal ring. There is also the configura-
tion in pyrrolic-N atoms bonded to two carbon atoms and one
oxygen atom pyridinic-N*-O". Still, there is a debate in the
literature as to which of these bonding configurations are most
active in the ORR process. Many theoretical calculations were
performed through density functional theory (DFT) and by
experimental evaluation; it is convinced that graphitic-N and
pyridinic-N are found to be ORR active.

Sulfur (S) doping induces a higher spin density rather than
charge density, since S has an electronegativity (2.58) close to
that of carbon (2.55). Similar to N atoms, S atoms are incor-
porated into the sp2 carbon lattice. Due to the similar electro-
negativity values, S doping has a low effect on electronic
charge distribution. Hence, the origin of high ORR activity
of S-doped carbons is due to the spin density, rather than
charge density [31]. Boron (B) doping induces p-type electri-
cal properties to carbon materials. The enhanced charge



lonics (2020) 26:1563-1589 1565
Fig. 1 a Atomic C-hybridization. a
b C hybridization in carbon-based (> @) 8 —
materials. ¢ Hybridized carbon
atoms by covalent bonds [0 and 7t
bonds induce a double covalent . .
bond between two carbon atoms,
p. orbital possesses a free
delocalized electron permitting 2s 2py 2py  2p, sp2 2p,
the electronic conductivity] z
b |
p
() 1O e @2
y Two of three Three sp2 orbitals and
Outer 2s orbital p orbitals one un hybridized p orbitals
p, orbital
c

polarization and carrier concentration greatly enhance the
electrical properties of the B-doped carbons, favoring O, re-
duction kinetics [32]. Another heteroatom from the nitrogen
group elements is phosphorus (P), with a lower electronega-
tivity (2.19) and a larger covalent radius than that of N. Hence,
the C—P bond polarity is exactly opposite to that in N-C con-
figurations. Moreover, P atoms protrude out of the hexagonal
carbon network due to the different bond length of P—C
(1.79 A), whereas it is 1.42 A for C—C. This difference in
bond length induces a strain and forces P to protrude from
the basal hexagonal carbon network, facilitating the O, reduc-
tion kinetics. Formation of C—P—O bonds is found to be more
effective and stable for ORR [33]. In addition, P doing is
found to be more effective in anti-poisoning effects towards
various molecules such as SO,, NO,, and PO, ions, which is
beneficial for ORR catalysts [34]. Halogen (F, Cl, Br, and I)-
doped carbon materials are also proposed to have admirable
ORR activity. However, in some reports the concept of elec-
tronegativity did not give the best concluding remarks as the
ORR activity of the halogens did not follow based on electro-
negativity. In this case, the atomic size of the halogens seems
to play an important role in inducing enhancement of the
charge transfer during ORR. Other reports still explain the
halogen-doped carbon catalysts in terms of electronegativity.
Hence, the exact nature of the halogen-doped carbons is yet to
be analyzed perfectly and still remains an unsolved problem.

In general, doping of heteroatoms is performed in three
different ways. Firstly, the pre-synthesized carbons are doped
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with precursors which contain heteroatoms such as melamine,
urea, thiourea, g-C5Ny4, and NH3 gas [35-37]. Secondly, the
heteroatom-containing precursors are pyrolyzed directly, to
yield heteroatom-doped carbons such as polyaniline, polypyr-
role, sulfonated polyaniline, and gelatin [38—41]. Thirdly, the
biomass materials are pyrolyzed to synthesize the heteroatom-
doped catalysts [42—45]. Often, temperature optimization is
required to ensure the complete removal of the precursors,
which affect the catalytic properties; pyrolysis temperature
has great influence on the type of dopant species and their
relative abundance in the final catalyst.

Mono-doped carbons as ORR catalysts

As stated earlier, N doping creates active sites by changing the
local spin and charge density of the carbons, imparting a cat-
alytic activity towards ORR. However, there are lots of con-
troversies on ORR active sites of N-doped carbons such as
which type of N is solely responsible for the ORR activity as
well as the influence of carbon structure on the doping of N,
which is still a debatable topic [46]. Moreover, N-doped car-
bon activity is highly dependent on the position of doping. It is
well known that edge-doped heteroatoms are far more active
than basal plane heteroatoms [47, 48]. A significant amount of
research was carried out on heteroatom-doped catalysts for
ORR, especially starting from N doping to the carbons, when
Gong et al., [49] described the effect on N doping on the
vertically aligned nitrogen-doped carbon nanotubes (VA-
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NCNTs). The N-doped VA-NCNTs catalyze effective 4-
electron ORR with excellent anti-CO poisoning effects.
Their density functional theory calculations suggest that N
doping to VA-CNTs significantly changes the O, adsorption
mode from end-on (Pauling model) to side-on (Yeager mod-
el). The effective change transfer from N atoms to the adjacent
C atoms and side-on adsorption effectively weakens the O-O
bond and hence reduces the overall potential of ORR. This
particular study has motivated researchers to conduct a deeper
investigation on the N-doped carbons towards ORR.
Followed by this report, Dai et al. [50] synthesized N-doped
graphene by a chemical vapor deposition with ammonia as a
nitrogen source. The synthesized N-graphene shows extraor-
dinary ORR activity over undoped graphene with an admira-
ble stability and a dominant 4-electron transfer process and
complete resistance to the methanol and CO poising effects in
alkaline electrolytes. Followed by this large number of N-
doped carbons are the proposed metal-free ORR catalysts
[51-54]. Oh et al. [55] synthesized N-doped carbon black as
an excellent electrocatalyst for oxygen reduction reaction with
melamine as a nitrogen source. The resulting N-CB-750-1000
catalyst showed excellent ORR activity, surpassing Pt/C.
Research reports also suggest that pyrolysis temperature has
great influence on the type of N species and their relative
abundance. For instance, Deng et al. [56] synthesized N-
CNTs by the controlled polymerization of polyaniline follow-
ed by the pyrolysis process. It is found that there is a direct
relationship between the pyrolysis temperature and the abun-
dance of different N species. The polyaniline-polymerized
CNTs are pyrolyzed at different temperatures from 700 to
900 °C. The XPS analysis of NCTNs shows that there is a
drastic decrease in the N content from 6.72 to 1.78% when the
pyrolysis temperatures are between 700 and 900 °C. The de-
crease in pyrrolic-N is observed when the pyrolysis tempera-
tures are higher, due to the low thermal stability of pyrrolic-N
[57]. Contrastingly, the abundance of pyridinic-N and
graphitic-N is observed. This is due to their higher thermal
stability, when compared with pyrrolic-N [58]. Among all
the catalysts, the NCT-700 catalyst shows a higher ORR ac-
tivity, with an ORR onset potential of 0.84 V. The enhanced
ORR activity is due to the higher percentage of graphitic-N
and pyridinic-N [59-61]. The electron backdonation from
graphitic-N to the carbon matrix, and in turn to the oxygen
antibonding orbitals, makes graphitic-N active towards ORR
(Fig. 2a, b). Pyridinic-N has a lone pair of electrons which are
not donated to the carbon matrix and are freely accessible to
0,, and hence, pyridinic-N would principally be more active
than the other forms of N [S9-61]. A large number of reports
made on N doping to the various types of carbons such as
carbon nanosheets, graphene, carbon nanotubes, and graphene
quantum dots have been proposed [51, 62—-69].

Recently, metal organic framework (MOF)—derived metal-
free catalysts have emerged as a new class of advanced
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materials in various fields of catalysis [70-72]. Depending
on metal coordination and ligand type, MOFs with various
topology and geometries can be derived. As the MOF contains
a ligand with heteroatoms such as N and S and metal atoms
together, pyrolysis of the MOF structures generates
heteroatom-doped metal catalysts simultaneously. Most
MOF-derived catalysts reported are with Zn as the metal atom
and 2-methylimidazole as a ligand and the most popular
methods of MOF synthesis include solvothermal, hydrother-
mal, sonochemical, microwave, and electrochemical methods
[73-77]. In all the MOF-derived catalysts, the precursors are
subjected to the pyrolysis process at a boiling point tempera-
ture of Zn (908 °C), where the Zn atoms are converted into
ZnO and subsequently to metallic Zn. Metallic Zn is carried
away from the catalyst by a carrier inert gas, yielding a catalyst
with no Zn atoms. The main advantage of MOF-derived cat-
alysts is evaporation of metallic Zn and release of CO, gases
which imparts an intrinsic porous nature to the catalysts [78].
For example, Zhang et al. [79] synthesized a polyhedral-
shaped graphitized N-doped carbon from Zn-based ZIF-8 pre-
cursors. NGPCs show unique porous structures, with a high
BET surface area 0f 932 m® g ' and high graphitization, with a
high pyridinic-N content. Moreover, the NGPC-1000-10 cat-
alyst also showed excellent ORR activity close to the com-
mercial Pt/C catalyst in the alkaline electrolyte, with nearly a
four-electron reduction reaction. Wu reported polyhedral ZIF-
8 crystals and pyrolyzed at 900 °C to obtain porous N-doped
carbons (NPC-900). The NPC-900 catalyst is further activated
with NH;. It is observed that after NH; activation, a higher
graphitic-N content is observed due to etching of the carbon
surface (NHPC-900). The NHPC-900 catalyst shows excel-
lent ORR activity over the Pt/C catalyst [80]. Followed by
this, a large number of studies have been performed to syn-
thesize the porous N-doped carbons, and the summary of
these can be found in [81-87].

With an electron withdrawing ability, B could also be a
good choice as dopant to carbon-based materials. Sheng
et al. [88] synthesized boron-doped graphene (BG) by a ther-
mal annealing of graphite oxide with boric acid. Thermal re-
moval of oxygen functionalities in the graphene oxide frame-
works provides active sites for the successful doping of B
atoms in the carbon frameworks. The ORR analysis of BG
shows a noticeable ORR onset potential in the 0.1-M KOH
electrolyte, but which is much inferior to the Pt/C catalyst.
However, the number of electrons calculated from the K-L
plots is found to be 3.5 e, suggesting the possibility of H,O,
formation during the ORR process. In another study, Bo et al.
[89] synthesized B-doped mesoporous carbon BOMCs-2, as
an ORR catalyst, whose activity is still inferior to Pt/C in the
alkaline medium. In another, Yang et al. [90] synthesized
boron-doped carbon nanotubes, and again the ORR activity
of BCNTs is still inferior to the Pt/C catalyst. DFT studies
performed in this study suggest that B-C5; and B—C bonds
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Fig. 2 a LSV curves of ORR over NCNT materials on RRDE at a fixed
rotation rate of 1600 rpm in an O,-saturated 1-M NaOH electrolyte at a scan
rate of 5mV s . b Three types of N-C bonding configurations existed in the
NCNTs: graphite N, pyridine N, and pyrrolic N. A schematic representation
of the doped atom electronic structure [56] Reprinted with permission from
ref. 56 Copyright 2017 Elsevier. ¢ Steady-state RRDE experiments of P-

are polarized due to the high electronegativity of carbon, cre-
ating polarized bonds in the CNTs, which subsequently inter-
act with O,. Therefore, doping a low-electronegativity B can
transform its electron-deficient nature into electron-donating
sites by the higher electron density of the carbon matrix.
Hence, the ORR activity of BCNTs is due to that electron-

12 -0 08 0.6 -0.4 -02
EN vs, AgiAgCl

pOMC, pOMC, and 20 wt.% Pt/C (E-TEK) catalysts for ORR at the 1600-
rpm electrode rotation rate and 10 mV st potential scan rate. Disk (a) and
ring (b) current are shown separately for convenient viewing, (c) plot of
percentage of peroxide formation, and (d) number of electron transfer at
different potentials for P-pOMC and 20 wt.% Pt/C (E-TEK) catalysts for
ORR [93] Reprinted with permission from ref. 93 Copyright 2014 Elsevier

deficient B can first attract the negatively charged O,, further
leading to an electron transfer from the carbon matrix to B.
The higher electronic density can now be transferred to O,
with B as a bridging atom, subsequently reduced to H,O.
Followed by these studies, a number of B-doped carbons are
proposed to be reasonably active ORR catalysts. However, the
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enhanced ORR active catalysts have been discovered when B
is co-doped with other heteroatoms, especially with N. The
synergistic effect of both B and N enhanced the ORR activity
several folds.

With large atomic size and lower electronegativity, the P-
doped carbons are also explored as ORR catalysts, by a
defect-induced ORR mechanism. Lone pair electrons of P
and empty 3d orbital shells can induce a large charge density
difference in the carbon matrix and can accommodate the O,
lone pairs, and thus P could also be a good choice as a dopant
to carbon [91, 92]. Yang et al. [93] synthesized P-doped plate-
let-ordered mesoporous carbon (P-pOMC-800) as a metal-
free ORR catalyst, with triphenylphosphine as a P source.
The catalyst shows P—-C and P—-O bonding configurations in
the XPS analysis. With 0.89 wt.% of P, the P-pOMC-800
catalyst shows excellent ORR activity, very close to that of
the Pt/C catalyst, with a 3.8 number of electrons transferred
per O, molecule, less than 5% of the peroxide yield (Fig. 2c¢).
The other P-doped catalysts reported can be found in [94-96].

As stated earlier, due to the similar electronegativities of S
and C, the effect of charge transfer and hence charge density is
negligible in this system. However, it is found that the outer
orbital mismatch between the S and C atoms can significantly
change the spin densities. It is found that the S atom bonded
covalently to the carbon and oxidized S which both can induce
the spin density to the doped carbon, helping in catalyzing the
ORR [21]. The S-doped atoms are located in the carbon ma-
trix and S atoms in oxidized form; SO, formed at the zigzag
edge are found to be ORR active. The carbon atoms with high
spin density take a direct 4-electron transfer process [97]. Li
et al. [98] synthesized sulfur-doped carbon nanotubes (p-
SCNTs) by pyrolyzing the mixture of oxidized carbon nano-
tubes with p-benezenedithiol. The ORR analysis of the p-
SCNTs annealed at 900 °C showed an excellent ORR activity
as well as excellent tolerance to methanol in the alkaline elec-
trolyte (Fig. 3a). Researchers also doped various halogens into
the carbon materials and evaluated the effect of halogen-
doped carbons on the ORR activity. For example, Jeon et al.
[99] synthesized edge-halogen-derived graphene platelets
(XGnPs = CIGnP, BrGnP, IGnP) by ball milling in the pres-
ence of chlorine (Cl,), bromine (Br,), and iodine (I,), respec-
tively. High-energy ball milling provides the desired kinetic
energy to cleave the C—C bonds in graphite. This process
generates active species like carbocations, carboanions, and
carboradicals which interact with the halogens to give haloge-
nated carbons. The synthesized XGnPs exhibit admirable
ORR activity evaluated in the 0.1-M KOH electrolyte.
Cyclic voltammetry studies indicate a distinct ORR curve in
XGnPs ascertaining their intrinsic ORR activity in the order of
IGnP > BrGnP > CIGnP. Similar conclusions were also drawn
from linear step voltammetric studies, where IGnP gives a
higher ORR activity along with excellent resistance to meth-
anol species. The number of electrons transferred was found
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to be 3.5, 3.8, and 3.9 for CIGnP, BrGnP, and IGnP catalysts,
respectively. However, as explained in the earlier sections, the
ORR activity of the heteroatom-doped catalysts on the basis of
electronegativity do not follow in the case of XGnPs, which
seems to be contradictory to the doping-induced charge-trans-
fer mechanism. According to the electronegativity concept,
CIGnP should have delivered best ORR characteristics; how-
ever, in this case IGnP possesses a higher ORR activity. The
higher ORR of IGnP could be related to the size of I, which is
higher than Br and Cl, and hence the valance electrons of T are
much easier to induce charge delocalization. Density function-
al theory calculations reveal that IGnPs bind with O, with a
higher strength than BrGnPs (triplet state of free O, in the
vacuum) and CIGnPs and hence the higher O—O bond length
is observed in the case of IGnPs, favoring the O-O bond
cleavage during ORR.

Zhan et al. [100] synthesized iodine- and N-doped
graphene (ING) as a metal-free ORR catalyst by annealing
graphite oxide with I, powder and NHj; gas. It was observed
that I and N were doped successfully into graphene. However,
the amount of I doping is much less than that of N. The higher
ORR activity for ING catalysts is observed than that of NG
and IG catalysts, with a HyO, of 7.4%. However, the ORR
activity of ING catalysts is lower than the standard Pt/C cata-
lyst. In another study, Yao et al. synthesized [-doped graphene
by a thermal annealing of graphene oxide and iodine between
500 and 1000 °C. The ORR activity of I-graphene-900 shows
similar activity to the Pt/C catalyst [101]. In another study,
Jeon et al. synthesized I-doped activated carbon by ball mill-
ing of activated charcoal by iodine. However, the ORR activ-
ity of I-doped charcoal is much inferior to that of the Pt/C
catalyst [102]. Ishizaki et al. [103] synthesized halogen-
doped carbons by a solution plasma technique with benzene
and halo benzenes (CgFg, C4Cls, and C¢Bg) as carbon and
halogen sources, and explored them as ORR catalysts. The
contents of dopant levels were found to be 0.08, 0.09, and
0.06 at% for F, Cl, and Br dopants, respectively. This indicates
that the solution plasma process induces very low doping con-
tents of halogens compared with other solid-state synthesis
protocols. This might be because of the low hydrogen abstrac-
tion capacity of the halogens, and it has the order of F-CNPS >
CI-CNPs > Br-CNPs. The XPS analysis shows the ionic and
semi-ionic C—F bonds, C—Cl type of the covalent bond, and
Br—C with ionic and two covalent bonds. In case of halogen-
doped catalysts, it is found that the ionic and semi-ionic bonds
are ORR-determining factors than the covalent bonds. This is
because ionic bonds play a role of electrodonor and acceptor
and help in the change transfer between C and halogens. The
ORR activity of all the halogen catalysts synthesized in this
study is much inferior to the Pt/C catalyst, when compared
with the other halogen catalysts discussed above. This could
be due to the very low doping contents of halogens. Authors in
this study speculate that the general electronegativity rule of
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explaining ORR activity may not suit for halogen-doped cat-
alysts. There might be other factors such as bonding configu-
ration and defects in carbon surface, which combinedly affects
the ORR activity. However, further deeper investigations on
the effect of halogens on ORR activity are needed to under-
stand the mechanism of the ORR pathway.

Sun et al. [104, 105] reported F-doped carbon black (BP-F)
as a metal-free ORR catalyst synthesized with NH;F as the F
source in alkaline and acidic electrolytes. It is observed that
the ORR activity of BP-F increases with the increasing F

m.r. NH,FIEP

content till 0.63 wt.%. The ORR activity of BP-18F shows
30 mV of the positive shift in the half-wave potential com-
pared with the Pt/C catalysts in alkaline electrolytes, but still
inferior to Pt/C in acidic electrolytes with a super low H,O,
percentage of < 0.1%. In addition, BP-18F catalysts show
excellent tolerance to methanol and CO species in both acidic
and alkaline electrolytes with excellent stability under poten-
tial cycling conditions. The authors claim that the semi ionic
C—F bonds play a major role in the ORR process. It is ob-
served that CB-F possesses higher O, adsorption energy along
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with the large O—O and shorter C—-O bond lengths. The natural
bond orbital analysis results in a specific interaction between
O orbitals and C orbitals in BP-F catalysts which activate the
7t orbital of C for enhancing ORR activity (Fig. 3b). Very
recently, Zhang et al. [106] demonstrated a mechanochemical
approach with a melamine hydrogen fluoride salt (MF salt),
instead of the low boiling point NH4F source, utilized in most
of the F-derived catalysts. First, melamine hydrogen fluoride
salt was obtained by an acid-base neutralization reaction be-
tween HF and melamine. HF is added to the aqueous solution
of melamine and then the resulting solution was magnetically
stirred and the water evaporated to obtain the MF salt, which
was further heat-treated at 1000 °C to obtain NFC-1000. The
decomposition temperature of MF salt is higher than that of
NH,F, preventing F loss at low temperatures, leading to the
high F content of 1.52 at% relatively higher than the reported
literatures. The resulting NFC-1000 catalyst showed an ORR
onset potential of 0.82 V with an average number of 3.7 elec-
trons transferred per O, molecule.

Dual-doped carbons as ORR catalysts

With this great motivation from the effect of monoatomic
heteroatom-doped metal-free catalysts for ORR, researchers
have developed various catalysts with two or more hetero-
atoms doped simultaneously into carbon, to utilize the syner-
gistic effect of the different elements to further enhance the
ORR activity in both acidic and alkaline electrolytes. Other
heteroatoms include atoms with lower electronegativity
values than carbon, such as B, P, and S, and higher electro-
negativity values than carbon, such as F, Cl, Br, and I [107].

It is also proposed that the doping of carbon nanomaterials
with two heteroatoms, one with higher electronegativity and
another with lower electronegativity, also enhances the ORR
activity (Fig. 4a). This heterogeneity brings out special elec-
tronic properties to the carbon matrix favorable for many elec-
trochemical redox reactions. In the N-B system, it is found
that the B dopant weakens the O—O bond stretching and pro-
motes the adsorption of OOH, to facilitate the oxygen reduc-
tion reaction [108]. A recent study by Kahan et al. [109] on B-
and N-doped polycyclic aromatic hydrocarbons revealed that
both N and B dopants’ close proximity is very essential for
ORR activity.

Qiao et al. [110] synthesized B,N-graphene and identified
the ORR active B-C—N configuration and fundamentally ex-
plained the effect of B and N doping on the ORR activity. In
this study, B,N-graphene was prepared by a two-step process,
with no inactive by-product of the #-BN and /4-BN/graphene
hybrid, otherwise resulting in a single-step synthesis [111].
Further, they also propose the specific sequence of N and B
doping to extract the best ORR characteristics of B,N-
graphene. B doping was performed to the previously synthe-
sized N-doped graphene which results in distinguishable C—N

@ Springer

and B—C configurations. In this case, they found active
pyridinic, pyrrolic, and graphitic-N configurations which also
resulted in BC; configurations with no 4-BN phase. The dop-
ing vice versa however resulted in lower N content and un-
wanted BC,0 and BC; configurations and hence lower elec-
trocatalytic activity. The resulting B,N-graphene showed an
enhanced cathodic ORR current density with a closer onset
potential to the commercial Pt/C catalyst and singly doped B-
and N-graphene catalyst. The number of electrons calculated
from the K—L plot is found to be 3.97 for B,N-graphene with
98.5% of selectivity towards the 4-electron O, reduction pro-
cess. Their DFT calculations suggest that B doping transforms
“inactive” twofold-coordinated pyridinic N into “active”. The
DFT calculations also reveal the electronic configuration of a
special B-C—N bond, where C atoms are first polarized by the
effect of N. Further, charge transfer occurs from C to B atoms
activating B atoms for ORR. This also signifies the impor-
tance of the C bridge. The configuration where B is directly
bonded to N to give a BN configuration has a poor ORR
activity due to the absence of bridging of C atoms.

Sun et al. [112] synthesized defect-rich, Zn template—de-
rived, porous B- and N-doped carbons (B,N-carbon) from the
thermal pyrolysis of ethyl cellulose and 4-(1-
naphthyl)benzeneboronic acid in the NH; atmosphere. The
synthesized catalysts show an excellent porous structure and
high ORR activity and durability, similar to the Pt/C catalyst.
First, the ethyl cellulose and 4-(1-naphthyl) benzeneboronic
acid precursors were deposited onto the pre-synthesized Zn
templates by a precipitation method, and then the whole mix-
ture was subjected to pyrolysis in the NH; atmosphere. The
porosity to the carbon matrix originated from the thermal
evaporation of the Zn template into ZnO. The defect structure
to the carbon surface is induced by the decomposition of ethyl
cellulose which contains oxygen atoms, into CO, and H,O.
The interconnected Zn hydroxide nanosheet template is deliv-
ered to the carbon structure as the template decomposes dur-
ing the pyrolysis process, simultaneously giving an ordered
structure and porosity to carbon. The ORR activity of B,N-
carbon is found to be equal to the Pt/C catalyst, with an onset
potential of 0.98 V and half-wave potential of 0.84 V, which is
17 mV above the standard Pt/C catalyst, indicating the prom-
ising nature of B,N-carbon. Moreover, B,N-carbon also shows
excellent stability over 80 h in the chronoamperometric test
with a loss of only 18% of the relative current compared with
48.3% of loss for the Pt/C catalyst. B,N-carbon also shows a
higher performance in OER more than the standard RuO,.
Due to its excellent ORR and OER activity, B,N-carbon is
utilized as an anode and cathode catalyst for Zn-air-
rechargeable batteries, where it shows excellent charging
and discharging polarization curves better than the Pt/C +
RuO, catalyst.

Recently, Wang et al. synthesized porous boron nitride
nanosheets (BCNs) as an efficient ORR catalyst in both acidic
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Fig. 4 a (a) The calculated
Miiilliken charge distribution for the
N,B-CNT. The blue ball is the
doped nitrogen atom, the pink ball
represents the doped boron atom,
and the gray balls are carbon atoms.
(right). (b) Schematic
representations of possible reaction
patterns on the surface of N,B-CNT
[108] Reprinted with permission
from ref. 108 Copyright 2016
Elsevier. b (a) ORR catalytic per-
formance of the porous few-layered
BCNin 0.1 M KOH. (a) LSV
curves of BCN catalysts and Pt/C at

) 5@‘ Jp—

a rotation rate of 1600 rpm and a
scan rate of 5 mV/s. The inset
shows the higher magnification of
LSV curves between 0.9 and 1.0 V
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and alkaline electrolytes [113]. The BCN is synthesized by a
sol-gel synthesis process. XPS analysis shows a successful B—
C-N bonding configuration implying the presence of ORR
active centers in the catalyst. The ORR activity of BCN cata-
lysts was found to be excellent, with an onset potential of
0.940 V, with a 3.91 number of electrons transferred per O,
molecule. The H,O, percentage was found to be below 6%,
suggesting a direct 4 ¢ reduction reaction of the O, molecule.
The enhanced ORR activity of BCN is due to the high con-
centration of pyridinic N, which can enhance the adsorption of
O, to the adjacent Lewis-based carbon atoms for its subse-
quent reduction to water. Existence of a higher proportion of
B-N-C bonding configurations, in contrast to the ORR inac-
tive BN configuration, is also a reason for the higher ORR
activity of the BCN catalyst. Furthermore, it is also found that
the presence of B—O-ionizable bonds could enhance the hy-
drophilicity to the catalyst active sites, enhancing O, availabil-
ity (Fig. 4b). Other notable reports on N and B carbons can be
found in [114-116].

For example, Dai et al. [13] synthesized N- and P-doped
multiwalled carbon nanotubes by a CVD with ferrocene, pyr-
idine, and triphenylphosphine as precursors (NP-ACNT). It is

proposed that the co-doping of N and P creates highly local-
ized states at the Fermi level. The NP-ACNT catalyst shows
pyridinic-N and graphitic-N along with P incorporated into
the carbon matrix (P—C). The NP-ACNT catalyst showed en-
hanced ORR activity at a similar loading with the Pt/C catalyst
with 3.67-3.88 number of electrons transferred with a poten-
tial ranging from —0.3 to 0.6 V vs Ag/AgCl reference elec-
trode. Woo et al. [117] synthesized P and N dual-doped carbon
with dicyandiamide (DCDA), phosphoric acid, 900 °C, under
an Ar atmosphere in the presence of Fe and Co catalytic cen-
ters. NPDC-10 catalysts showed a more positive ORR onset
potential of 0.6 V (vs. Ag/AgCl) in the acidic electrolyte with
enhanced capacitance values coupled with the large surface
area of NPDC-10. The ORR activity of NPDC-10 is higher
than the NDC catalyst by 50 mV vs. Ag/AgCl, indicating the
synergistic effect of N and P towards ORR. In addition to the
enhancement in ORR activity, P doping also signifies the
changes in the morphological effect on the catalysts. The
NDC catalyst shows a horn-type carbon structure; however,
when P co-doped together with N doping, the horn-type car-
bon structure changes to the crumple’s graphene sheets. This
conversion factor depends on the content of P doping in
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NPDC-10. It is observed that the NPDC-10 catalyst shows
many wrinkled and uneven graphene sheets. When there are
further increases in the content of P, wrinkled graphene sheets
converted into graphene lumps. This indicates that P doping
not only enhances ORR activity but also has a structural trans-
formation role. In addition to the synergistic effect of N and P
or in principle any two different heteroatoms, the surface area
and porosity of the carbon catalysts are also playing an impor-
tant role. Recently, Sun et al. [118] synthesized an N and P
dual-doped porous aerogel carbon catalysts by hydrothermal
synthesis process. Surfactant-assisted self-assembly of phytic
acid and pyrrole with P123 results in N, P hydrogel NPH,
which was freeze-dried, followed by CO, activation which
gives NPPC. The resulting NPPC catalyst shows an onset
potential of 0.90 V, and a half-wave potential of 0.81 V vs
RHE, much higher than the Pt/C catalyst (5 wt.%), with an
average of 3.88 electrons transferred for a single O, molecule.
High pyridinic-N and graphitic-N and a synergistic effect of N
and P create defects which in turn modify the surrounding
carbon atoms, thus enhancing the ORR activity. In addition,
high porosity created by CO, activation provides adequate
oxygen reaching towards the ORR active sites. In another
recent study by Li et al. [119], highly active N- and P-doped
porous carbon nanosheets (N,P-CS) are synthesized with the
pyrolysis of the mixture of glucose, phosphorous acid, mela-
mine, and montmorillonite mixture. The N,P-CS catalyst
showed a high surface area and a mixture of mesopores and
micropores. The ORR activity of the N,P-CS catalyst is found
to be more positive than the Pt/C catalyst, with 20 and 30 mV
higher in onset and half-wave potential in the alkaline medi-
um. The peroxide yield was calculated to be between 3 and
5%, suggesting a dominant 4-electron reduction process on
the N,P-CS catalyst. Moreover, in acidic media the N,P-CS
catalyst shows an appreciable ORR activity with just 62 mV
lesser than the Pt/C catalyst.

In dual-doped carbons, a lot of attention is paid towards co-
doping of N with S, as S doping is found to be easier to replace
the carbon when N is doped along with it [120, 121]. For
example, Qu et al. [122] synthesized N, S-doped carbon nano-
sheets with polydopamine and 2-mercaptoethanol as N and S
sources, respectively. The N,S-CN-doped catalyst shows ex-
cellent ORR activity with a high ORR onset potential and low
Tafel slope, when compared with the N—-CN-doped catalyst,
suggesting that the co-doping of N and S could enhance the
ORR activity. The asymmetrical spin and charge densities of
the carbons, due to N and S doping, enhances the ORR ad-
sorption and reduction to water. Moreover, the excellent
mesoporous structure of the catalysts enhances the mass dif-
fusion and electrochemical double-layer capacitance, suggest-
ing that the N,S-CN catalyst possesses an excellent surface
area with abundant active sites.

Generally, the doping process includes mixing of the func-
tionalized carbons with a large amount of precursors with
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respect to carbon, followed by a pyrolysis process at higher
temperatures. Though the pyrolysis process effectively intro-
duces the heteroatoms, it also leads to the release of a large
amount of toxins by gaseous by-products especially during
the synthesis of sulfur-doped carbons. Arunchander et al.
[123] synthesized N-S/Gr catalysts by a mild and in situ chem-
ical polymerization of 6-N,N-dibutylamine-1,3,5-triazine-2,4-
dithiol on graphene sheets. The resulting N-S/Gr catalyst
showed enhanced ORR activity with an ORR onset potential
0f0.92 V vs RHE with an average electron transfer of 3.7. The
N-S/Gr catalyst showed enhanced stability in both potential
cycling and potentiostatic tests when compared with the Pt/C
catalyst. Moreover, the N-S/Gr catalyst also delivered a
20 mW cm 2 power density in a single AEMFC, but the pow-
er density is still inferior to that of Pt/C catalysts. On the other
hand, ionic liquid—derived catalysts are also proposed as efficient
electrocatalysts. For instance, Wu et al. [124] synthesized a three-
dimensional ordered macroporous nitrogen and sulfur co-doped
carbons with an liquid (IL) bearing crosslinkable alkynyl groups,
i.e., [1-methyl-3-propagylimidazolium bromide] [bis
(trifluoromethyl)sulfonyl imide] ((MPIm][Tf2N]). The resulting
IL catalysts showed excellent N- and S-doped electrocatalyst
with a three-dimensional ordered macrospore structure with an
average pore size of 5 nm and a BET surface area of
1104 m 2 g '. The IL derived 3DOM NS-C-1100 catalysts
showed outperformed ORR characteristics over Pt/C catalysts
with an onset potential of ~0.11 V vs Hg/HgO when compared
with Pt/C which was ~0.10 V vs Hg/HgO. Such an enhanced
ORR activity is due to the well-ordered three-dimensional meso-
porous structure which enhances the exposure of the doped ac-
tive sites and also enhances the mass transport kinetics towards
the electrode—electrolyte interface. Other catalysts derived from
ionic liquids can be found in [125, 126].

It seems that the single I-doped carbons did not possess
good ORR activity. However, when I is doped together with
N, the activity of the synergistic catalyst is found to be several
folds higher than the single I-doped carbons. For example,
Zhan et al. [127] synthesized iodine- and N-doped carbon
(ING) by a thermal annealing of | and NH; Electrochemical
measurements revealed that the ING catalyst showed en-
hanced ORR activity with the onset potential of 0.945 V equal
to the Pt/C catalyst with 7.4% of H,0,. Interestingly, the ING
catalyst also shows good ORR activity in the acidic electrolyte
with a 105-mV less half-wave potential than the Pt/c catalyst
in 0.1 M HCIO,. In another study, Liu [128] synthesized a
highly efficient I- and N-doped carbon by a hydrogen-bonded
organic framework, which shows excellent ORR activity sim-
ilar to the Pt/C catalyst. Moreover, the I-doped carbons are
also utilized as a high-performance catalyst in membrane elec-
trode assemblies [129, 130]. Though the I-doped carbons
posses inferior ORR activity to that of Pt/C, when I is doped
together with other heteroatoms such as N and S, I-doped
carbons showed enhanced ORR activity. This could be due
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to the synergistic effect of I and other heteroatoms. Moreover,
synergistic interactions could also enhance the conductivity of
carbon, which was believed to be the responsible factor for the
enhanced ORR activity [131, 132].

In another study, Sun et al. [133] synthesized N and F co-
doped carbon blacks as methanol-tolerant cathode catalysts in
alkaline direct methanol-tolerant fuel cells (ADMFC). The
BP-2000NF catalyst showed excellent tolerance to the method
in comparison with the traditional Pt/C catalysts. In ADMFC
configuration, BP2000-NF exhibited 15 mW cm 2 power
density at 60 °C, compared with 13 mW cm 2, with almost
no change in its voltage recorded after 24 h at the constant
current of 200 mA. The enhanced ORR activity of BP2000-
NF is attributed to the high content of ionic and semi-ionic C—
F bond configurations along with pyridinic-N and pyrrolic-N
configurations. Density functional theory calculations show
the lowest band gap of CB—NF than CB-N, CB-F, and CB
and after the O, adsorption the O—O bond lengths increase
from 1.241, 1.254, and 1.28 for CB-N, CB-F, and CB-NF,
respectively. This indicates the specific synergistic interaction
of N and F towards ORR.

Peera et al. [134] synthesized N- and F-doped graphite
nanofibers as a high-durability ORR catalyst evaluated in the
acidic electrolyte (0.5 M HCIO,). The synergistic effects of
the N and F heteroatoms are assessed by enhanced ORR ac-
tivity of the N-F/GNF catalyst over N-GNF and F-GNF cata-
lysts. In the acidic electrolyte, the N-F/GNF catalyst showed a
half-wave potential of 0.63 V and redox peak at 0.50 V
(Fig. 5a). The N-F/GNF catalyst also shows extraordinary
stability in the acidic electrolyte (20,000 potential cycles)
and tolerance to methanol and CO species. XPS analysis of
the N-F/GNF catalyst showed a high content of pyridinic-N
and ionic and semi-ionic C—F bonds (Fig. 5b). Moreover, the
N-F/GNF catalyst was also evaluated in a single-cell fuel cell
device, which delivered a 165 mW cm > power density in the
H,-O, fuel cell with a cathode catalyst loading of 2 mg cm 2.
The authors also conclude some of the important points not
discussed by the authors of previously reported F-doped car-
bons. The authors propose a site specificity of the F atoms in
the vicinity of N doping and the effect of F doping on the
structural transformation of the carbon nanostructures. F dop-
ing structurally transforms graphitic nanofibers (GNF) into
graphene structures, ascertained from the density functional
theory calculations. From the by-layer model studies, it is
proposed that F doping increases the interlayer space between
the two layers to a greater extent and the perpendicular occu-
pation of the F atoms forces the two layers to be apart and
hence induces the strain in the nanofibers, converting them
into graphene structures. Their DFT calculations also propose
that F cannot form a bond with C from either forms of the C—F
configurations, in the absence of at least one N atom in the
vicinity. In the absence of N in the vicinity, F atoms can only
intercalate between the layers, but cannot form C-F bonds,

and hence C—F bonds can only be realized in the N-doped
carbons. Moreover, their DFT calculation also reveals a spe-
cific doping site of F in the N-doped carbons. With the
graphitic-N-type configurations, F atoms form a bond with
the immediate C atom (first nearest neighbor (FNN) C atoms),
whereas with the pyridinic-N-type configurations, F atoms
form a bond with the second C atom (second nearest neighbor
(SNN) C atoms) derived from the Bader charge analysis as
shown in Fig. 5c. The developed N-F/GNF catalyst was also
evaluated as a cathode catalyst in a real fuel cell atmosphere,
where it delivered 160 mW cm 2 power density. In another, a
similar concept of F doping—induced unzipping was also
ascertained by Srinu Akula et al.’s [135] study by utilization
of MWCNTs, where MWCNTSs convert into graphene sheets
with the enhanced ORR activity. However, a better under-
standing of the effect of F doping on the ORR, the synergistic
interactions of F with other heteroatoms, the effect of individ-
ual C—F configurations (ionic, semi-ionic, and covalent C—F),
and their possible existence in the presence or absence of other
heteroatoms are still lacking and are open to future discussion
in literatures. It is also proposed by Wood et al. [136] that F
doping not only enhances ORR activity but also increases the
stability to carbons, proposed from a model carbon study. This
was experimentally proved by Peera et al. [137, 138].

Fu et al. synthesized nitrogen and fluorine-co-doped car-
bon nanowire aerogels (NFCNAs) as metal-free
electrocatalysts from tellurium nanowires as hard templates
and applied them as oxygen reduction catalysts [139].
Previously synthesized Te nanowires and glucose solution
were hydrothermally treated, and the resulting Te nanowire
hydrogels were immersed in NH4F solution and then subse-
quently pyrolysis at 1000 °C leading to the formation of
graphitized NFCNAs and subsequent decomposition of the
Te template. NFCNAs show nanowire structures similar to
base Te nanowires. NFCNAs show the N and F contents of
1.8 and 0.04% (atomic) with large proportions of graphitic-N
and ionic C—F and semi-ionic C-F configurations, with a
higher ratio of ionic C—F bond (69%). NFCNAs-18—-1000
shows a higher ORR onset potential and half-wave potential
0f 0.912 and 0.825 V which are highly comparable with that
of state-of-the-art Pt/C catalysts, 0.934 and 0.844 V vs RHE.
The number of electrons transferred per O, molecule was
found to be 3.7 for the NFCNAs-18-1000 catalyst. Similar
results were also found on N-F/rGO by Qiao et al. [140].

As it is known that doping of F into the carbon matrix
is difficult, usually a large amount of the F source is
utilized, and in most cases, it is NH4F in mass ratios as
high as 20 times that of carbon. Besides, the easy decom-
position of NH4F at relatively lower temperatures pos-
sesses an additional synthetic problem to enhance the
doping levels of Gong et al.’s [141] synthesized N, F-
co-doped microporous carbon nanofibers (N, F-MCFs)
as efficient ORR catalysts in the 0.1-M KOH electrolyte.

@ Springer



1574

lonics (2020) 26:1563-1589

{——— NIGNF

(a)

0.4 0.8 1.2

Potential (V vs. RHE)

0.2

Nis

ntensity (a.u.)

392 304 396 398 400 402 404 406 408

Binding enorgy [oV)
—Raw
{h, Fa2p ——Back ground

N-FIGNF

Intensity {2.u.)

675 678 631 634 687 690 693 696
Binding energy (eV)

Fig. 5 a (a) The LSV curves of N/GNF, F/GNF, and N-F/GNF catalyst
recorded at 1600 rpm in a N,,0,-saturated aqueous solution of 0.5 M
HCIO, at a scan rate of 5 mV s . (b) Cyclic voltammograms for GNF,
N/GNF, F/GNF, and N-F/GNF catalysts in O,-saturated aqueous solution
0f 0.5 M HCIO, at a scan rate of 50 mV s '. b Deconvoluted XPS spectra
for (a) N1s and (b) F2p of the N—F/GNF. ¢ Stick models of optimized A—

A tri-component polymer mixture composed of polyacry-
lonitrile (PVN)/polyvinylidene fluoride (PVDF)/polyvi-
nylpyrrolidone (PVP) (PAN/PVDF/PVP) is electro-
spinned, followed by carbonization which yielded a N,
F-MCF electrocatalyst. Carbon and fluorine are derived
from PVDF, and PAN serves as a C and N source, where-
as PVP is utilized as a porogen. The resulting N, F-MCFs
show a porous carbon nanofiber with a decent graphitiza-
tion. XPS analysis shows F atomic percentage as high as
2.86%, much higher than the earlier reports, which could
enhance the ORR activity in a greater extent. High-
resolution F spectra show three uniquely deconvoluted
peaks, ionic-F (685.4+0.2 eV), and two different types
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A stacked (a) GRN- and (b) PYN-doped Gr bilayers are depicted with
their respective charge density contours in (c, d), and the stick models of F
co-doped models of GRN and PYN are shown in (e, f). N and F atoms are
represented as blue- and pink-colored balls (Counter values are given
inset. Bader charges of selected atoms are also given.) [134] Reprinted
with permission from ref. 134 Copyright 2015 Elsevier

of semi-ionic-F bonds, namely, CH,-CF, and CHF-CHF,
at 689+0.2 eV and 687.2+0.2 eV, respectively. These
two types of semi-ionic bonds have not been observed
before, which might be due to the low content of F in
other reports. The authors in this study attribute ionic F
bonds as responsible for the improved electronic conduc-
tivity and catalytic activity of N, F-MCFs-A, though the
role of semi-ionic C—F bonds needs to be solved for their
role in catalytic activity. The ORR activity of the N, F-
MCFs-A catalyst shows an onset potential of 0.94 V vs
RHE, with a half-wave potential of 0.81 V, much closer to
the commercial Pt/C catalyst half-wave potential of
0.83 V vs RHE.
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Tri-doped/multi-heteroatom doped catalysts

It is known from the dual-doped carbon catalysts that the
presence of two different heteroatoms can synergistically im-
prove the ORR activity. Research was also conducted by dop-
ing three or more different metals to extract the maximum
activity from the heteroatoms. For instance, Tao et al. [142]
synthesized a N, P, S tri-doped catalyst (NPSCS) with
phosphazene, as a N and P source and sulponyldipehon as a
C and S source. A DFT calculation of N, P, S co-doped carbon
revealed that a large difference in charge density of the carbon
atoms is observed on N, P, S co-doped graphene, compared
with the N and S-doped graphene, due to the electron
accepting nature of the P atoms. Hence, it is concluded that
P doping regulates the overall change density in the N, P, S tri-
doped catalyst. NPSCS catalysts show an ORR onset potential
0f 0.965 V and a half-wave potential of 0.834 V, comparable
with the Pt/C catalyst, with a lowest Tafel slope of
50.6 mV dec . In contrast to this study, the effect of S on
the enhancement of N, P co-doped carbon has been
established by Zan et al. [143] in which the N, P-3D hierar-
chically porous carbon catalyst is co-pyrolyzed with thiourea
to generate the S, N, P-HPC electrocatalyst. With 4.35, 2.96,
and 1.29 at% of N, P, and S, the S, N, P-HPC electrocatalyst
ORR activity surpasses the commercial Pt/C catalystin 0.1 M
KOH. Interestingly, the ORR activity of N, P-doped carbons
was found to be lesser than the S, N, P-HPC electrocatalyst,
clearly indicating the definite role of S in enhancing the ORR
activity. The ORR activity of the S, N, P-HPC electrocatalyst
is also evaluated in 0.1 M HCIOy. In acidic electrolytes, the S,
N, P-HPC electrocatalyst shows an admirable ORR activity,
again much higher than the N, P-HPC catalyst, but with lower
ORR activity than the Pt/C catalyst. XPS and XANES analy-
sis reveals that the ORR activity of the S, N, P-HPC
electrocatalyst is related with the ratio of S,.q/Sox species.
The possible S,.q species would be —-C—S—C— and —C=S—
configurations, which could play a vital role in re-
distributing the spin density of the surrounded carbon atoms
and thus lower the energy barrier for the adsorption of O,.
From the above two studies, it is clear that the doping of S
and P could certainly enhance the overall activity of the N-
doped carbons. Other similar tri-doped systems investigated
are, N, S, P tri-doped graphene [144] and N, S, P tri-doped
carbon nanosheets [145, 146].

Zhang et al. [147] synthesized a tri-doped graphene catalyst
composed of N, P, and F which was obtained by thermal pyrol-
ysis of ammonium hexafluorophosphate (NH4PFy) and
polyaniline-coated graphene oxide as the precursors of N, F,
and P and successfully applied the tri-doped catalyst (GO-
PANI-FP) for electrocatalytic oxygen reduction (ORR) and evo-
lution (OER) and hydrogen evolution reactions (HER). The ther-
mal decomposition of the inorganic precursor NH4PF; also acts
as a porous template, in addition to the source of N, F, and F, by

the evolution of gaseous products during the heat treatment pro-
cess. The resulting GO-PANI-FP catalyst showed excellent elec-
trochemical properties due to the synergistic effect of the dopants
(N, P, and F) on charge/spin densities of the adjacent C atoms,
together with the porous structure of the catalyst. XPS analysis
shows the existence of N, P, and F dopants with 7.11, 0.37, and
0.33 at%, respectively. Accordingly, the GO-PANi31-FP catalyst
showed excellent ORR activity. However, the activity of the GO-
PANi31-FP catalyst is still lower than the commercial Pt/C cat-
alyst by 40 mV. To add additional information, the GO-PANi-FP
catalyst showed excellent OER activity comparable with the
RuO, catalysts. At the current density of 10 mA cm 2, the GO-
PANI-FP catalyst shows similar overpotential with that of the
RuO, catalyst. This indicates that the GO-PANi-FP catalyst is a
promising catalyst for OER. Doping of B to the N and F dual-
doped catalysts is also proposed. Wang et al. [148] synthesized
N, F, and B tri-doped carbon nanofibers (TD-CFs) by
electrospinning polyacrylonitrile and tetrafluoroborate in
dimethylformamide solution. The TD-CFs catalyst shows clear
distribution and doping of N, B, and F atoms. The TD-CF cata-
lyst shows enhanced ORR activity than the catalyst synthesized
without boron, suggesting the encouraging effect of boron in the
catalyst. In another study by Liu etal. [149], the N, S, B tri-doped
CNT catalyst is synthesized; the ORR activity of N-S-B CNTs is
found to be very close to the commercial 20 wt.% Pt/C catalyst
with 3.98-4.05 electrons transferred per O, molecule. By com-
paring the N, F, and B system with the N, S, and B system, the
later system seems to be more active than the former system.

Van Pham et al. [150] proposed a multi-heteroatom-doped
carbon nanotube catalyst (MH-CNT) as an efficient ORR cat-
alyst in the alkaline medium. The oxidized/unzipped CNTs
were doped with S by refluxing with P4S;( in
dimethylformamide (DMF) at 150 °C. Further doping of N
and F was performed by Nafion and DMF at 600 °C, where F
and N radicals are formed and act as dopants to the CNT to
give MH-DCNT600. When MH-DCNT600 was subjected to
higher temperatures of around 800 and 1000 °C, it is observed
that the F atoms are vanished from the catalysts as evident
from XPS analysis. The authors claim that the F atoms are
removed in the form of carbon monofluoride at the tempera-
tures of above 500 °C. This process takes away the C atoms
from the CNT matrix and hence creates carbon-vacant defects
in the CNTs. This claim seems to be slightly contradictory as
other authors prepare F-doped carbons at temperatures above
900 °C (discussed in later sections). Accordingly, in their
studies, MH-DCNTs-800 showed enhanced ORR activi-
ty with the Eguse¢ of 0.91 V vs RHE, over S-DCNT150
(Eonset of 0.85 V vs RHE) with an average electron
transfer number of 3.5 and 90% of the ORR process
by a dominant 4-electron transfer. The authors also
demonstrated the activity of MH-DNCT-800 in alkaline
fuel cell atmospheric conditions, which delivered a peak
of 250 mW cm 2 and open-circuit voltage of 0.9 V.
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Recently, Srinu et al. [41] synthesized N, S, and F tri-doped
carbons as an excellent ORR catalyst in both acidic and basic
electrolytes. The pyrolysis of the sulfonated polyaniline—
doped ketjenblack carbon in the presence of ammonium fluo-
ride yields a N, S, F tri-doped catalyst (N-S—F/KB). The N—
S—F/KB catalyst showed excellent ORR activity, over dual-
doped N-S/KB catalyst. The N-S—F/KB catalyst shows
50 mV and 180 mV higher half-wave potential, than the
dual-doped N—-S/KB catalyst, in alkaline and acidic electro-
lytes. This clearly indicates the synergistic effect of F on the
enhancement of ORR activity. Further, it also suggests that the
addition of F doping is one of the effective strategies to en-
hance the ORR activity in an acidic electrolyte. Moreover, the
N-S-F/KB catalyst also shows excellent durability with 20-
mV loss in half-wave potentials in both acidic and alkaline
electrolytes, after 10,000 potential cycles. Furthermore, the
peroxide yield is found to be much lower for the N-S—F/KB
catalyst than the N—S/KB catalyst, suggesting a definite role of
F on the ORR mechanism.

As a short conclusion from the heteroatom-doped catalysts,
irrespective of the doped atom, it is found that all the doped
catalysts show enhanced ORR activity. Among them, the N-
doped catalysts alone can show high ORR activity in alkaline
and acidic electrolyte. In all other cases, the doped carbon
activity is highly dependent on the synthesis of the catalyst,
dopant content, and dopant configurations. However, when
the dopants are co-doped with other elements, especially with
N atoms, many studies found that the ORR activity has en-
hanced several folds. It seems that in all the dual-doped, ter-
nary-doped, or multi-doped heteroatoms, the presence of N
seems to be essential and vital for the oral enhancement effect.
Very recently, Preuss et al. [151] drew similar conclusions that
N doping was only exerting the actual influence on the elec-
trocatalytic activity, while other dopants possibly assisted the
N-doped carbon to enhance the overall ORR activity, but N
plays a prime central role.

Metalloid catalysts

In recent years, metalloid-doped catalysts were utilized for ORR.
The metalloids are those elements whose chemical properties are
intermediate with the metal and nonmetals. The investigated
metalloid elements are Ge, Si, Sb, and As. In search of metal-
loids, dopant germanium (Ge) has attracted much attention be-
cause of its special properties such as semiconductor, high carrier
mobility, and 10,000 times higher conductivity in comparison
with Si, and it can be easily doped into the carbon materials
[152-154]. Ge also has a similar electronic configuration with
C, and it also has high injection velocity [155]. Ge has an elec-
tronegativity (2.01) less than carbon (2.55) which can also be a
good choice of dopant to the carbon matrix which can modify the
electronic configuration of carbon to impart the electrocatalytic
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properties. However, Ge alone did not meet the standard ORR
activity as Pt and hence it was co-doped in combination with
doping of heteroatoms like N, S, and P.

Wang et al. [156] synthesized a hybrid catalyst of Ge and
N-doped carbon nanotubes (Ge-CNTs and GeN-CNTs) and
evaluated their ORR activity in the 0.1-M KOH electrolyte.
The Ge-CNTs and GeN-CNTs were synthesized by a pyroly-
sis process with hydrogen gas, tetraethyl germanium, and an-
iline sources over FeMo/Al,O5 as a catalyst. 3d XPS spectra
of Ge in GeN-CNTs3 show a pronounced Ge—C bond at
31.4 eV. It is also observed that the Ge-CNT catalysts possess
a higher ORR activity compared with the pure CNT, which
indicates a definite role of Ge doping towards ORR activity.
Further enhancement in ORR activity is observed for GeN-
CNTs3 with the enhanced number of electrons transferred
from 3.0 (N-CNT) to 3.86 (GeN-CNTs3). Their DFT calcula-
tions suggest that Ge doping turns the neighboring neutrally
charged carbon atoms into negatively charged with substantial
decreases in the energy gap of HOMO to LUMO, and hence
Ge was proven to be an effective dopant to modify the elec-
tronic properties of the carbons. She et al. [157] reported N—
Ge—CNTs as a ORR catalyst by a one-pot synthesis of
multiwalled CNTs in the presence of carboxyethyl germanium
sesquioxide as a Ge source and NH; atmosphere as a source of
N. Transmission electron microscopy and XPS analysis of N—
Ge—CNTs shows the successful incorporation of Ge and N
into the CNT. Especially, Ge 3d spectra show four distinguish-
able peaks for metallic Ge, Ge—C, Ge-Nx, and Ge-O at 29.9,
30.9, 31.4, and 32.0 eV, respectively. Further, the N spectra
also show Ge-N binding configuration at 398.2 eV, other than
the usual pyloric and pyridinic N species. These results con-
vincingly indicate that the existence of Ge—N—C active species
is similar to the M—N-C active sites proposed earlier by dif-
ferent research groups. Further, N-Ge—CNTs-2 catalysts show
a higher ORR onset potential than the CNTs (= 0.16 V), Ge—
CNTs-2 (—0.16 V), and N-CNTs (= 0.10 V vs AG/AgCl)
electrodes, which indicates that Ge and N doping effectively
enhances the ORR activity. The N-Ge-CNTs-2 catalyst also
effectively catalyzes the ORR reaction by a dominant
electropathway as determined by the 3.94 number of electrons
transferred per O, molecule, with below 10% of H,O, pro-
duction (Fig. 6a). In spite of this, the overall ORR activity of
N-Ge—CNTs still underperforms the Pt/C catalysts in the al-
kaline electrolyte. The work function analysis of the various
possible structures of Ge—N—C by DFT calculations indicates
that the existence of GeN4 and NC5 configurations effectively
reduces the work function of the ORR intermediates from
4.19 eV (CNT) to 3.78 (NC5) and 3.63 eV (co-existence of
GeN, and NC; configurations) indicating the definitive role of
N and Ge doping towards ORR (Fig. 6b). Investigations on
the combination of Ge with N- and P-doped carbons (Ge-
NCNTs-2 and Ge-P-CNTs-2 certainly enhances the ORR ac-
tivity, but still the work function of these catalysts is not
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Fig. 6 a (a) LSV curves for pure
CNTs, doped CNTs, and
conventional Pt/C at a rotation
rate of 1600 rpm. (b) Calculated
work functions for pristine sp>
carbon and the graphite sheets
with different Ge/N mono-co-
doping configurations [157]
Reprinted with permission from
ref. 157 Copyright 2016
American Chemical Society. b (a)
Schematic free energy diagrams
and all relaxed intermediate
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sufficient enough to bring the ORR activity equal to the tradi-
tional Pt/C catalysts. Chang et al. [158] investigated a co-
doped system of Ge with N- and P-doped carbon and found
that the co-doping of P and N effectively reduces the work
function of the ORR intermediates and enhances the ORR
activity of the Ge system (Ge-NP). They also performed
DFT to ascertain the reduced work function and also validate
the Ge-NP catalyst by experimental results. Four different
bonding configurations of Ge-NP were proposed: (i) GeNy,
(i) GePy, (iii) NP-Ge-NP (A-Ge-N,P,), and (iv) NN-Ge-PP
(I-Ge-N,P») (Fig. 6¢).

From the DFT analysis, authors found a higher electron
density around the N atoms and a lower electron density on
P and Ge atoms, indicating a bond polarization around the
heteroatoms. The lower electron density around the P and
Ge atoms is due to the lower electronegativity of P and Ge
compared with N. As a result of the synergistic interaction
between N and P, Ge species, the determined O, adsorption

o*

Reaction Coordinate
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E (V vs. RHE)
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e

Ge-Ns

1-GeN:zP: A-GeN:zP:

charge on the abovementioned 4 models was found to be 0.90,
0.46, 0.25, and 0.47 e . Further, the lower O, adsorption on
the A—Ge—N,P, configuration is found than on the I-Ge—
N,P, configuration and hence A—Ge—N,P, is more favorable
for ORR. Moreover, A—Ge—-N,P, shows an almost zero band
gap compared with all other 3 configurations, further
explaining their better ORR activity. Inspired by DFT calcu-
lations, authors also synthesized the Ge-N-P-rGO, Ge—P—
rGO, and Ge-N-rGO and evaluated their ORR activity in
the 0.1-M KOH electrolyte solution. The electrocatalytic anal-
ysis indicates that Ge—N-P—rGO catalysts show higher ORR
onset and half-wave potentials compared with Ge—P—rGO and
Ge—N-1GO catalysts and even higher than the Pt/C catalyst.
Moreover, the Ge—N-P-rGO catalyst also performs ORR by a
desirable 4-electron transfer process.

Li et al. [159] synthesized the Ge and P co-doped CNTs
(Ge—P—CNTs) and evaluated their ORR in the alkaline elec-
trolyte. Ge—P—CNTs were prepared by a solid pyrolysis of the
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precursors, where first Ge is doped into the CNTs and then P
was subsequently doped. Carboxyethyl germanium
sesquioxide and triphenylphosphine were utilized as Ge and
P sources. Elemental mapping of Ge-P-CNTs indicates the
successful doping of Ge and P atoms into the CNTs. XPS
spectra of Ge-P—CNTs show P-Ge bonding at the 133.5 eV,
and it was about 8.6 at%, in addition to the P-C and P-O
bonding. Further, Ge XPS spectra also show the evidence of
C—Ge bonding. This indicates that Ge can also form a bond
with P and C to give a Ge-P—CNT structure. Electrochemical
ORR analysis indicates that the Ge—CNTs-2 catalysts typical-
ly show similar LSV curves with a feature of undesirable 2-
electron O, reduction reaction. However, after the doping of P
(Ge-P-CNTs-2), electrocatalytic activity is enhanced consid-
erably, with a “n” of 3.8. The synergistic ORR activity of Ge-
P-CNTs-2 is ascertained by the reduced work function of car-
bon surface and hence enhances the electron transfer to O, to
reduce to H,O.

As aunique approach, Li et al. [160] utilized Ge as the pre-
dopant to synthesize S-doped Sg.-CNTs, where Ge is doped
firstly and then S is doped to Ge-CNTs to give Sge-CNTs. The
authors found no Ge species in Sg..CNTg; only S atoms are
found, indicating that Ge atoms promote the S atoms doping
into the CNTs. The repeated test indicates that Ge atoms are
replaced by S in the subsequent doping. The possible reasons
might be that the lower content of Ge might have masked the
surface of Ge after S doping. Another possible reason might
be that Ge totally disappears after the S doping with Ge acting
as the auxiliary dopant for S. This was further confirmed by
the increased S content approximately 2—3 times, in Sg.-CNTs
when compared with the S-CNT catalyst, strongly suggesting
that Ge is the auxiliary dopant for S. The ORR activity inves-
tigation of Ge—CNTs, S-CNTs and the different compositions
of the Sg.-CNT catalyst by CV and LSV measurements sug-
gest that the Sg.-CNT catalyst showed the highest ORR activ-
ity compared with Ge-CNTs and S-CNTs, which the authors
described to be due to the higher doping levels of S by the
auxiliary role of the Ge dopant. However, the ORR activity is
lesser than the Pt/C catalyst. Moreover, keeping in mind the
higher boiling point of Ge, the proposed hypothesis needs to
be further investigated deeply.

Si is one of the elements from the carbon group element;
the electronegativity of Si is much lower than that of carbon
(Si=1.98 and C =2.55) and hence Si-doped carbons need to
be electronically tailored to utilize them effectively for elec-
trocatalytic applications. Recently, Si-doped graphene is
found to have high electrocatalytic activity and stability, espe-
cially Si-doped di-vacancy graphene [161]. Ramasahayam
et al. [162] synthesized P and Si co-doped carbon (SiPDC)
by a microwave synthesis method. A suitable composition of
a renewable source of tannic (C source), phosphoric acid (P
source), and silicon oil (Si source) is subjected to a microwave
radiation to obtain the SiPDC catalyst. The XPS atomic
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composition of SiPDC shows relatively high at% of Si of
about 8.80 and P of about 4.20 at% which indicates the suc-
cessful doping of Si and P into the carbon matrix. In spite of
the higher Si and P contents, SiPDC catalysts show only mar-
ginal ORR activity, far away from the Pt/C catalysts in the
alkaline electrolyte. However, “n” was found to be 3.74 close
to a dominant 4 ¢ pathway. Ramasahayam et al. [163] syn-
thesized a ternary-doped (phosphorus, nitrogen doped, Si)
doped catalyst PNSiDC-3 by utilizing honey as the renewable
C source and silicon oil as Si source, and ammonium phos-
phate as N and P source, by following a similar microwave
synthesis protocol, yet the ORR activity of PNSiDC-3 is ap-
preciable but not efficient enough to meet the state-of-the-art
Pt/C catalyst. Fu et al. [164] synthesized a series of Si-doped
CNTs and investigated their ORR together with the DFT in-
vestigations to validate the Si-doped CNTs towards ORR. Si-
doped CNTs were synthesized by chemical vapor deposition
with xylene as a carbon source and tri-methylphenylsilane as
C and Si sources, respectively. ORR activity investigations of
Si-doped CNTs were found to be higher than the CNTs. The
maximum ORR activity was found with Si-CNTs-2 with a Si
atomic percentage of 1.25 at%. However, the ORR curve pre-
sents a typical two-step reaction pathway producing higher
H,0,. This was further confirmed by the estimation of “n”
which was found to be 3.06 ¢ per O, molecule. However, “n”
is higher than the baseline CNT catalyst 2.17 e, indicating
that Si doping has influence on the ORR activity. DFT calcu-
lations suggest that the Si doping effectively changes the
neighboring carbon atoms surrounding Si which changes the
charge from neutral to negative and hence changes the oxygen
adsorption energies coupled with a lower energy gap between
HUMO and LUMO from 2.75t0 2.21 or 2.01 eV with a single
Si and with Si atom doping (Fig. 7a).

Liu et al. [165] synthesized SiN-CNTs and Si-CNTs by
thermolysis of 3-aminopropyl-triethoxysilane as a N, C, and
Si source, and dimethyl silicone oil as a Si and C source, over
the FeMo/Al,Oj catalyst. XPS analysis shows the confirma-
tion of existence of Si—C and Si—C—O bonds. An electrocata-
lytic ORR study indicates that Si doping certainly enhances
the ORR activity. This was observed in both CV and LSV
measurements where SiN-CNTs show a higher ORR onset
potentials compared with NCNTs. Further, to ascertain the
role of Si towards ORR, the pure CNSs and Si-CNSs were
synthesized and it was found that Si-CNSs show higher ORR
onset potentials indicating the definite role of Si towards
ORR. However, the overall ORR activity of SiN-CNTs is still
lesser than that of the Pt/C catalyst. The number of electrons
transferred per molecule of O, was found to be 2.55 and 3.23
for Si-CNSs and SiN-CNTs, indicating that Si doping en-
hances the electrotransfer to the O, molecule. The performed
theoretical energetic calculations suggest that the energy gap
between HOMO and LUMO of SiN-CNTs with one and two
Si atoms were found to be 2.22 and 1.99 eV compared with
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Fig. 7 a The net charge distributions of C and Si atoms in pure carbon
nanotube (a), Si-doped carbon nanotube with one (b) or two (c) silicon
atoms [164] Reprinted with permission from ref. 164 Copyright 2015
Elsevier. b Typical LSVs of CNTs, As-CNTsl, As-CNTs2, As-CNTs3,
and N-CNTs (b), and N-CNTs, AsN-CNTsl, AsN-CNTs2, AsN-CNTs3,

the non-doped system which was 2.52 eV suggesting that the
electron transfer is easier in the Si-doped system. Moreover, Si
atoms change the O, absorption mode from end-on to side-on
absorption and hence help in performing ORR mostly in a
direct 4-electron pathway.

Abbas et al. [166] synthesized porous Si-doped carbon cat-
alysts in combination with F doping (SiF-PCM) as an efficient
ORR catalyst. Pyrolysis of a mixture of D-glucose, ammoni-
um fluoride, and SiO, nanoparticles and successful etching of
Si0, nanoparticles with HF or NaOH leads to the porous SiF-
PCM catalyst. XPS results indicate a clear indication of no Si—
F bond formation, and it only shows only semi-ionic and ionic
C—F bonds. The estimated atomic percentage of the SiF-PCM
catalyst was found to be Si (0.26%), F (0.64%), and N
(6.56%). 1t is observed that the SiF-PCM catalyst also

(c) si(+0.176)
-0.141 - 0173 _ )
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and Pt-C (b) in O,-saturated 0.1 M KOH aqueous solution at a rotate speed
of 600 rpm. (c) The net charge distributions of C, As, and N atoms in As-
CNT (d) and AsN-CNT (F) [169] Reprinted with permission from ref.
169 Copyright 2016 American Chemical Society

contains a high amount of N and high-resolution spectra of
N which shows the existence of pyridinic-N, pyrrolic-N, and
graphitic-N. Hence, the overall activity of the SiF-PCM cata-
lyst might come from the synergistic interaction of Si, F, and
N. The ORR activity of SiF-PCM is much higher than the
undoped, Si-PCM and F-PCM catalysts and is almost compa-
rable with the commercial Pt/C catalyst, with “n” of 4 ¢ . The
estimated percentage of H,O, is 2.98%, which is almost sim-
ilar to the Pt/C catalyst (2%), indicating that SiF-PCM is a
much effective catalyst compared with the previously
established catalysts. The authors claim that enhanced ORR
activity is due to the Si doping and existence of semi-ionic and
ionic C-F bonds. However, the authors did not consider the
ORR activity of N doping effect of SiF-PCM in this study. In
addition to the analysis of the catalysts for ORR, the authors
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also applied SiF-PCM as the cathode catalyst in microbial fuel
cells (MFC). In a single-chambered MFC configuration, SiF-
PCM catalysts delivered a power density of 1026 mW m 2,
which was higher than 913 mW m ? of a Pt/C catalyst, indi-
cating SiF-PCM as the promising cathode catalyst for MFCs.
Esrafili et al. [167] theoretically proposed a possible role of Si
as the dopant to the boron nitride nanotubes (Si-BNNTs). Two
possible sources of Si doping were found, one near the N site
(Siy) and another one near the B site (Sig), and found that Sig-
BNNT is energetically favorable and the disociative O, reduc-
tion reaction proceeds by a 4-electron process more easily
than Sin-BNNTs. However, such systems have not been syn-
thesized experimentally and it is open to the audience to ex-
plore the synthetic protocols to synthesize Sig-BNNT and ex-
plore the ORR activity experimentally.

Another metalloid which was proposed for ORR is antimo-
ny (Sb). Jeon et al. [168] synthesized metalloid antimony (Sb)—
doped graphene platelets (SbGnPs) via a simple mechanochem-
ical ball milling reaction between graphene and metallic Sb.
During the ball milling reaction, the carbon edges of graphene
react with Sb and form C—Sb bonds. Mechanical ball milling of
the graphite and metallic Sb creates an active carbon and Sb
species, respectively, and they react together to form C-Sb
bonds at the carbon edges. The XPS analysis of SbGNPs ex-
hibits the active Sb>* and Sb>* oxidation states (538.5 and
539.5 eV) of Sb, together with the C—Sb bonds located at
283.6 eV, indicating the successful Sb doping to the graphene
platelets. It is also proposed that Sb>* attaches to the zigzag and
Sb>* attaches to the armchair edges of SbGnPs. ORR activity
evaluation in the 0.1-M KOH electrolyte indicates that SbGnP
exhibits enhanced ORR activity when compared with pristine
graphite indicating that Sb doping has a certain role in ORR
enhancement. Moreover, SbGnPs exhibit excellent durability
even after 100,000 cycles indicating the excellent stability of
the catalyst. However, when compared with Pt/C catalysts, the
SbGnP catalyst shows poor activity. This limitation opens up
the way of research to enhance the ORR activity of SbGnP
catalysts by other means. DFT calculations suggest that the Sb
atoms bonded to two carbon atoms in an armchair and zigzag
fashion which are stable and follow a similar trend in the O,
energy absorption and throughout the ORR pathway. The in-
termediate state of the ORR process shuttles between Sb** and
Sb™* oxidation states and mostly follows the dissociative ORR
pathway to give H,O as a by-product. To the best of our knowl-
edge, this is the only one article describing the ORR activity of
the Sb-doped catalyst; no other reports were found.

Besides its environmental toxicity, arsenic (As) is one of the
VA elements and its similar electronic structure with that of N
and P could be one of the dopants to carbon. The only study
performed on utilizing As, as a dopant, was done by Liu et al.
[169]. The authors of this study used As as a dopant in combi-
nation with N-doped carbon and applied as a cathode catalyst in
alkaline electrolyte. The catalyst was prepared by thermolysis of
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triphenylarsine, and aniline solutions over the FeMo/Al,O; cat-
alyst. As was successfully doped into the CNTs as evidenced by
the existence of As—C. C—As—O bonds in the 42.3 and 44.4 eV
of As3d spectra. The As-doped CNT catalysts show the typical
ORR characteristics (Fig. 7b). Moreover, the ORR activity of
As-doped CNTs enhances substantially with N as a secondary
dopant (As-NCNTs-2); however, the overall activity is still less-
er than that of Pt/C, with a maximum “n” of 3.58 electrons per
O, molecule, This indicates that the activity of As-doped cata-
lysts needs further improvement, in order to utilize for ORR.
DFT theory calculations suggest that the neighboring C atoms
around the As and N dopant change their neutral charge to
negative. As the electronegativity of As (2.18) is less than C
(2.55), charge depolarization occurs and the electroneutrality of
the carbon matrix breaks. Moreover, the energy gap between
HOMO and LUMO decreases from 2.75 to 2.67 and 2.40 after
As doping and As-N doping (Fig. 7c). This would change the
electronic structure favoring the O, adsorption style and enhanc-
ing the electronic transfer kinetics to the adsorbed O,. Though
the As-doped catalyst shows promising ORR activity, other than
this study, we could not find any other articles based on As
doping. It might be due to the toxic nature of As to the environ-
ment; researchers have not focused further in this direction. We
have summarized ORR characteristic and fuel cell performances
of various heteroatom-doped and metalloid-doped catalysts re-
ported in literatures [170-226] as shown in Tables 1 and 2.

Conclusions and future perspectives

Searching of alternative catalysts for fuel cell cathodic
ORR reaction has been the hot topic worldwide last de-
cade. It has been discovered that heteroatom doping dra-
matically boosts the ORR activity. However, the exact
mechanism behind the ORR activity of these doped ma-
terials is still a debatable topic. Precise preparative tech-
niques to perform the doping selectively on the edge car-
bons atoms are still lacking to clearly understand the
structure—property relationship of different doped carbons
towards ORR. A large number of research reports pro-
posed that the heteroatom-doped catalyst could be prom-
ising metal-free catalysts. One should notice that, so far,
all the doped carbons’ electrochemical ORR activity eval-
uation was performed in a very fundamental RDE setup.
However, in order to realize these metal-free catalysts in a
real fuel cell, their power density performance needs to be
essentially performed in a more realistic membrane elec-
trode assembly configuration. Only few reports have been
really tested in a fuel cell configuration. Hence, the gap
between RDE and fuel cell testing needs to be addressed.
Moreover, many doped carbon catalysts have been tested
in alkaline electrolytes, and only a handful of catalysts
have shown a really promising activity in more realistic
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Table 1 ORR characteristic of various metalloid and heteroatom doped catalysts in alkaline and acidic electrolytes

Catalyst Electrolyte ORR onset potential (V) Eip Ref.

Metalloid catalysts
N-Ge—CNTs-2 0.1 M KOH —0.08 vs. Ag/AgCl NR [157]
Ge-NP 0.1 M KOH 0.94 vs. RHE NR [158]
Ge-P-CNTs-2 0.1 M KOH —0.10 vs. Ag/AgCl NR [159]
SGe-CNTs-2 0.1 M KOH —0.149 vs. Ag/AgCl NR [160]
GeN-CNTs-2 0.1 M KOH ~0.12 vs. Ag/AgCl NR [156]
Si-CNTs-2 0.1 M KOH —0.19 vs. Ag/AgCl NR [164]
Si-CNTs 0.1 M KOH —0.02 vs. Ag/AgCl NR [165]
SiF-PCM 0.1 M KOH 0.24 vs. Ag/AgCl NR [166]
AsN-CNTs-2 0.1 M KOH —0.15 vs. Ag/AgCl NR [169]
Si-Fe20/N/C-1_6 0.1 M KOH 1.00 vs. RHE NR [170]

Heteroatom-doped catalysts
C-PCTNB@CNTs 0.1 M HCIO, 0.94 vs. RHE 0.85 [171]
Pristine CN, 0.1 M HCIO4 0.76 vs. RHE 0.59 [172]
N-HCS-1000 0.1 M KOH 0.01 vs. Ag/AgCl 0.748 [173]
CNPS-900 0.1 M KOH —0.192 vs. Ag/AgCl NR [174]
NP-PG-800 0.1 M KOH —0.04 vs. Ag/AgCl -0.27 [175]
NP-CS 0.1 M KOH 0.02 vs. Ag/AgCl -0.11 [112]
N,P-NC-1000 0.1 M KOH 0.01 vs. Ag/AgCl —-0.13 [176]
CPN-NS 0.1 M KOH NR vs. Ag/AgCl 0.868 [177]
HP-NPCs-2 0.1 M KOH —0.02 vs. Ag/AgCl -0.19 [178]
BC 0.1 M KOH ~0.03 vs. Ag/AgCl -0.13 [179]
MPSA/GO-1000 0.1 M KOH 0.01 vs. Ag/AgCl -1.6 [180]
NPBC 0.1 M KOH 0.02 vs. Ag/AgCl -0.11 [181]
NPMC-950 0.1 M KOH —0.02 vs. Ag/AgCl -0.17 [182]
NPMC-1000 0.1 M HCIO4 0.57 vs. RHE 0.36 [183]
PNDC-10 0.1 M HCIO, 0.64 vs. RHE 0.42 [120]
CPAIN-NaCl 0.1 M HCIO4 0.60 vs. RHE 0.42 [184]
NrGO 0.1 M HCIO4 0.64 vs. RHE 0.45 [115]
ING 0.1 M HCIO4 0.59 vs. RHE 0.40 [185]
BCN 0.1 M HCIO4 0.58 vs. RHE 0.45 [186]
FN-OMC 0.1 M KOH NR -0.19 [187]
F-MC (5:1) 0.1 M KOH —0.16 vs. Ag/AgCl -0.28 [188]
NC-D-NH; 0.1 M KOH 1.00 vs. RHE NR [189]
N-PC@G-0.02 0.1 M KOH 1.01 vs. RHE 0.80 [190]
NB-HC 0.1 M KOH ~0.12 vs. Ag/AgCl NR [191]
NHMC-900 0.1 M KOH 1.0 vs. RHE 0.88 [192]
EZIF-C 0.1 M KOH ~0.030 vs. Ag/AgCl NR [193]
N-PC 0.1 M KOH —0.02 vs. Ag/AgCl —0.198 [80]
N-PC/rGO 0.1 M KOH —0.02 vs. Ag/AgCl -0.12 [194]
N-PC 0.1 M KOH —0.07 (Ag/AgCl) —-0.161 [195]
N-PC 0.1 M KOH 0.92 vs. RHE NR [196]
N-PC/CNT 0.1 M KOH 1.03 vs. RHE 0.88 [197]
N-PC 0.1 M KOH 0.88 vs. RHE 0.81 [198]
N-PC 0.1 M KOH —0.08 vs. Ag/AgCl —-0.15 [199]
N-PC 0.1 M KOH 0.06 vs. Ag/AgCl —0.103 [200]
N-PC 0.1 M KOH 0.035 vs Hg/Hgo NR [201]
S, N-NC 0.1 M KOH —0.005 vs. Ag/AgCl NR [202]
N, P, S-PC 0.1 M KOH —0.03 vs. Ag/AgCl -0.17 [203]
N-PC 0.1 M KOH 0.86 vs. RHE 0.70 [204]
N, P-PC 0.1 M KOH 0.92 vs. RHE 0.8 [205]
N-PC 0.1 M KOH 0.89 vs. RHE NR [206]

NR not reported

acid electrolytes, but still far lesser than the Pt/C catalyst.  in acidic electrolytes. Development of novel membrane
Hence, highly active catalysts are badly needed in acidic  electrode assembly architectures is vital for realizing
electrolytes. A multi-heteroatom doping approach could  high-performance fuel cells with doped carbon atoms.
be a right choice as the synergistic effects by heteroatoms  High loading of the doped carbons in the catalyst layers
may help to cross over the bridge of Pt/C catalyst activity, can significantly increases the mass transfer and contact
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Table 2 Fuel cell performance of

various heteroatom doped Catalyst Fuel cell/condition Max power density (mW cm 2) Ref.

catalysts in alkaline and PEM fuel

cells N-CNTs Alkaline/H,-O, 25.5 [207
N-MWCNTs Alkaline/H,-O, 0.92 [208]
N-graphene Alkaline/H,-O, 2.6 [209]
N-carbon film Alkaline/H,-O, 182 [210]
N-NP graphene Alkaline/H,-O, 27 [211]
N-SWCNH Alkaline/H,-O, 30 [212]
N-HC Alkaline/H,-O, 228 [213]
N-C Alkaline/H,-O, 703 [214]
S-rGO Alkaline/H,-O, 2.83 [215]
F-doped carbon Alkaline/H,-O, 15.56 [106]
N,S-graphene Alkaline/H,-O, 19.8 [216]
NP-OMPC Alkaline/H,-O, 90 [217]
NS-MPC Alkaline/H,-O, 21.7 [218]
N,S-MPC Alkaline/H,-O, 88.2 [219]
N,F-carbon black Alkaline/H,-O, 15 [136]
2-C3Ny Alkaline/H,-O, 171 [220]
CNT/heteroatom-doped carbon Alkaline/H,-O, 280 [221]
VA-NCNT arrays PEM/H,-0, 230 [222]
P-CNF PEM/H,-0, 330 [223]
UE-C PEM/H,-0, 180 [224]
g-CN-CNF-700 PEM/H,-0, 460 [220]
PNCEs PEM/H,-0O, 460 [225]
N-CX PEM/H,-0O, 360 [226]
NF-GNF PEM/H,-0O, 170 [134]

resistances issues in MEAs. As doped carbons are more
hydrophilic in nature, applying high loadings can scientif-
ically enhance the overall hydrophilicity of the MEAs and
a proper balance between the hydrophilic/hydrophobic ra-
tio is highly required; otherwise, the MEAs will be se-
verely affected with the product water. Hence, a balanced
catalyst loading, without compromising the overall activ-
ity of the doped carbons, is highly required. All these
facts are true also in the case of metalloid-based catalysts.
We propose the following future perspectives of metal-
free catalysts.

1. Though single heteroatom-doped carbon catalysts
have been paid much attention in terms of reaction
mechanism, dual-, tri-, and multi-doped heteroatoms’
reaction mechanism is still debatable. Hence, more
theoretical simulations together with precise doping-
controlled experiments are indeed deficiently required
for a better understanding of the ORR kinetics.

2. More studies need to be performed to investigate the ef-
fect of edge defects and morphology-induced ORR mech-
anism in various carbon materials such as amorphous car-
bon, CNTs, and graphene.

@ Springer

The exact role of each individual form of heteroatom-
doped sites is still not fully understood, such as the debate
on the ORR activity of graphitic-N and pyridinic-N and
ionic vs semi-ionic vs covalent C—F bonds, as well as
five-membered-S and six membered-S doping sites.
Investigating the practical usability of heteroatom-doped
catalysts especially in practical devices (H,/O, and Hy/
Air), in membrane electrode assembly configuration, to-
gether with the stability evaluation with standard evalua-
tion protocols, is urgently required, in order to realize the
heteroatom-doped catalysts in practical fuel cells.
Development of in situ characterization techniques could
resolve many questions about the nature of active sites in
doped heteroatoms.

Combined theoretical simulations and experimental stud-
ies are indeed highly required for the better understanding
of the reaction mechanisms of doped carbons.

Lastly, efforts also need to take interms of synthesizing the
catalysts in the bulk level, as required for the industry
applications. Hence, scaling the synthetic procedures to
a bulk amount, without compromising the dopant concen-
tration and ORR activity, is a challenging issues that needs
to be resolved.
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