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a b s t r a c t

Oxygen reduction reaction (ORR) is a key step in many electrochemical devices such as fuel

cells and metal-air batteries. However, the reaction proceeds at a significant overpotential

requiring Pt-based catalysts. The scarcity and economical challenges associated with Pt is

one of the major limitations for the commercialization of the devices. In this context, the

electrochemical research community is constantly exploring other low-cost and earth-

abundant materials as ORR catalysts. Carbon nanomaterials are identified as promising

electrocatalysts due to their superb electronic conductivity together with high specific

surface area. However, the low reactivity of carbon is the major limiting factor in the

fabrication of ORR catalysts. Recent studies have proved that chemical modification of the

carbon network (substitution of foreign atoms, Ex: N, S, B, F, P) could alter the reactivity of

carbon nanomaterials for ORR. Many doping strategies have been proposed including

single atom doping, co-doping and multi-atom doping. The heteroatom doped carbons
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MWCNTs
Graphene and bio-waste derived

carbon
have delivered promising results towards ORR in alkaline media. This review presents a

rational approach of doping methods and the electrochemical properties of heteroatom

doped carbons, and we believe that this review could be a guiding material to design

advanced non-noble catalysts for ORR in the coming future.

© 2022 The Author(s). Published by Elsevier Ltd on behalf of Hydrogen Energy Publications

LLC. This is an open access article under the CC BY license (http://creativecommons.org/

licenses/by/4.0/).
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Introduction

Oxygen reduction reaction (ORR) and oxygen evolution

reactions (OER) play a critical role on the performance of

electrochemical devices such as fuel cells, electrolysers, and

metal-air batteries [1]. In particular, for ORR which occurs at

the cathode of fuel cells and the cathode of metal air-batteries

during the discharge. On the other hand, OER occurs at the

anode of the electrolyser during water splitting and the cath-

ode of metal air batteries during the charging process. Fig. 1

shows the applications of oxygen electrocatalysis in various

electrochemical devices. Considering, the importance of oxy-

gen electrode reaction in afor esaid devices, there is an urgent

requirement to fabricate high performance durable oxygen

electrocatalysts. Currently, Pt-based catalysts are preferred for

ORR [2], while IrO2/RuO2 are the state-of-art catalysts for OER

[3,4]. However, these materials are scarce and expensive,

limiting their widespread usage [5]. Alternatively, transition

metal-based electrocatalysts are explored for ORR [6] and

metal oxides/hydroxides are explored for OER [7e9].
Oxygen reduction reaction in alkaline media

As mentioned above, fuel cells are one of the most widely

used electrochemical systems where the ORR catalysts have

an important contribution in the overall performance.

Although, a wide range of fuel cells exists; alkaline fuel cells

have seen remarkable growth over the past decade due to the

rapid development in anion exchange membrane (AEM)

research [10e13]. The use of solid electrolyte minimizes the

problem of electrolyte leakage and carbonate corrosion, also

making the design of the system simple and compact [14,15].

The anion exchange membrane fuel cell (AEMFC) research is

further geared up due to its intrinsic advantages namely

improved reaction kinetics, wider choice of materials due to

its high pH atmosphere [16,17]. In addition, fuel crossover is

minimum in AEMFC configuration as the electro-osmotic

drag is from cathode to anode [17,18]. Despite these

inherent advantages of AEMFC, there are still some chal-

lenges in current AEMFC technology. Poor hydroxide con-

ductivity, weak durability of AEMs, scarcity of robust

http://creativecommons.org/licenses/by/4.0/
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Fig. 1 e Classification of oxygen electrocatalysis and their applications in electrochemical devices.

Fig. 2 e Schematic representation of AEMFC with its

components.
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electrocatalysts, lack of knowledge on operating conditions

such as water management are some of them to name

[19e21]. Potential application of AEMFC in the near future

urgently requires to overcome these issues and to address

open questions by the researchers. Electrocatalysis research

particularly requires a great attention as the performance of

membrane electrode assembly (MEA) is majorly influenced by

the activity of the anode and cathode [22]. In other words, the

hydrogen oxidation reaction (HOR) that occurs at the anode

and the oxygen reduction reaction (ORR) at cathode side of

MEA play a vital role towards the deliverable power output of

any AEMFC system. Fig. 2 shows the AEMFC designed with

anodic and cathodic reactions.

As deduced from many theoretical and experimental

studies, among HOR and ORR in fuel cells, the later one is

more sluggish as it is difficult to break the OeO bonds due to

their high binding energy, 498 kJ mol�1 [23,24]. ORR is

complicated involving multiple steps and intermediate re-

actions. On the other hand, HOR is relatively faster and

straightforward. It is well established that the sluggish ki-

netics of ORR results in significant over potential and is the

major contributor to the performance loss during the opera-

tion of the cell. Further, the sluggish kinetics of ORR demands

higher amount of noble metal catalysts such as Pt, enhancing

therefore the cost of the overall system [25,26]. The ORR can

proceed either 2e� or 4e� path way and the later one is

preferred due to the maximum energy output. In the 2e�

pathway, peroxide is produced as an intermediate product,

leading not only to reducing the efficiency of the cell but also

to accelerating the degradation of AEM and other cell com-

ponents [27].
General principle and mechanism of ORR in alkaline media

As described above ORR is irreversible involving many ab-

sorption and desorption steps with multiple intermediates

such as O, OH, HO�, H2O2. The absorption/desorption kinetics

may vary with the nature of the electrolyte and catalyst used

[28]. ORR starts with diffusion and adsorption of O2 molecules

on the surface of the electrocatalyst followed by electron

https://doi.org/10.1016/j.ijhydene.2022.10.177
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transport from the electrode to the adsorbed O2 and then

breaking of the OeO bonds and removing the formed hy-

droxide ions to the solutions [29].

In alkalinemedia, ORR can proceed either by an associative

mechanism inwhich there is competition between a 4e� and a

2e� process,

O2 þ *¼O2ðadsÞ (1)

O2ðadsÞ þH2Oþ e� /OOHðadsÞ þ OH� (2)

OOHðadsÞ þ e� /OðadsÞ þ OH� (3)

OðadsÞ þH2Oþ e� /OHðadsÞ þ OH� (4)

OHðadsÞ þ e�OH� þ * (5)

*Represents the surface active sites:

Overall reaction : O2 þ 4H2Oþ 4e� /4OH� E0 ¼0:401 V vs: SHE

In this process, oxygen is reduced by 4e� and consequently

4 OH� are produced.

On the other hand, ORR can also follow a 2e� pathway

producing peroxide ions.

O2 þ *¼O2ðadsÞ (6)

O2ðadsÞ þH2Oþ e� /OOHðadsÞ þ OH� (7)

OOHðadsÞ þ e� /OOH� þ * (8)
Fig. 3 e Schematic view of RDE testing setup in a three-electrod

rotating speed of 2000 rpm, (c) LSV curves recorded with RDE fr

catalyst and (d) corresponding K-L plots and electron transfer n
Overall reaction : O2 þH2Oþ2e� /HO�
2 þOH�; E0 ¼

� 0:075 V vs: SHE (9)

Owing to the low solubility of O2 in aqueous solutions, a

robust technique such as rotating disk electrode (RDE) which

involves the forced transport of reactants is commonly

employed to measure the ORR activity of a given catalyst.

RDE consists of a disk electrode of a certain diameter which

acts as a support to the catalyst and is connected to a shaft

that controls the rotating speed (Fig. 3(a)). Generally, the

catalyst is coated on the disc (Ex: glassy carbon) to form a

thin film. This thin film is tested using leaner sweep vol-

tammetry (LSV) to confer various experimental indicators

(Onset potential (Eonset), half-wave potential (E1/2), and

limiting current density (jL) for the ORR activity of the cata-

lyst as shown in Fig. 3(b). Eonset is defined as the potential

where the ORR current starts to increase sharply. Limiting

current density is defined as the maximum ORR current

where the saturation is reached, E1/2 is the potential

measured at half of the limiting current.

These RDE measurements are performed in a standard

three-electrode system containing a reference and counter

electrode controlled (RDE being the third electrode in the

system) by an electrochemical workstation. Koutecky Levich

(K�L) equation is used to correlate the measured electro-

chemical and hydrodynamic properties [30]:

1
j
¼ 1
jL
þ 1
jK
¼ 1

0:62nFC0ðD0Þ2=3v�1=6u1=2
(10)

where jL, jK are diffusion and kinetic limiting current density,

respectively, u is the angular velocity (rad./s), n electron
e configuration (b) typical LSV curve recorded from RDE at

om 400 to 2500 rpm in O2 saturated 0.1 M KOH for Pt/C

umber, reproduced with permission from Refs. [31,32].
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transfer number, C0 and D0 are the bulk concentration and

diffusion coefficient of O2 in the electrolyte, n is the kinematic

viscosity of the electrolyte and k is the electron-transfer rate

constant. K-L plots are derived by measuring current density

at different potentials with respect to rotation rates typically

(400e2400 rpm) (Fig. 3(c)) and then plotting the inverse of

current density (j�1) against the inverse square root of angular

velocity ɷ�1/2 as shown in Fig. 3(d) and the slope of the K-L

plots are used to calculate the electron transfer number.

Another advanced technique named rotating ring disk

electrode (RRDE) (Fig. 4(a)) is used to estimate the reaction in-

termediates and the ORR kinetics simultaneously. RRDE has a

coaxial ring electrode in addition to disk electrode to detect the

formation of these intermediates. The Pt ring of RRDE is set at a

particular potential of 1.3e1.5 V vs. RHE in an alkaline elec-

trolyte. Fig. 4(b) shows the typical RRDE curve obtained for 40%

Pt/C on glassy carbon (GC) based disc and Pt ring. Extent of

intermediates such as hydrogen peroxide yield and electron

transfer number can be calculated from RRDE results directly,

which is an added advantage compared to RDEmeasurements.

Peroxide yield : % ðH2O2Þ¼ 200�
IR=N

ID þ IR=N
(11)

Electron transfer number : n¼ 4� ID
ID þ IR=N

(12)

Butler-Volmer equation is used to explain the h-j charac-

teristics at equilibrium as represented below [33,34].
Fig. 4 e (a) Schematic view of RRDE and (b) ORR polarization curv

in 0.1 M KOH electrolyte saturated with O2, (c) Tafel plots various

at a rotating speed 1600 rpm. Reproduced with permission from
j¼ j0

�
exp

�
aanFh
RT

��
�
�
acnFh
RT

�
(13)

As the oxygen electrode reactions are highly irreversible, it

would be more appropriate to describe the oxygen reaction

currents at higher over-potentials as below.

ja ¼ j0 exp

�
aanFha

RT

�
(14)

jc ¼ � j0 exp

�
acnFhc

RT

�
(15)

Where the subscripts a,c represents anodic and cathodic,

respectively.

Tafel slope b which is obtained by the Tafel equations is a

reaction mechanism indicator, Tafel equations are semi log-

arithmic form of the above equations ja and jc.

ha ¼
RT
nFaa

ln j� RT
nFaa

ln j0 ¼ b ln j� a (16)

hc ¼
RT
nFac

ln j0 � RT
nFac

ln j ¼ a� b ln j (17)

Tafel plots are obtained by the applied potential and loga-

rithmic of kinetic current density as represented below.

Generally, the slope of �60 mV/dec represents a pseudo

two electron reaction as the rate determine step, whereas for

the first electron reduction rate determining step the b value is

observed as �120 mV/dec [37].
es measured using RRDE system at different rotation rates

carbon based catalysts and Pt/C in O2 saturated 0.1 M KOH

Refs. [31,35,36].

https://doi.org/10.1016/j.ijhydene.2022.10.177
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Fig. 5 e Number of articles published on heteroatom doped

CNTs, graphene and bio carbons for ORR in alkaline

medium. (*articles published until July 2022). (Source web

of science using the key words: CNT, graphene, bio carbon,

ORR, alkaline medium).
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Electrocatalysts for ORR in anion exchange
membrane fuel cells

Realizing the importance of non-noble sustainable catalysts

that can catalyze ORR through 4e� transfer is the need of the

hour and has huge potential opportunities as the ORR cata-

lysts and play an important role in stabilizing the AEMFC

performance. Many varieties of electrocatalysts have been

already developed such as transition metal oxides [38],

including perovskites [39], metal sulfides [40], metal organic

framework (MOF) based catalysts [25]. Although the first row

3d elements such as Co and Fe and their derivatives show

promising ORR activity competing with that of Pt. Their poor

electronic conductivity and weak stability hinder their capa-

bilities as best ORR catalysts. Nanocarbon based electro-

catalysts are gaining significant interest in recent times due to

their high electronic conductivity, diverse structures and their

high surface area and porosity that can host large number of

reactants. Nanocarbons have been derived from various earth

abundant sources including bio-waste which is a unique op-

portunity, unlikely to be with other class of electrocatalysts.

Moreover, the electronic conductivity is much better than

transition metal-based electrocatalysts.

Among various carbon nanostructures carbon nanotubes

(CNTs), graphene, bio-waste derived carbons are the major

candidates widely used not only as electrocatalytic materials

but also in various components of fuel cells such as additive in

membranes [41e43], gas diffusion layers and bi-polar plates,

thanks to their good electronic conductivity and robust me-

chanical stability [14,15]. As far as electrocatalysis is con-

cerned, these materials have brought significant possibilities

and revealed exciting opportunities to fabricate non-precious

metal catalysts for various electrochemical reactions namely

ORR and oxygen evolution reaction (OER). However, they were

largely explored as ORR candidates as the OER involves

significantly higher potentials above 1.4 V vs. RHEwhere these

materials are likely to be unstable due to corrosion issues.

Pristine nanocarbons however often suffer from low active

sites and predominantly catalyze the ORR via 2e� transfer

which is not the purpose of their development. Hence several

modification strategies have been proposed such as doping by

heteroatoms in the carbon framework and coupling with

various inorganic and organic nanomaterials. These modified

nanocarbons with unique electronic structure have shown an

accelerated electron transfer and mass transfer during ORR

[16]. Regarding ORR, heteroatom doping of nanocarbons is

largely considered and the resultant compounds with

controlled physicochemical properties are beneficial to cata-

lyze the ORR through 4e� transfer [17].

In this review, we made an attempt to rationalize the

various doping and co-doping strategies developed for CNTs,

graphene and bio-waste derived carbon and their electro-

chemical properties towards ORR in alkaline medium.

Among the various types of carbon, CNTs, graphene and

bio-waste derived carbon are widely explored for heteroatom

doping and studied for ORR activity in alkaline media. Fig. 5

represents the number of articles published on these carbon

based ORR catalysts during the last decade. A timely and

dedicated review on these materials in terms of their ORR
application is interesting to not only for the fuel cell research

community but also for the metal air battery (MAB) field. This

review provides the concise and collective information about

the challenges in ORR, material perspectives and methodolo-

gies. In addition, a brief description about ORR and experi-

mental protocols to measure ORR activity are also discussed.

Although there are some reviews on the ORR catalysts, an

updated and a dedicated review on CNTs, graphene and bio-

sourced carbons is not found in the literature yet. Such re-

view furnishes hence the opportunity to boost the challenging

research activities of great importance for the technologies of

the future.

Carbon nanotubes

CNTs are unique 1D structures formed with cylindrically rol-

led graphene sheets, both single-walled carbon nanotubes

(SWCNTs) and multiwall carbon nanotubes (MWCNTs) rep-

resented in Fig. 6 have been widely explored as catalyst ma-

terials due to their high specific surface area, chemical

stability along with excellent electronic conductivity.

SWCNTs are single rolled graphene sheets having a diameter

range of 0.5e12 nmwith different tube lengths starting from a

fewmicrometers depending onmanufacturing and treatment

techniques. MWCNTs consist of multi rolled layers of gra-

phene inserted one into the others and the number of gra-

phene walls may reach more than 25 walls with an

interspacing of 0.34 nm. The outside diameter of MWCNTs

ranges from 1nm to 50 nmwhile the inside diameter is several

nanometers. From a modification perspective, MWCNTs are

convenient to modify and cheaper to produce in large quan-

tities [44]. Despite these attractive properties, the electro-

chemical properties of CNTs were found to be disappointed

due to surface inertness caused by delocalized p electrons.

The electrochemical stability depends on the degree of

graphitization. Heteroatom doping was particularly beneficial

https://doi.org/10.1016/j.ijhydene.2022.10.177
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Fig. 6 e Structure of (a) a single wall carbon nanotube (SWCNT) and (b) a multi-wall carbon nanotube (MWCNT). Reproduced

with permission form [45].
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to change the electrical nature of carbon and numerous at-

tempts have been made to prepare doped CNTs which alters

the electronic structure of CNTs and makes them active for

ORR. Table 1 summarizes the various hetero atomdoped CNTs

that are recently reported for ORR in alkaline media and their

corresponding electrochemical properties.

Graphene

Since the discovery of graphene, the material research has

taken a new outlook with fascinating properties of graphene

such as electronic, surface, and mechanical properties. Elec-

trocatalysis research is widely benefited from graphene and

its derivatives. Graphene typically represents a single layer sp2

carbon atoms arranged in a regular hexagonal pattern.

Nevertheless, the term graphene is commonly used in the

literature for its derivatives as well often multiple stacked

layers [46]. In the beginning days of its discovery, it has been

proposed as a good support for Pt based catalyst due to its

good electrochemical stability and ability to distribute the

nanoparticle uniformly to provide higher active area. Later,

when the ORR research is turned towards Pt free catalyst,

graphene and its derivatives have been considered as good

candidates to replace Pt especially in alkaline media [47]. The

high surface area together with its graphitic nature and its

chemical tunability made it possible to derive several

graphene-based electrocatalysts for ORR such as heteroatom

doped graphene, metal-heteroatom doped graphene [48]

which will be discussed in the following sections.

Graphene can be derived from many methods including

exfoliation of graphite, CVD and pyrolysis as represented in

Fig. 7(a) [49]. However, the modified Hummers' method was

largely reported to synthesize graphene (Fig. 7(b)).

As far as metal free ORR catalysts are concerned, graphene

has been identified as a standalone electrocatalyst. However,

similar to other high surface area carbon nanomaterials,

pristine graphene exhibited limited ORR activity showing

selectivity of 2e� ORR over 4e� pathway which is undesirable.

As in the case of MWCNTs, heteroatom doping was proposed

to increase the ORR activity of graphene while benefitting

from its other advantageous properties. In fact, graphene is
more suitable for heteroatom doping owing to its chemical

reactivity and ease of tunability. Table 2 highlights the recent

reports on hetero atom doped graphene for ORR in alkaline

media.

Bio-mass derived carbon

Besides CNTs and graphene, electrocatalysts that derived

from bio-waste have been another promising approach to

fabricate a sustainable novel cathode for AEMFC as these

materials are readily available and could be processed using

thermal treatment [50]. Million tons of bio-waste from various

sources such as animal waste, agricultural waste and human

activities are producedworldwide every year. Thus converting

biomass into electrocatalysts is a sustainable solution to

develop large scale electrodematerials also beneficial towards

waste management [51,52]. Bio-waste majorly contains car-

bohydrates as building blocks so it can be a rich source of

carbon. Depending upon the source and pyrolysis tempera-

ture, diverse morphologies can be obtained. In addition,

various heteroatoms belong to intrinsic composition of the

biomaterials hence upon the pyrolysis they transform into

heteroatom-doped carbon matrix. Table 3 shows the various

heteroatom doped carbons derivred from bio-mass and their

ORR properties in alkaline media.
Heteroatom doped carbon design and synthesis

In the beginning days, various types of carbon atoms have

been used as support for the preciousmetals like Pt and Pd due

to their high electronic conductivity, high surface and me-

chanical stability. Nanocarbons, especially, have been shown

to increase the catalyst utilization through wide distribution

of active centers and thus reduce the catalysts loading [53,54].

However, pristine nanocarbons are inferior to ORR activity

due to the lack of electrocatalytic active centers. Later on,

intensive efforts have been made to increase the ORR activity

of these nanocarbons by structural and chemical modifica-

tions to modify their electronic structure. Among them, het-

eroatom doping with N, S, B, and P has been shown to be a

https://doi.org/10.1016/j.ijhydene.2022.10.177
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Table 1 e Varies heteroatom doped CNTs reported in the literature for ORR in alkaline media.

Catalyst Doping method Doped element (s) % ORR onset potential (V)/ Half wave potential Electron
transfer number

Ref.

N-CNT In-situ, alumina template N-8 at% �0.05 vs Ag/AgCl NR 3.8 [65]

N-CNT ball milling process N e 3.1 at% �0.159 V vs Ag/AgCl NR 3.3 [67]

PN-ACNT injection-assisted CVD method

of TPP

P - 0.8 at%

N - 2.9 at%

�0.09 V Vs PteC/GC electrode NR 3.67 [77]

N-CNT floating catalyst CVD method

using ferrocene, pyridine or

acetylene and argon

N - 3e6% �0.22 V VS nonaligned CNT NR 3 [94]

N-UCNT pyrolysis of oxidized unzipped

carbon nanotubes

N e 6.65 at% �0.08 V vs N-CNT NR 3.38 [95]

SN-CNT by the pyrolysis of 65 N-doped

CNTs with sulfur precursor.

S e 0.18 at.%

N e 3.02 at.%

0.56 V vs Ag/AgCl NR 3.4 [80]

B-MWCNTs thermal annealing in boric acid B e 1.51e2.37 at% NR NR 3.3 [71]

B - CNT e 2.24 at% 2.5 [96]

BN-CNTs direct synthesis or post-

treatment methods

N e 1.39e1.57 at%

B e 0.35e1.68 at%

NR NR NR [97]

CoeN/MWCNT wet impregnation and heat

treatments

Co e 0.8 at%

N e 6.7 at%

þ0.55 V vs RHE NR NR [98]

M/N-CNTs, M ¼ Fe, Co, Ni solid-state thermal reaction Co/N-CNT 0.94 V

Fe/N-CNT 0.96 V

Ni/N-CNT 0.91 V

Co/N-CNT 0.84 V

Fe/N-CNT 0.81 V

Ni/N-CNT 0.73 V

Co/N-CNT 3.9

Fe/N-CNT 3.85

Ni/N-CNT 3.76

[99]

Fe-NCNT pyrolysis of multi-walled

carbon nanotubes in

N e 3.3 at%

Fe e 1.6 at%

�0.12 V vs SCE �0.31 V vs SCE NR [88]

Co-NCNT pyrolysis of melamine

formaldehyde

N e 8.04 at%

Co e 0.58 at%

0.874 V vs RHE 0.041 V vs RHE 3.7 [100]

CNT@Fe-N-PC one-step pyrolysis. N e 5.5 at%

F e 0.3 at%

þ0.06 V vs RHE 0.82 V vs RHE 4 [101]

CoeN-CNT/FeeN-CNT synthesized by pyrolysis of

MWCNT

CoeN-CNT: N e 2.2 at%

Co e 0.3 at%

FeeN-CNT: N e 2.7 at%

Fe e 0.2 at%

CoeN-CNT: 0.09 V vs Ag/AgCl

FeeN-CNT: 0.04 V vs Ag/AgCl

CoeN-CNT: �0.22 V vs Ag/AgCl

FeeN-CNT: �0.43 V vs Ag/AgCl

CoeN-CNT: 3.4

FeeN-CNT: 3.6

[102]

Fe,N-MWCNT carboxylic functionalization N e 4.39 at%

Fe e 0.24 at%

1.0 V vs RHE 0.91 V vs RHE 4 [103]

CNx/CBx-GNR thermal annealing in ammonia

and boron oxide

N e 11.1 at%

B e 11.3 at%

�0.08 V vs Pt/C NR 3.91 [104]

NeF/GNFs synthesized using melamine

and ammonium fluoride as

N e 13 at%

F e 1.1 at%

�0.018 V vs Pt/C þ0.08 V vs N/GNF

þ0.05 V vs F/GNF

�0.14 V vs Pt/C

4 [105]

BxCNT-NH3 CVD using TPB, benzene, and

ferrocene, then thermal treated

in NH3

B 0.84e1.93 at%

N 0.58e2.19 at%

�0.31 V NR 2.5 [82]

NCNTs scalable floating catalyst

method

N e 4.1% 0.96 V vs RHE 0.78 V vs RHE 3.92 [106]

PCNT direct hydrothermal treatment

of a CNT-H3PO4 mixture at

P e 1.66 at% �0.2 V vs Hg/Hg2Cl2 NR 2.6 [76]
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successful strategy to change the electron distribution of

dopant and adjacent carbons due to the difference between

the size and the electronegativity of carbon and those of the

heteroatoms. Constructing defects in carbon framework are

also shown to influence the physicochemical properties

substantially.

Several methods have been explored for the fabrication of

heteroatom doped carbons (Fig. 8), and these methods are

mainly classified into two: (i) in-situ doping during or (ii) post-

synthesis doping. For the in-situ approach, the precursor or

source of the chosen heteroatom is added into the synthesis

process of carbon, where the formation of the graphitic lattice

is observed with the direct bonding between the heteroatom

and carbon. CVD, hydrothermal, sol-gel, templating, high

temperature pyrolysis are commonly employed methods to

prepare in-situ doped carbon materials. However this method

has some bottle necks such as the density of the formed cat-

alysts which is not high enough and the synthesis procedure

is not easily controlled and further requires sophisticated

equipment. In the ex-situ method, the heteroatom precursors

are mixed with pre synthesized carbon (MWCNT/graphene/

bio-carbon) and annealed at high temperatures. For example,

melamine, boric acid are the commonly used precursors for N

doping and B doping, respectively. In the ex-situ approach,

most of the heteroatoms are on the surface and few of them

enter into the carbon framework. This is the reason why the

resultant catalysts exhibit low heteroatom content, in addi-

tion the other bottle neck is their ponderous procedures.

Nitrogen-doped CNTs

Owing to the similar atomic size of nitrogen and carbonwhich

prevents lattice distortion of the carbon nanomaterials, N

doping in the sp2 carbon network is the most explored

approach among all other heteroatom doping methods [59].

The N doping in carbon framework induces a positive charge

on neighboring carbons due to the large difference in their

respective electronegativity values (3.07 for N and 2.55 for C).

The positively charged carbons could easily act as an electron

donors to the oxygenmolecule (O2) to improve its dissociative

adsorption. After the pioneering work by Kuanping Gong et al.

in 2009 [60] that revealed excellent ORR properties of vertically

aligned N doped CNTs prepared from the pyrolysis of iron(II)

phthalocyanine, numerous studies have reported the use of

NCNTs as metal-free catalyst for ORR in alkaline electrolyte.

Subsequently, various nitrogen sources such as ethylenedi-

amine (EDA), pyridine (Py), poly aniline have been explored for

in-situ N doping during the growth of CNTs. In addition, mel-

amine, urea and NH3 vapors were used as post synthesis

precursors, depending upon the nature of source, concentra-

tion of doping is affected and thus ORR activity. Zhu Chen

et al. synthesized NCNTs using EDA and pyridine (Py) as the

nitrogen sources in presence of ferrocene using CVD tech-

nique [61]. The concentration of nitrogen in NCNTs was 5.58,

3.41 at.% when used EDA and pyridine as N source, respec-

tively. Coming to ORR activity, EDA treated NCNTswere found

to be more active which shows a limiting current 3 times than

the Py-NCNTs and better half wave potential and onset po-

tentials along with better electron transfer and these results

are directly correlated to nitrogen content. It is established

https://doi.org/10.1016/j.ijhydene.2022.10.177
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Fig. 7 e (a) Classification of graphene synthesis methods (b) Chemical synthesis method for graphene from graphite.

Reproduced with permission from Ref. [49].
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that the ORR activity of NCNTs are directly related to the ni-

trogen content, efforts have been made to increase the ni-

trogen doping level by exploring the variety of methods/

precursors. Using floating catalyst CVD method, NCNTs were

obtained with 8.6 at.% of N from the mixture of ethylene and

melamine [62]. The ORR activity of this NCNT is very much

similar to that measured with Pt/C in alkaline media.

Although, it is believed that the total nitrogen content is

responsible for the ORR activity on NCNTs, but later the re-

searchers tried to establish the relationship between the

different configurations of nitrogen andORR activity. N doping

of carbon sp2 network results in different type of nitrogen-

containing groups: namely pyridinic, pyrrolic, quaternary (or

graphitic) and pyridinic-N-oxide. Fig. 9 shows these nitrogen-

containing functional groups and their binding energy

deduced from XPS investigations.

It is highly debatable point that which of these four con-

figurations is actually responsible for ORR activity on N-doped

carbons. The recent literature reports suggests that pyrrolic N

and N-oxide are least responsible for ORR activity, contrary,

graphitic N and pyridine N are active for ORR due to their

favorable electronic structure for the splitting of OeO bond

[64]. Varies studies have reported the synthesis of NCNTswith

different pyrrolic, pyridinic and graphitic N content by

changing the pyrolysis temperature (Fig. 10aed). For example,

NCNTs synthesized from poly(2-methyl-1-vinylimidazole) by

alumina template method [65], has 4.6 at.% of pyridinic N,

0.2 at.% of pyrrolic N and 3.3 at.% of graphitic N. RDE studies

revealed that these NCNTs had comparable ORR activity in

alkaline electrolyte with 4e� transfer. The ORR activity of

NCNTs was attributed to multiple factors such as improved

electrical conductivity due to conjugation effect and improved

work function. Based on these observations, it was proposed

that increasing graphitic N, pyridinic N and decreasing pyr-

rolic N is the best strategy to get maximum ORR activity as

shown in Fig. 10 (e) and further this was also proved by DFT
calculations [66]. In addition to the in-situ doping, it was well

established that, the N doping can also be achieved using post

synthesis doping. Thermal annealing of CNTs with nitrogen

rich precursors (melamine, urea, ammonia, dicyandiamide

etc.) at temperatures 100e600 �C could potentially result in

NCNTs. Asmentioned above, the overall nitrogen content and

its configurations changes with the precursor. It was reported

that melamine is a potential nitrogen precursor compared to

urea to get maximum pyridinic/graphitic N. Under similar

conditions, melamine treated CNTs showed 43% higher pyr-

idinic/graphitic N compared to urea treated CNTs [67].

Consequently, NCNTs derived from melamine showed lower

ORR over-potential (393 mV) compared to the NCNTs derived

from urea (424 mV). Similarly, it was reported that 60% of

higher N content was found in NCNTs derived from cyana-

mide compared to the NCNTs derived from dicyandiamide

[68]. In the total N content, pyridinic-N constitutes 59 at.%,

quaternary-N 16 at.% and pyrrolic-N 25 at.% in case of DCDA

sourced NCNTs while for cyanamide sourced NCNTs it was

pyridinic-N 54 at.%, quaternary-N 13 at.% and pyrrolic-N

33 at.%. And among these two prepared NCNTs, the former

showed higher ORR activity despite lower N content than the

later highlighting the strong dependence of ORR activity on

the nitrogen configuration rather than the total nitrogen

content. These results further confirmed that the choice of N

precursor plays a key role in delivering outstanding ORR

properties of NCNTs. The presence of these configuration on

the sample depends on pyrolysis temperature. Thermal

annealing of polyaniline and CNTs at 600 �C resulted high

amount of pyrrolic N while annealing at 700 �C resulted high

pyridinic and graphitic N [64]. However better ORR activity

was found for the NCNTs obtained at 700 �C. It was explained

by the maximum concentration of pyridinic/graphitic N con-

centration which are reported to be ORR active species while

the pyrrolic N was reported to be ORR inactive which was

predominant in NCNTs obtained at 600 �C as shown in

https://doi.org/10.1016/j.ijhydene.2022.10.177
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Table 2 e Varies heteroatom doped graphene based catalysts reported for ORR in alkaline media.

Catalyst Doping method Doped element (s) ORR onset potential (V)/ Half wave potential Electron
transfer
number

Ref.

N-RGO facile, catalyst-free thermal

annealing approach in

N-10.6 at.% �0.25 V vs commercial Pt/C

electrode

NR 3.7 [156]

N-Gr thermal exfoliation method NR �0.12 V vs Ag/AgCl 0.032 V vs SCE 3.2 [110]

N-Gr Synthesizing of graphene oxide

(GO)/melamine gel mixture

N e 2.48 at.% �0.07 V vs Pt/C NR NR [157]

N-RGO hydrothermally synthesizing of

graphite oxide (GtO) and

melamine

N e 4.7% �0.155 V vs Ag/AgCl NR 3.28 [158]

N-rGO one-step doping procedure N e 12.9 at.% 0.88 V vs RHE 0.76 V vs RHE 3.66 [117]

N-Gr Pyrolysis of FeCl3 and

cyanamide

N e 4.0%

N e 12.0%

0.47 V vs Ag/AgCl NR 3.82 [140]

N-Gr mild tip-ultrasonic method N e 2.38% 0.73 V vs. RHE NR 3.2 [159]

N-rGO electrochemical dopingmethod N e 6.8 at.% �0.19 V vs Ag/AgCl NR 3.4 [111]

NGS carbonization of chitosan film

deposited on g-C3N4

nanosheets

N e 4.12% 0.98 V vs RHE NR 3.5 [160]

N-pGF heat treatment N e 6.63 at.% �0.19 V vs Ag/AgCl �0.064 V vs Ag/AgCl 3.9 [119]

N-MG hydrothermal treatment N e 2.8 at.% 0.93 V vs RHE NR NR [161]

Fe3O4/N-GAs hydrothermal self-assembly

and thermal treatment

Fe3O4 e 46.2 wt%

N - 3.5 wt%

�0.19 V 3.72 [162]

S-graphene directly annealing graphene

oxide (GO) and benzyl disulfide

(BDS) in argon

S-1.35 wt% - �0.8 V vs Pt/C catalyst NR 3.82 [127]

N/S-G synthesized and sequential

thermal annealing

N e 1.02 at.%

S e 1.32 at.%

þ0.09 V vs other N/S - G �0.093 V vs other N/S - G 3.47 [131]

NSG synthesized by a simple two-

step method

N e 9.05 at.%

S e 1.65 a.t%

0.06 V vs Ag/AgCl NR 4 [163]

3D S-GNs heat treatment S e 12.8 wt% 1.0.1 V vs 3D GNs NR 3.51 [128]

FeeN-graphene simple and scalable synthesis N e 0.86e6.8 at.%

Fe e 1.05e2.57 at.%

0.07 V vs N-graphene

0.08 V vs Pt/C

NR 3.99 [164]

Co/NrGO thermal treatment N e 3.68 wt%

Co e 10 wt%

�0.06 V vs Pt/C NR z4 [146]

Fe/N/graphene thermal treatments N e 3.5 wt%

Fe e 1.4 wt%

0.98 V 0.83 V 3.9 [148]

FePc/ERGO electrochemical reduction N e 4.0 at.% þ0.045 V vs Pt/C NR 3.94 [165]

EA-SFeNG synthesized via facile ball

milling and followed by

pyrolysis process.

NR 1 V vs RHE 0.848 V vs RHE 3.81 [166]

Co/NeC -graphene hybrid one-step pyrolysis of cobalt

nitrate, sucrose and urea

Co e 0.47 at.% �0.069 V vs SCE �0.02 V vs Pt/C 3.3 [139]

(continued on next page)
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Table 2 e (continued )

Catalyst Doping method Doped element (s) ORR onset potential (V)/ Half wave potential Electron
transfer
number

Ref.

Co3O4/NSGF hydrothermal method S e 3 at.%

N e 0.6 at.%

Co e 4.1 at.%

0.46 V vs SCE 0.034 V vs. SCE 4 [167]

CoeN�GA hydrothermal method RH 0.88 V vs RHE 0.73 V vs RHE 3.75 [168]

LaNiO3/N,S-Gr synthetization N e 4.4 at.%

S e 3.5 at.%

�0.05 V vs Ag/AgCl �0.18 V vs Ag/AgCl 3.7 [169]

Gr-FePc Modified Hummers' method FePc e 50 wt% NR þ0.05 V vs Pt/C catalyst 3.96 [170]

CoO�rGO(N) incorporating CoO onto

nitrogen-doped reduced

graphene oxide

Co e 6.88 at.%

C e 72.85 at.%

N e 4.03 at %

O e 16.24 at.%

þ0.95 V vs Co3O4/(N-rmGO) and

MnCo2O4/N-rmGO

0.83 V vs Co3O4/(N-rmGO)

and MnCo2O4/N-rmGO

3.75 [171]

PGF-Fe-NBP hard- templating method P e 0.43 at.%

Fe e 0.3 at.%

B e 17.52 at.%

N e 13.12 at.%

0.95 V vs RHE 0.84 V vs RHE 3.8 [172]

Co4N/NG One step synthesis Co e 5 at.% 0.91 V vs RHE 0.77 V vs RHE 3.6 [144]

Fe-WO3 NF/NG) one-step thermal treatment W e 1.01 at.%

Fe e 0.96 at.%

N e 6.8 at.%

0.98 V vs 0.85 V vs 3.97 [173]

MnO/CoeN-G (MnO/Co carbonization process N e 1.91 at.%

Mn e 0.34 at.%

Co e 0.32 at.%

NR �0.116 V vs Hg/HgO 3.89 [174]

Fe3Co@NG-C synthesis of a NPME composed

of Fe3Co alloy

nanoparticles encapsulated

N e 6.1 at.% 1.067 V vs RHE 0.886 V vs RHE 3.9 [175]

FN3SG pyrolyzing cheap, nontoxic,

and eco-friendly

S e 0.95 at.%

F e 1.09 at.%

N e 6.39 at.%

0.988 V vs RHE 0.803 V vs RHE 3.97 [137]

FePc-33/N-GP950 pyrolysis under NH3

atmosphere

N e 1.7 at.% 0.97 V vs RHE 0.89 V vs RHE NR [147]

Cu@NG thermal decomposition proces Cu e 0.82 wt % 0.94 V vs RHE 0.84 V vs RHE 4 [176]

Co@NG facile annealing strategy Co e 1.3 wt% 0.97 V vs RHE 0.87 V vs RHE 4 [143]

AleN-Gr thermal annealing treatment Al e 0.53 at.%

N e 8 at.%

0.99 V vs RHE 0.86 V vs RHE 3.9 [177]

P-CD/Gr biomass-deriving method P e 2.31 at.% NR NR 3.87 [130]

BNr-GO synthesized using a modified

Hummer's method

N e 0.6%

B e 1.4%

0.84 V vs RHE 0.77 V vs RHE 3.93 [135]

BeF-rGO and NeF-rGO high temperature pyrolysis

method

NR BeF-rGO

0.8 V vs RHE

NeF-rGO

0.78 V vs RHE

NR BeF-rGO 3.54

NeF-rGO 3.41

[134]

Fe3C@Fe/N- polymerization of dopamine on

GO and thermal annealing in Ar

Fe e 6.24 wt% 0.003 V vs Pt/C NR 3.6 [149]
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Fig. 10(a). Similarly, thermal annealing of CNTs under NH3 [63]

at low temperature (500e700 �C), predominantly resulted in

pyrrolic and pyridinic type N species in NCNTs while at tem-

peratures as high as 800 �C, quaternary and pyridinic N-oxide

are also incorporated. ThemaximumORR activity was, in that

case, obtained for NCNTs bearing higher content of quater-

nary N species.

Besides varying the temperature, there are other parame-

ters such as tube length, diameter and the nature of the pre-

cursor making it difficult to selectively introduce N

functionalities. A different approach was proposed by Tiva

Sharifi et al. [69] who have not focused their work on con-

trolling N species type during the growth of NCNTs but con-

verted a particular type of N-functionality into another type

from already synthesized NCNTs by post thermal treatment

(Fig. 10f and g).

It was reported that thermal treatment of NCNTs at 1000 �C
in the N2 atmosphere produced the most active ORR catalyst

and the activity of NCNTs was correlated to the quaternary N

valley sites while quaternary N center and pyridinic N

contributed to lower the onset potential and similar results

were obtained by Lai et al. for N doped graphene [70]. By

rationalizing these literature reports, one needs to understand

that the ORR activity of NCNTs is influenced by the several

parameters such as themethod of doping (in-situ/ex-situ), type

of N source, pyrolysis temperature and quantity of particular

nitrogen functionality present in NCNTs.

Boron-doped CNTs

Boron also has closer atomic size that of carbon and just an

electron less than the nitrogen, hence its substitution in car-

bon network is also feasible without changing the structure of

the original carbon material. However, contrary to nitrogen,

boron is an electron deficient atom and the electronegativity

difference between B and C is much higher than that of N and

C. As a result, incorporation of B in the carbon p conjugated

system could transform the electron deficient B to an electron

donor. Moreover, owing to the fact that O2 adsorption is likely

to occur on the positively charged species [71], the electron

deficient B could be a promising guest for O2 adsorptionwhich

is the primary condition in the ORR process [72]. Inspired by

the excellent results demonstrated for NCNTs, many efforts

have beenmade to fabricate boron doped CNTs and explore its

ORR activity. Similar to NCNTs, boron doped CNTs can also be

obtained by CVD method where the carbon and boron pre-

cursor weremixed in presence of a catalyst. For example, CVD

of benzene and triphenyl borane (TPB) in presence of ferro-

cene had resulted the boron doped CNTs with maximum of

2.24 at.% of boron [72]. On the other hand, similar doping level

of boron (2.37 at.%) was achieved by post synthesis doping

through thermal annealing of CNTs with boric acid in inert

atmosphere at 1000 �C [71]. It was established fromXPS results

that boron substituted in carbon lattice exhibits different

bonding configurations such as B3C, B4C, BCO2, and BC2O as

shown in Fig. 11aec). The correlation between B content in

BCNTs and the ORR activity in alkaline media was established

(Fig. 11). It was found that ORR activity was proportional to B

content. However, the electron transfer number obtained for

these BCNTs is way below 3whichwas likely a dominating 2e�

https://doi.org/10.1016/j.ijhydene.2022.10.177
https://doi.org/10.1016/j.ijhydene.2022.10.177


Table 3 e Various heteroatom doped bio-carbon based catalysts reported for ORR in alkaline media.

Catalyst Doping method Doped element (s) ORR onset
potential (V)/

Half wave
potential

Electron
transfer
number

Ref.

Co/N/C (Nitrogen, cobalt-

codoped carbon

electrocatalyst)

hydrothermal and heat treatment Co e 4.78 at.%

N e 1.02 at.%

�0.005 V vs Co/C NR 3.8 [198]

Fe/N/C (Fe/CeSOYB) thermal treatment Fe e 3.97 wt% 0.84 V vs Pt/C 0.68 V vs Pt/C 3.1 [197]

Nitrogen-doped carbon facile synthesis method with

inclusion of FeCl3

NRn 0.975 V vs RHE 0.86 V vs RHE 3.5 [190]

CS2eFe (N-doped highly porous

carbon)

carbonizing pig bones in FeCl3 NR þ0.025 V vs Pt/C �0.035 V vs Pt/C NR [199]

AB (self-nitrogen-doped porous

carbon)

thermochemical treatments

(pyrolysis, chemical activation and

doping),

N e 7.65 at.% �0.145 V vs Pt/C NR NR [200]

NGR (nitrogen doped graphitic

carbon)

simultaneously graphitization and

nitrogen doping of nano crystalline

cellulose

N e 0.66 at.% 0.958 V vs RHE

�0.042 V vs Pt/C

NR 3.7 [193]

FeeN/C (iron and nitrogen co-

doped carbon)

one-step pyrolysis of the mixture

of FeCl3 and the low-cost biomass

soybeans in

Fe e 0.24 wt% 0.91 V vs RHE 0.821 V vs RHE 3.4 [201]

BY-Fe-A (Biomass-derived

porous heteroatom-doped

carbon spheres)

hydrothermal treatment process

and subsequent carbonization

procedures

Fe e 1.7 wt% 0.985 V vs RHE 0.861 V vs. RHE 3.86 [189]

NeP/CC (NeP co- doped coffee

carbon)

solvent purification methods and

carbon synthesized withmelamine

and triphenyl phosphine

N e 3.54 at.%

P e 1.15 at.%

0.99 V �0.18 V vs RHE 3.98 [202]

FeeNeC catalysts (Biomass

based iron and nitrogen co-

doped 3D porous carbon)

pyrolysis of the

mixture containing red date, iron

(II) acetate, and g-C3N4 to

Fe e 0.66 at.%

N e 14.83 at.%

NR NR 3.71 [182]

D-PC (defective porous carbon

from Seaweed Biomass

catalyst)

N-doping-removal process using

SA

N e < 0.1 at% 1.01 V vs RHE 0.83 V vs RHE 3.72 [203]

HDCA-X (heteroatom (N, S, and

Fe) ternary doped porous

carbons aerogel)

Pyrolysis using cocoon N e 2.88 at.%

S e 0.06 at.%

0.94 V vs RHE 0.79 V vs RHE 3.88 [204]

T-NFC (nitrogen (N) and

fluorine (F) co-doped porous

carbon material)

one-step annealing process N e 2.8 at.%

F e 2.2 at.%

0.81 V vs RHE 0.66 V vs RHE 3.8 [205]

CoNASS (nitrogen and cobalt

dual-doped porous biocarbon

electrocatalysts)

Two step method N e 1.92 at.%

Co e 2.71 at.%

0.87 V vs RHE 0.786 V vs RHE 3.84 [206]

FeeNePC (FeeN co-doped

porous carbon materials)

One-step pyrolysis strategy using

soybean straw biomass

N e 6.24 wt%

Fe e 1.79 wt%

0.989 V vs RHE 0.854 V vs RHE 3.97 [207]

SKHD (N-doped carbon

synthesis from

Sargassum spp)

Pyrolysis and acid treatment N e 0.2%

S e 2.63%

0.82 V vs RHE NR 3.94 [208]
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process and was far away from the commercial Pt/C and

hence further tuning of BCNTs is indeed important to reach

the benchmark ORR activity.

Phosphorous-doped CNTs

Being a nitrogen family member, phosphorus has similar

electronic properties than nitrogen but bigger in size which

makes it difficult to substitute it within the carbon lattice. This

is the reasonwhy P dopingwas not verywell explored [73]. But

still it was established that P doping can alter the electron

donor properties of carbon materials to host oxygen mole-

cules for the reduction. Similar to nitrogen, phosphorus can

also act as electron donor to carbon nanomaterials and in-

duces a shift in Fermi level to conduction band [74]. P is often

bonded to O and/or C in the heteroatom doped carbon struc-

tures. P doping in sp2 carbon matrix was reported to show

excellent thermal and electronic conductivity [75]. This is the

reason why P doped nanocarbons have been also considered

to prepare ORR catalysts. Meng-Qing Guo et al. [76] have

developed P-doped CNTs prepared by the hydrothermal

treatment of CNTs and H3PO3 is one possible way to dope P in

CNTs (Fig. 12(a)), It was reported that various bonding con-

figurations such as PeC, PeO and P]O tend to exist in PCNTs

(Fig. 12(b)). The phosphonate functional groups containing

oxygen could tune the electronic properties of CNTs andmade

them as a promising catalyst for ORR. The ORR activity of

PCNTs obtained in alkaline electrolyte was superior to that of

pristine CNTs. However, the catalytic activity remained rela-

tively lower compared with another heteroatom doped CNTs.

Further understanding and effective doping strategies are

necessary to consider PCNTs as a viable option for cathode

catalyst in AEMFC.

Co-doped CNTs

Although, N doping was largely explored to prepare an effi-

cient ORR catalyst, co-doping of Nwith other elements such as

P, B and S was also considered to further boost the catalytic

activity by taking advantage from both of the heteroatoms.

Many research studies have proved that co-doped CNTs out-

performed single doped CNTs due to synergistic effects

[77e79]. For example, co-doping of nitrogen and sulfur

together in the carbon lattice could change the charge density

and spin density and thereby its electronic structure. It was

reported that, inclusion of sulfur in NCNTs changed the state

of N species and alter the spin and charge distribution over the

carbon networkwhich facilitated the electron transfer for ORR

[80]. As a result, the ORR on NSCNTs proceeds with 4e�

transfer while it was a mixed 2e� and 4e� pathways on

NCNTs. On the other hand, co-doping of nitrogen and boron

also benefit from the synergistic effects where the electron

rich nitrogen favors the activation of the sp2 carbon while

electron deficient boron (Bþ) acts as active site for oxygen

adsorption. Thus, in the BCN nanotubes, B and N were in

conjugation with p-carbon and activate its electrons for

favorable O2 reduction [81]. It was reported that a single pre-

cursor melamine-diborate can be used to derive N,B co-doped

CNTs through CVD method. The resultant vertically aligned

co-doped CNTs (VA-BCN) have 85.5% of carbon, 10.3% of

https://doi.org/10.1016/j.ijhydene.2022.10.177
https://doi.org/10.1016/j.ijhydene.2022.10.177


Fig. 8 e Classification of commonly usedmethods to prepare heteroatom doped carbon catalysts. Reproduced with permission

from Refs. [55e58].
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nitrogen and 4.2% of boron. The vertical alignment of the

CNTswas proved to be beneficial to the diffusion of electrolyte

ions and oxygen molecules during ORR. As result of syner-

gistic effect, B, N co-doped CNTs can be considered as better

catalysts for ORR than the N doped CNT or B doped CNTs, in

terms of ORR overpotential, these BCN showed 20% lower

value than NCNT and 100% lower value than BCNT in 0.1 M

KOH. However, to get the real insight into the effects of B, N

co-doping on the ORR activity, it is also important to under-

stand the bonding configurations of boron and nitrogen in the

carbon lattice. For example, if B and N are bonded (BeN)

together, owing to their opposite ionic forms (Bþ, N�), the

electroneutrality of the sp2 carbon will not be broken, in other

words the electronic structure of carbon remains unchanged,

so in this case BN doped CNTs behave like pristine CNTs. If N

and B are only bonded separately to the carbon (CeN and CeB

bonds and no bonding between B and N), then the electronic

structure of CNTs would be effectively modified for favorable

O2 chemisorption and consequently an excellent ORR catalyst.
Fig. 9 e Various configurations of nitrogen doping of graphite f

N2: pyrrolic, N3: graphitic, N4: N-oxide. Reproduced with permiss
This was experimentally proven by Yu Zhao et al. who have

prepared two kinds of BNCNTs (with BN bonded and B, N in-

dividual) [82]. They have correlated the ORR activity to the

bonding configuration of boron and nitrogen and claimed that

the ORR peak current density was almost three times higher

for BCNTs where B, N are sufficiently spread over the carbon

lattice compared to BCNTs where B, N are bonded to each

other as shown in Fig. 13.

Similar kind of beneficial effect was also reported in the

case of phosphorus and nitrogen co-doped CNTs. Owing to the

larger atomic size of phosphorus than carbon, this latter can

induce substitutional defects in carbon framework and alter

the electronic properties behaving as n-type donor (Pþ) [83].
Inversely, the p-type donor N could induce a net positive

charge on the adjacent carbon breaking electrical neutrality of

sp2 carbon framework to participate in electron transfer for

the reduction of O2. P, N co-doped vertically aligned CNTs

synthesized by the CVD of pyridine, and triphenylphosphine

have very low phosphorus content 0.8 at.% due to the larger
ramework along with their binding energies. N1: pyridinic,

ion from Ref. [63].

https://doi.org/10.1016/j.ijhydene.2022.10.177
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Fig. 11 e (aec) Different configurations O2 adsorption on B-CNTs (d) comparison of ORR activity with various boron content in

CNT. Reproduced with permission from [71].

Fig. 10 e (aed) N1s XPS spectra of NCNTs samples obtained at different pyrolysis temperature (600, 700, 800 and 900 �C,
respectively). (e) Dependence of ORR activity on nitrogen content (f) modification of pyrrolic N to quaternary N and (g)

pyridinic N to quaternary N by thermal annealing. Reproduced with permission from. [64,66,69].
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Fig. 12 e (a) Proposed mechanism for hydrothermal functionalization of PCNTs from CNTs. (b) XPS showing various

phosphorus configurations in PCNTs. Reproduced with permission from Ref. [76].
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atomic size of phosphorus which is why phosphorus doping

was seldom reported in carbon materials [77]. Despite such

low concentration of phosphorous, when doped together with

nitrogen, the synergistic effect plays a critical role to catalyze

the oxygen reduction in much better way compared to P

doped CNTs or N doped CNTs.

Metal-nitrogen-doped CNTs

Carbon frameworks are extensively considered to provide

sufficient electrical conductivity for non-precious metals due

to which they have shown poor results for ORR. In addition,

carbon framework enables the wide distribution of metal

particles preventing their agglomeration, providing chemical

and mechanical stability and high surface volume ratio [84].

However instead of pristine carbons, N doped carbon has been

recently considered, thanks to the developed M-Nx active

centers. Numerous reports have come up with this idea and

developed methods to incorporate non-precious metals on

heteroatom doped CNTs to promote their ORR activity by

taking the advantage of active sites of metallic nanoparticles.

The synergistic effect between the metal active centers and

heteroatoms together with the high conducting CNTs was

identified as the beneficial factors to promote ORR. Some of Fe

or/and Co based heteroatom doped CNTs have shown com-

parable activity than that of Pt based catalysts [85e87]. To

support metal nanoparticles, N doped CNTs were largely
Fig. 13 e ORR activity of BCNTs with boron and nitrogen spatia

nitrogen bonded together. Reproduced with permission from Ref.
considered due to their ease of fabrication and excellent ORR

properties. The typical synthesis procedure involves pyrolysis

of CNTs with nitrogen, metal precursors. For example, Sander

Ratso et al. immobilized Fe nanoparticles on N doped CNTs by

the pyrolysis of mixture of MWCNT, FeCl3, dicyanodiamide

[88]. Hongwei Zhao et al. reported the synthesis of Co incor-

porated N doped CNTs by the pyrolysis of polypyrrole grafted

CNTs and cobalt nitrate [89]. Both Fe and Co incorporated into

NCNTs have shown greater ORR activity than that of metal

free N doped CNTs and N free metal-CNTs. The onset and half

wave potential exhibited by Fe-N-CNTs were inferior only of

15 mV and 35mV, respectively compared with commercial Pt/

C. And Co incorporated in CNT framework showed similar

ORR activity than that of Pt/C. The found high ORR activity

was attributed to the presence ofmetal-coordinated N centers

M-Nx (where x is the coordination number ranging from 2 to

4 which were identified as ORR promoters in addition to pyr-

idinic and graphitic N species. The difference in their activity

could be related to the particle size and the surface area of the

composite catalyst as reported in other M-N-C type catalysts

[90]. Simultaneous Co and Fe incorporation was also explored

to increase the number of catalytic active centers. Taotao Gao

et al. reported that coupling of Fe and Co on NCNTs could be

favorable to create efficient active sites by increasing elec-

trochemical active surface area [91]. Similarly, Zhun Dong

et al. derived FeeMn alloy decorated NCNTs from the pyrol-

ysis of bimetallic MOF [92]. It was reported that, Mn played a
lly separated in carbon lattice and NCNTs with boron and

[82].
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little role in enhancing the ORR activity while a greater role in

enhancing the durability of the catalyst. Hence an optimum

composition is key to design the non-noble metal catalysts.

The core-shell structure of the catalyst combined with the

synergistic effects between pyridinic N and Fe-Nx resulted in

superior catalytic properties comparable to commercial Pt/C.

Saadia Hanif et al. have developed porous NiCo-NCNTs from

NiCo-ZIF by hydrothermal treatment followed by thermal

annealing [93]. The resultant catalyst showed better onset

potential and cycling stability for ORR in 0.1 M KOH.

Nitrogen-doped graphene

Like any other heteroatom doped carbon structures, nitrogen

doped graphene is the most commonly employed as ORR

catalysts in alkaline media. Several methods have been

investigated to produce N doping graphene sheets. In the

beginning days, CVD method was largely used to prepare N

graphene. Liangti Qu et al. derived N graphene with N/C

atomic ratio 4 at.% via CVD of methane and ammonia gas

[109]. This N-graphene was explored as metal free ORR cata-

lyst which delivered excellent electrochemical activity and

good operational stability compared to Pt/C. Later, researchers

have explored thermal annealing of graphene oxide with high

concentrated N precursor to prepare N-graphene without so-

phisticated instruments. It is a more commonly used method

due to its simplicity and quick reaction time. For example,

Kumar et al. synthesized N doped graphene by the thermal

annealing of GO by melamine. The optimized ratio between

GO and melamine to get the N- doped graphene with

maximum catalytic activity was reported to be 1:5 [110].

An electrochemicalmethodwas developed by KarimKakae

et al. to synthesize N doped graphene from graphite and urea

solution under DC power supply [111]. The prepared N gra-

phene showed 6.8% of N content and was successfully

employed as ORR catalyst in alkaline media showing 3.9

electrons per oxygen molecule.

The fascinating electrochemical properties of graphene

have been attributed to many factors such as morphology,

accessibility of active sites, density of nitrogen-carbon active

sites, and the type of nitrogen species (graphitic, pyridinic), as

explained in the case of CNTs. It is still ambiguous which ni-

trogen type is more active towards ORR, there is no single

opinion about this question in the research community. Some

literature point out that quaternary N species are more active

for ORR [112e114], while others reported that it is pyridinic N

species which are contributingmostly for ORR [70,115]. Recent

reports enlighten that both pyridinic and quaternary N species

have a positive effect on ORR activity [116]. Further the

structure of N species has a great influence on the properties

of ORR catalyst. Lemes et al. fabricated N doped graphene

composite-carbon nitride with N contents as high as 35% by

the thermal treatment of urea and GO at 500e800 �C. At

temperatures below 650 �C, a composite of carbon nitride and

N doped graphene was obtained and further heat treatment

above 700 �C resulted in N doped graphene with N content as

high as 19.8%. The resultant N doped graphene sheets showed

a mixed composition of pyrrolic, pyridinic and quaternary N

configurations. Despite of higher N content, the ORR activity

of the composite was lower than that of N doped graphene
prepared without carbon nitride revealing that ORR activity

does not directly depend on N quantity but on several other

factors such as the type of N species [117]. On the other hand,

this two-step process was also proposed by Qin Xiang et al.

They first pyrolyzed melamine at 550 �C to get g-C3N4 [118].

Then this latter was combined with GO and pyrolyzed from

700 to 1000 �C to yield N doped graphene (NG) sheets with

nitrogen content 2 at.%. The optimumORR activitywas shown

by NG which was pyrolyzed at 900 �C attributing to the for-

mation of intrinsic active pyridinic N sites.

Although in many cases, N doping requires high temper-

ature, few researchers have developed low temperature

doping methods. For example, Gyeong Sook Bang et al. re-

ported simultaneous reduction doping of N to perforated GO

using N2H2/NH3 at 95 �C. Doping reaction time also has critical

influence on the doping level of different N functionalities. It

was reported that, shorter reaction time between perforated

GO and NH3 resulted in a pyridinic N doped graphene while

prolonged reaction time yielded graphitic N doped graphene

with high nitrogen content about 6.6% [119]. Interestingly, in-

spite of higher N content, graphitic N-graphene showed

poorer ORR activity than that of pyridinic N-graphene which

has N content of only 4.7%. GO perforation (Fig. 14(a)) during

the synthesis was a unique strategy to create holes and de-

fects where strong adsorption of NH3 with oxygen functional

groups during N doping resulted in a greater number of pyr-

idinic N species.

Along with nitrogen doping, ORR activity can be further

stimulated by the structural engineering of graphene by

enlarging the porosity and constructing 3D structures [120].

Conventional NGs often form stacked structures due to van

der Waal forces between the graphene sheets which will

affect the oxygen absorption capacities of NG and active sites

[121]. On the other hand, porous NGs offer a high specific

surface area and a large number of oxygen molecules can

adsorb on the surface for an enhanced ORR activity. Sheng

Tang et al. reported the synthesis of 3D porous NG (3D-PNG)

from the mixture of GO and 3-aminopropyltriethoxysilane

(AMPTS) [122]. The AMPTS used was not only as the nitrogen

source but it was also a silica template to form 3D porous

structure as shown in Fig. 14(b).

The obtained 3D-PNG exhibited a super large specific sur-

face area of 920 m2/g with the presence of mesopores and

micropores. The smaller microspores acted as hosting sites

for the oxygen while the larger mesopores accumulate the

reactant molecules and shortened the diffusion path [123].

Together with N doping, this 3D porous graphene showed

comparable ORR activity to commercial Pt/C. This exception-

ally high ORR activity and performance was attributed to the

synergistic effect of N doping the 3D porous structure.

Sulfur-doped graphene

It is also interesting to see the behavior of graphene when

doped with an atom having similar electronegativity of car-

bon. Unlike N doped graphene, in S doped graphene, change of

atomic charge distribution is relatively smaller owing to

similar electronegativity of S and C. In that case, the resulting

modified spin-density is responsible for enhanced ORR activ-

ity of S doped graphene and not the atomic charge density

https://doi.org/10.1016/j.ijhydene.2022.10.177
https://doi.org/10.1016/j.ijhydene.2022.10.177


Fig. 14 e (a) Schematic representation of synthesis of perforated holy-graphene by time dependent etching process. (b)

Schematic illustration of the synthesis procedures of the 3D-PNGs. Reproduced with permission from Refs. [119,122].
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which is a minor contributor as explained by the DFT calcu-

lations by Zhang et al. [124] atomic charge and spin density

distribution (Fig. 15) was calculated by considering the four

different bonding structures surface S-adsorbed, edge S-

substituted, edge SO2-substituted and sulfur-ring connecting

graphene clusters [125]. Carbon atoms at the zig-zag edges or

near to SO2 doping structures possess high positive charge or

spin density and are able to catalyze ORR by four electron

transfer. On the other hand, 2e� reduction pathway can be

observed on the substituted S atom emphasizing S doped

graphene which can reduce oxygen in both 2e� and 4e�

pathways simultaneously. Further first principle DFT calcu-

lations revealed that S doped graphene was a suitable mate-

rial to catalyze ORR, however its activity was lower than that

of N doped graphene [126].

Sulfur was reported to possible dope graphene frameworks

in the form of sulfides and sulfonates [127]. Among these two,

sulfide CeS bond configurations mostly contribute to ORR and

the catalytic activity is comparable to that of commercial Pt/C

as shown in Fig. 16(a). On the other hand, a three-dimensional

graphene sheet was identified as the most suitable

morphology to fabricate S-graphene with high ORR activity.

3D-S graphene synthesized by the thermal annealing of sul-

fonic acid ion exchange resin [128]. The resultant catalyst

exhibited, high specific surface area (2129 m2/g), crystallinity

with appropriate sulfur doping (17 wt%) has shown an excel-

lent ORR activity compared to 2D-S-graphene and only a

45 mV negative shift in onset potential compared to Pt/C.

Even though the ORR activity of S doped graphene is lower

than that of N doped -raphene and commercial Pt/C, but the

synergistic effects occurring between sulfur and carbon in

carbon materials could be considered as a key strategy to

design novel metal-free catalysts.
Phosphorus-doped graphene

Despite the difficulties to synthesize P doped graphene, few

strategies have been proposed, for example, pyrolysis of

toluene and triphenylphosphine produced P doped graphene

with 0.26 at.% [74], such P doped graphene was reported to

reduce the oxygen first to peroxide and then partially to water

at lower potentials (<0.3 V). On the other hand, P doped gra-

phene was preparedwith 1.8 at.% of P by thermal annealing of

graphene oxide and triphenylphosphine [129]. They have re-

ported that1.8 at.% of phosphorus was incorporated in the

graphene layers. P-doped graphene has shown good ORR ac-

tivity and better performance in Li ion batteries compared to

undoped graphene. It was established that, annealing tem-

perature plays the critical role in controlling the doping level.

At 900 �C, 5% phosphorus dopingwas reported on carbon dots-

graphene (P-CD/G) synthesized by the hydrothermal treat-

ment of graphene oxide and phytic acid (Fig. 16(b)) [130]. The

formation of carbon dots together with P doping enhances the

electronic conductivity, catalytic sites of graphene and deliv-

ered much positive ORR onset potential (0.92 V) compared to

graphene (0.82 V) (Fig. 16(c)).

Co-doped/multi heteroatom doped graphene

Compared to single heteroatom doping dual doping offers

more flexibility to modify electronic/charge distribution on

the carbon framework. According to dopant density and

dopant ratios, dual doping induces synergistic effects. The

source of the heteroatom and the reaction time between

carbon precursor and heteroatom precursor play a critical role

towards ORR activity. It was established that there can be a

single source for different heteroatoms or each heteroatom

https://doi.org/10.1016/j.ijhydene.2022.10.177
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Fig. 16 e (a) ORR activity of graphene and S-graphene obtained at different annealing temperatures (b) Schematic

representation of the synthesis of P-CD/G, (c) ORR activity of P doped carbon dot/graphene composites compared with Pt/C

and GO. Reproduced with permission from Refs. [127,130].

Fig. 15 e Atomic spin and charge density distribution in S-doped graphene. Reproduced with permission from [125].
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source can be different. In addition, in-situ chemical modifi-

cations of these heteroatom sources are suggested to achieve

better doping levels. For example, H. Zhang et al. unveiled the

effect of N,S doping in graphene to explore its ORR activity.

N,S-doped graphene was prepared by the reaction between

cysteine and graphene oxide followed by thermal annealing

[131]. Cysteine is considered as good reducing agent and can

be oxidized by dissolved oxygen under neutral pH to form a

dimer. Cysteine and GO are subjected to various reaction

times (from 1 day to 14 days) and optimized at 7 days where it

showed a maximum S/N ratio of 1.29. This catalyst showed a

more positive onset potential of 0.09 V vs. Hg/HgO (0.188 V/

RHE) and comparable limiting current density to commercial

Pt/C in 0.1 KOH electrolyte. Similarly, Arun chander et al. re-

portedN,S co-doped graphene by the in-situ polymerization of

6-N,N-dibutylamine-1,3,5-triazine-2,4-dithiol (single precur-

sor for N,S) followed by the thermal annealing (Fig. 17(a)) [132].

The optimized N,S-graphene showed the ORR onset potential

as 0.92 V and 0.79 V as half-wave potential. The superior ORR

activity was attributed to the asymmetric spin and charge

densities that originated from the synergistic coupling be-

tween N, S and adjacent carbon atoms.

In addition to the conventional thermal annealing, a

solution-based method was reported to fabricate N,P co-

doped graphene from GO, phytic acid and ammonium hy-

droxide [133]. The larger size and lower electronegativity of P

compared to N could promote active sites for the absorption of

molecular oxygen which is a key step during ORR. It is quite

challenging to load P atoms on the carbon network compared
Fig. 17 e (a) Schematic illustration of the synthesis process of N

1,3,5-triazine-2,4-dithiol (b) Schematic illustration of the hypoth

(c) Schematic representation for the synthesis process of FN3SG
to other heteroatoms such as N, S etc. due to its larger atomic

size. However even small quantity of P (0.6 at.%) could result in

an appreciable ORR activitywhen co-dopedwith nitrogen. The

N-P-rGO shows good selectivity of four electron transfer with

an onset potential of 0.89 V while commercial Pt/C shows

1.03 V vs RHE and. Musico et al. compared the ORR activity of

NF and BF co-doped graphene prepared by hydrothermal

method [134]. The electronegative N and electropositive B

behave differently when combined with highly electronega-

tive F atoms. Nitrogen can induce positive charge on adjacent

carbon for O2 absorption while B itself acts as a host for the O2

chemisorption. On the other hand, in the case of co-doping

with F, the ORR activity was further enhanced due to addi-

tional active sites created at the adjacent sites of F. N-F-rGO

showed an onset potential of 0.8 V and limiting current den-

sity of 4.09 mA/cm2 while its counterpart B-F-rGO showed

0.79 V as onset potential and limiting current of 3.69 mA/cm2.

The slight difference in ORR activity of these co-doped gra-

phene was attributed to the difference in their heteroatom

ratios [135].

Owing to the fact that the combination of dopants in-

creases the catalytically active sites, tri-doped graphene was

explored as a potential ORR catalyst. Chuyen Van Pham et al.

reported S,N,F doped graphene via a two-step process (S

doping followed by N,F doping) using P4S10 and Nafion as S

and N,F sources, respectively (Fig. 17(b)) [136]. N,F doping

could facilitate catalytic sites via charge polarization at CeN,

CeF bonds while S doping resulted in an unpaired electrons

localized at CeS bonding forming catalytic active sites. The
eS co-doped graphene derived from 6-N,N-dibutylamine-

etical chemical structures and synthetic route for F,N,S-rGO.

. Reproduced with permission from [132,136,137].
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combination of both types of active sites contributed to

enhanced ORR activity. This tri-doped graphene showed an

onset potential of 0.85 V vs RHE and a limiting current of

3.5 mA/cm2. However, the ORR activity of this catalyst does

not reach the benchmark Pt/C as it reduces 75% of oxygen via

4e� transfer path and 25% of O2 via 2e� path.

On the other hand, Y. Li et al. reported ternary doped gra-

phene with ternary nitrogen (FN3S-G) obtained from three

different N sources, polypyrole (Ppy), NH4F and urea as the

primary dopant [137] Fig. 17(c). Inspired by the fact that sec-

ondary and ternary N-precursors could increase the compo-

sition of active sites for ORR. The resultant FN3SG exhibited

porous architecture with multiple active sites including pyr-

idinic N, graphitic N, thiophenic S, ionic and semi-ionic CeF

bonds. With this controlled doping strategy this tri-doped

graphene showed a more positive onset potential of 0.988 V

vs RHE and electron transfer number identified as 3.93 which

is comparable to Pt/C 0.1 M KOH electrolyte.

Metal, heteroatom co-doped graphene

Although the metal free heteroatom doped graphene deliv-

ered promising results as ORR catalysts in alkalinemedia, still

there is a large performance gap in comparison to commercial

Pt. Hence, further efforts are indeed to find a better electro-

catalyst that can deliver stable ORR activity. Transitionmetals

have been recognized as ORR active centers, but their
Fig. 18 e (a) TEM image, (b) HAADF-STEM image, (c) SEM image u

mapping of Co@NG-750. (f) decovoluted XPS of N-1s in Co@NG (f)

KOH at 1600 rpm and (g) K-L plots of Co@NG-750. Reproduced w
electronic conductivity is too low hindering its potential ap-

plications in electrocatalysis. Combining these metals with

heteroatom doped graphene could boost the ORR activity due

to increased ORR active sites and electronic conductivity. The

active metallic center coordinated to several nitrogen atoms

and formM-Nx clusters. These clusters regulate the electronic

configuration of graphene network and elevate the ORR ac-

tivity [138]. Transition metals namely cobalt and iron are

widely considered to fabricate M-heteroatom doped graphene

composites [139,140]. These composites are derived by various

synthetic methods namely metal organic framework pre-

cursors [141], polymerization of heteroatom containing

monomers [142] etc. In addition to the in-situ formation of

graphene structures, graphene or graphene oxide is directly

used as carbon support while mixing with heteroatoms and

metal precursors. Xudong Wen et al. have fabricated cobalt,

nitrogen doped graphene bymixing CoCl2 with GO followed by

thermal annealing in NH3 atmosphere [143]. In the developed

catalysts, cobalt and nitrogen are homogeneously and closely

dispersed on graphene sheets (Fig. 18(aed)) leading to the

favorable formation of Co-Nx active centers (Fig. 18(e)). XPS

results further predicted that approximately 8 mol.% of ni-

trogen and 0.2 mol.% cobalt.

Further, the authors showed that this Co,N-graphenewas a

multifunctional catalyst showing good ORR properties not

only in alkaline media (Eonset 0.97 V vs 0.95 V for Pt/C repre-

sented in Fig. 18(f)) but also in acidic medium and as hydrogen
sed in the EDS mapping test, and (d) the corresponding EDS

ORR activity of Co@NG catalyst compared with Pt/C in 0.1 M

ith permission from Ref. [143].
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evolution catalyst. The electron transfer number was calcu-

lated as 4 in the wide potential window 0.2 Ve0.6 V vs RHE as

shown in Fig. 18(g).

Similarly, formation of Co4N particles was observed on

graphene sheets when cobalt acetate and GO compositions

were annealed in NH3 atmosphere at 600 �C [144]. Varying the

cobalt precursor concentration yielded the Co4N-graphene

with different cobalt loading starting from 5% to 20% with

varied N/C ratios.

When the concentration of cobalt precursor increased

during the preparation of the composite, the average particle

size of Co4N also increases (14e200 nm) resulting in ORR onset

potentials from 0.87 V to 0.91 V. The beneficial ORR properties

of Co4N-graphene arise from the number of active sites in the

composite. Since N is a more electronegative atom it can

induce positive charge on the carbon and cobalt atoms mak-

ing them as suitable hosts for the oxygen adsorption [145].

Thermal annealing of GO, CoCl2 and 1,10-phenanthroline

under argon atmosphere above 800 �C resulted Co loaded N

doped graphene [146]. Raman spectroscopy reveals that cobalt

was present as CoO moieties which may be formed by the

thermal decomposition of CoOx species due to the oxygen

functionalities in GO. These CoO active centers together with

N doped carbon moieties can catalyze ORR individually or

synergistically leading to a better ORR activity with nearly four

electron transfer in alkaline media.

Similar to CoeN doped graphene, FeeN doped graphene

was also largely explored as potential non-precious ORR

catalyst. In addition to the simple iron salts like FeCl3, iron

containing macromolecules such as iron phthalomycines

(FePC) and ferrocene are used as iron sources. Nathanael

Komba et al. have reported the immobilization of FePC on N

doped graphene by simple low temperature (95 �C) solution
chemistry as represented in Fig. 19(a) [147].

The p-p interactions between the pththalocynine rings

and N doped graphene could promote the homogeneous

distribution of FePC over N doped graphene. In addition, this

p-p interactions prevent the agglomeration of Fe-N4 struc-

tures. Introduction of electron rich FePC on the graphene

framework could effectively alter the charge distribution and
Fig. 19 e (a) Schematic representation of synthesis of FePCeN d

different N/C ratios tested in alkaline media. Reproduced with pe
electronic properties of surrounding carbon atoms favoring

oxygen adsorption. The composite catalyst FePC-N-graphene

with 33% FePC has shown best ORR properties in terms of

onset potential 0.97 V and limiting current density of 6.3 mA/

cm2 which are very close to that of the commercial Pt/C

tested in alkaline electrolyte. Along with underlying ORR ac-

tivity of FePC/N graphene, the N/C ratio of precursors used in

the preparation plays an important role in terms of texture,

elemental composition and nature of surface and bulk phases

in the catalyst [148]. In the first step of the synthesis, N/C

composites were obtained by the ball milling of two N pre-

cursors (1,4,8,11-tetraazacyclotetradecane and urea), one

after another to achieve N/C ratios starting from 0.8 to 0.25. In

the second step, these N/C composites were annealed at

800 �C to get Fe/N/G catalyst. Although several Fe containing

species such as FeNx, Fe3C and metallic Fe are observed in Fe/

N/G catalyst, the only stable phases at the surface of the

catalyst is FeNx which is predominantly ORR active. The best

ORR properties are observed for the catalyst with N/C of 0.3

and 0.25 as shown in Fig. 19(b). It reveals that ORR activity

was decreased with increasing the Fe and N which resulted in

lowering the active surface area of the catalyst. In addition to

the Fe/N/G catalyst Yanli Niu et al. reported Fe3C nanoparticle

encapsulated Fe/N/G catalyst as a promising ORR catalyst in

alkaline media [149]. Spontaneous oxidative polymerization

of dopamine was carried out with dopamine and GO in

presence of FeCl3 catalyst to yield PDA-Fe-rGO which upon

thermal annealing resulted Fe3C@Fe/N/G catalyst. Fe3C

encapsulation has proven to increase the ORR activity of Fe/N

doped carbons by activating the Fe-N-C sites for the favorable

O2 adsorption [150]. Strongly bonded Fe-N moieties along

with chemically and mechanically stable encapsulation of

Fe3C offer an excellent durability to Fe3C@Fe/N/G catalyst

making the way clear to the rational design of non-precious

ORR catalyst. In addition, DFT calculations revealed that

stable heterostructures are formed when Fe was substituted

with metal atoms like Co or Ni near the interface of Fe3C/NG

[151]. The DFT calculations further showed that this type of

metal substitution changes the work function of the com-

posite electrocatalyst which is directly related to the
oped graphene (b) ORR activity of F/N/G catalyst with

rmission from Refs. [147,148].
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adsorption strength of ORR intermediates. Enhanced ORR

activity was found when the concentration of Co or Ni in-

creases at the interface. The relation between formation of

energy and ORR over potential at different concentrations is

shown in Fig. 20(a,b). The substitution of metal in Fe3C sub-

strate modified the electronic structure of over layer N doped

graphene as evident from the change in shift in p band center

of graphene substrate which is responsible for the adsorption

of intermediates.

ORR activity of FeeNeC catalysts are greatly influenced by

the morphological characteristics of carbon substrate. Fe/N

co-doped porous graphene/graphite was synthesized by

Qingqing Dong and his coworkers and explored its ORR

properties [152]. Firstly, cyclopentadienyliron (CpFe) groups

were grafted on to the surface of rGO or graphite by the ligand

exchange reaction of ferrocene which upon thermal anneal-

ing in NH3 at 800 �C produced Fe/N-rGO or Fe/N-Graphite

(Fig. 20(c)). Obviously, graphene supported FeeNeC catalysts

showed better ORR activity than that prepared with graphite

substrate due to relatively large surface attained by the

intercalation of Fe particles. The restacking of graphene layers

can be avoidedwhen used rGO as support which improves the

accessibility of active sites to the adsorption of O2 contributing

positively for ORR [153].

Although Co/Fe-N graphene catalysts are extensively

studied for ORR due to their comparable performance with

benchmark Pt/C but these Co/Fe dissolve over the time in fuel
Fig. 20 e (a) Formation energy [meV/(substituted atom)] and b) OR

of Ni and Co atoms in the Fe3C substrate. Letters (A)e(Q) refer to t

N-G catalysts, free energy diagrams for ORR on (d) Mn-N4-G, (e)

Reproduced with permission from Refs. [151,152,155].
cell environment (reactionwith H2O2). Compared to Fe/Co, the

reaction between H2O2 and Mn is much weaker offering long-

term stability to Mn based catalyst [154]. Lu Bai and his co-

workers reported atomically dispersed Mn supported on N-

graphene via thermal annealing and acid leaching strategy

was an efficient ORR catalyst in alkaline media [155]. The best

annealing temperature at 750 �Cwas chosen where the higher

N-doping concentration and MneN4 active sites are formed.

DFT calculations (Fig. 20(deg) revealed that the theoretical

ORR over potential 0.63 V is lower for Mn-N4-G configuration

than other possible configurations such as Mn-N3 (1.48 V) and

Mn-N3O-G (2.33 V). On the other hand, the theoretical ORR

over potential for metal free graphitic N configuration was

predicted as 1.18 V lower than its competing configuration

pyridinic-N 1.58 V. On the whole M-N4 moieties with higher

graphitic-N is a key factor to design non-precious M-N-C type

catalysts for ORR.

Bio-inspired ORR catalysts

Heteroatom doped carbons derived from biomass have been

explored for ORR catalysts, hetero atoms such as nitrogen,

sulfur, phosphorus etc can be introduced into the carbon

structure upon pre-treatment and pyrolysis of biomass. In

addition, biomass mixed with metal precursors such as iron

and cobalt could potentially result inmetal-heteroatomdoped

carbons which have shown promising results as ORR
R over potential at the different substituted concentrations

he different configurations (c) Synthesis of Fe/N-rGO and Fe/

Mn-N3-G, (f) graphitic-N and (g) pyridinic-N configurations.
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catalysts. The recently, reported biomass derived electro-

catalysts are summarized below.

N doped 2D carbons have been derived from hydrothermal

carbonization of carbohydrates (glucose/fructose/cellulose)

and guanine at 1000 �C [180]. Among them, the catalysts

developed from fructose showed a maximum ORR activity

while the cellulose-based catalysts exhibited lowest ORR ac-

tivity in alkalinemedia due to heterogeneousmorphology and

less porous structure. The activity of these biomass derived

carbons was correlated to the 2D morphology, defect sites, N

doping and hierarchical porous structure.

Owing to the presence of various hetero toms in biomass,

upon carbonization yield heteroatom doped carbons and

compared to single doping, binary/ternary doping has been

proven to be a better strategy to enhance ORR activity. For
Fig. 21 e (a) Schematic illustration of the synthesis process of B

included in BSCP and NBSCP. (c) Schematic illustration of the p

adding the iron (d) comparative LSVs at 1600 rpm for three cata

0.1 M KOH solution. (e) Scheme illustrating the transformation o

N, and pyrrolic-N. Reproduced with permission from Refs. [181,18
example, controlled pyrolysis of beansprouts (BS) could result

in carbonmatrix with N, P, S as dopants. DongWook Lee et al.

converted beansprouts into ORR catalysts by pyrolyzing with

CoCl2 [181]. Fig. 21 (a) and (b) represent the schematic syn-

thesis procedure and CoeN bonding configurations. The

derived catalysts (BSCP) contained 4.29% of N, 1.9% of P, 0.77%

of S and 0.5% of Co loaded in carbon matrix 72.37%. This

catalyst has shown reasonable ORR activity with positive shift

in onset potential to 0.767 V, close to commercial Pt/C 0.825 V

in 0.1 M KOH electrolyte. The activity of BSCP was further

enhanced by increasing the N doping to 7.47 at.% by thermal

treatment with NH3 gas.

Zhaoquan Xu et al. derived Fe and N co-doped 3D porous

carbon (FeeNeC) by the pyrolysis of red dates along with iron

acetate and g-C3N4 [182]. The resultant FeeNeC catalysts
SCP and NBSCP electrocatalyst. (b) types of the N species

roposed mechanism of formation of spherical carbon with

lysts, along with 20 wt% commercial Pt/C in O2 saturated

f N species from pyridinic-N-oxide to graphitic-N, pyridinic-

9,190].
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showed high dispersion of Fe and rich in nitrogen. Introduc-

tion of Fe in carbon framework could enhance the graphiti-

zation of carbon and thus electronic conductivity. When there

is optimization of Fe and N content (i.e. Fe 0.66 at.% and N

14.83 at.%) the iron particles were dispersed as FeNx which are

proven to be ORR active sites. The LSV results showed that the

ORR activity of this catalysts is on par with other FeeNeC

based catalysts derived from conventional methods [183,184].

The electron transfer number has been found to be 3.7 which

represents a dominant 4 electron ORR path.

Shuyan Gao et al. have derived N doped carbon by the

direct pyrolysis of poplar catkins at temperatures between 600

and 900 �C [185]. The resultant catalysts have exhibited rough

and porous structure which is beneficial to increase the den-

sity of active sites in favor of smooth ion transport. The

developed catalysts also showed the combination ofmeso and

micro pores which could lead to exceptionally high specific

surface area above 1500 m2/g which is much higher than

synthetic carbons (typically below 1000 m2/g). The high sur-

face area of the carbon could maximize the active sites for

electron transfer while its porous network enhances the ox-

ygen diffusion through the carbon framework [186]. The N

doped carbon derived at 800 �C has been found to be more

active towards ORR and exhibited good cycling stability. The

ORR activity of this catalyst was simply attributed to high

graphitic N.

Animal blood biomass was reported to be a good source for

various proteins such as hemoglobin and N precursors. Elec-

trocatalysts derived from hemoglobin have been successfully

used as ORR catalysts. However, the lack of methodologies to

pyrolyze these blood protons (BP) is a major concern. Mar-

uyama et al. have reported a two-step pyrolysis method to

derive ORR catalysts for acidic fuel cells from bovine blood

[187]. In the first step, BP was subjected to thermal treatment

below 600 �C to produce catalyst precursor (called pyropol-

ymer) which is usually not fully converted into carbon. Several

investigations have been done to explore the characteristics of

these blood pyropolymers and proved that they were active

precursors to derive alkaline ORR catalysts too. J. Zheng et al.

used BP extracted from pig blood to prepare blood pyropol-

ymer by a thermal treatment at 350 �C and this pyropolymer

was used as precursor to imprint N in CNTs [188]. The ORR

catalysts derived by the pyrolysis of BP and CNTs essentially

contained N and Fe. However, it was reported that Fe did not

take part in ORR process as it was in metallic state but could

act as promoter to incorporate N in carbon framework. Hence

the observed ORR activity of these NCNTs was solely attrib-

uted to N doping. The catalysts derived at 800 �C have been

found to be most active towards ORR in alkaline medium

exhibiting an onset potential of 0.9 V slightly lower than that

of Pt/C. This catalyst exhibited a dominant 4e� process

wherein the electron transfer numberwas calculated to be 3.7.

As deduced from many N doped carbon materials, N config-

uration has been found to play a significant role in catalyzing

the ORR, in this study it was proposed that the observed ORR

activity was due to the optimized ratio between planar pyr-

idinic - pyrrolic N groups.

Along with heteroatom doping, morphology of derived

carbon is an important factor to influence the ORR activity,

Guanghua Wang et al. derived spherical, heteroatom doped
carbon by the hydrothermal treatment of Brewer's yeast

powder (ByP) which is a byproduct of Brewer Brewing beer

[189]. ByP is rich in carbohydrates along with nitrogen- and

phosphorus-containing species which can be converted into

P,N doped carbon by the dehydration and thermal annealing

process. Hydrothermal treatment of ByP produced N,P doped

spherical carbon with high surface area (790 m2/g) and

porosity (10e15 nm). These spherical shaped carbon particles

showed 27 mV positive shift in half wave potential compared

to Pt/C and reduced O2 through 4 e� pathway.

Apart from the doping, carbon itself is considered to show

varied ORR activity according to their crystallinity and

morphology, for example amorphous carbon and graphitic

carbon have shown different ORR activity even with same

heteroatom doping [191,192]. Cellulose was reported to be a

suitable precursor to derive both amorphous and graphitic

carbon depending upon the pyrolysis conditions. Cellulose,

another most abundant organic material on the earth, is

considered as viable carbon source to derive ORR catalyst.

Xiaoxian Wu et al. derived amorphous carbon (AC) and

graphitic carbon ribbons (GR) from microcrystalline cellulose

and subsequently dopedwith nitrogen by a thermal treatment

withNH3 gas [193]. Besides NH3 treatment Fe 2þ salt was added

to catalyze graphitization process. Both N doped amorphous

carbon (NAC) and N doped graphitic ribbons (NGR) have

shown exceptionally higher ORR activity compared to their

undoped versions. Among NAC and NGR, the later one ex-

hibits better activity in alkaline medium approaching com-

mercial Pt/C activity and only short by 42mV in terms of onset

potential (0.958 V vs 1.00 V). On the other hand, NAC showed

onset potential of 0.869 V (131 mV lower than Pt/C). However,

the electron transfer number for NAC was found to be 3.18

attributing to mixed ORR process while for its analogue NGR

the value was determined as 3.98 showing a dominant 4e�

ORR process. NAC showed higher surface N-content than NGR

(0.9% vs 0.66%) however NGR showed higher graphitic and

valley N sites which are highly active towards ORR compared

to pyrrolic and pyridinic N species.

Onion is considered as one of the world's largest consumed

vegetables, while processing the onion, its skin, i.e. external

layers peeled off and disposed. Fibers, proteins and phenoloic

carbons have been found to be vital constituents of these

external layers, owing to its rich carbon building blocks.

Porous carbon structures have been derived from onion skin

and explored for their applications in supercapacitors [194].

Ivonne L. Alonso-Lemus et al. prepared bio carbon based

cathode catalyst for alkaline fuel cells from the waste onion

skin [195]. Pyrolysis of onion skin at the temperatures of

600e800 �C was performed to produce N doped carbons with

different N species such as N-pyridinic, N-amine, N-quater-

nary and N-pyrrolic nitrogen. Among all, pyrolysis at 700 �C
produced carbon with high surface area of 242 m2/g and was

found to be more active than those derived at 600 and 800 �C.
However, the activity was much less than the Pt/C in 0.5 M

KOH. The onset potential and limiting current density were

reported as 0.82 V and 2.3 mA/cm2 respectively. Further opti-

mizations and characterizations are required to understand

the involved ORR properties to the fullest extent.

Apart from varying the pyrolysis temperature to produce

different N doping, it was also reported that variation of
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synthetic conditions also produce N doped carbons with

different N contents and varied physicochemical properties.

Rongfang Wang et al. produced three different types of N

doped carbon from biomass of Okra (produced from soya

bean) with the inclusion of FeCl3 at different synthetic steps

[190]. They have adopted a two-step pyrolysis, initially Okra

was pyrolyzed at 800 �C followed by ball milling and then

pyrolyzed again to ensure the removal of impurities and effi-

cient N doping into carbon framework. FeCl3 added during 2nd

pyrolysis resulted in highest sp2 carbon, pyridinic and

graphitic N than that added in 1st pyrolysis. This study high-

lighted that it is important to pay attention not only to add

iron salt to enhance the N doping but also one should pay

attention towards the synthetic procedure and have clear idea

in deciding the efficient way of adding Fe salt to maximize the

catalytic site density. Further, N doped carbons prepared by

the addition of FeCl3 showed higher ORR activity than that

prepared without FeCl3. This could be attributed to the

transformation of N oxide to pyridinic and graphitic N which

are more active towards ORR.

In addition to direct carbonization of bio species, hard and

soft template methods have been also greatly explored to

synthesize carbon based electrocatalysts. Sucrose was re-

ported to be an active biomaterial to derive ordered meso-

porous carbon (OMC) using a hard template. The obtained

OMCs have extensively been used as supports for noble and

non-noble metal catalysts. Later substantial improvements

have been made regarding their synthesis to fabricate metal

free ORR catalysts. Nitrogen doped graphene (NG) was derived

by high temperature carbonization of sucrose and dicynamide

as using silica templated method [196]. The resultant NG

showed comparable ORR activity to that of 20% Pt/C in 0.1 M

KOH electrolyte and the electron transfer number was found

to be 3.9 depicting a dominant 4e� ORR process which was

attributed to high graphitic N content.

Soybean is another important source that was explored to

prepare ORR catalysts, they are available for low cost and

abundantly, more than 250 million tons of soybean is pro-

duced throughout the world every year. Soybeans contain

around 40% of soya protein which is rich in nitrogenous spe-

cies and have been extensively used as source to prepare N

doped carbons. Chao-Zhong Guo et al. prepared FeeNeC

catalyst by the pyrolysis of soybean with Fe supported on

vulcan carbon black [197]. This FeeNeC catalyst exhibited an

ORR onset potential of 0.84 V half wave potential of 0.68 V

which were inferior by 110 and 170 mV respectively than that

of 20% Pt/C in 0.1 KOH electrolyte. The ORR activity of this

catalyst was attributed to presence of Fe which could facilitate

the transformation of quaternary N species to planar N spe-

cies result in a higher amount of planar N species. In addition,

metallic Fe could be beneficial to form new active sites during

the decomposition of soybean. Soy milk was used to derive

CoeNeC catalysts by following a different approach than that

used to prepare FeeNeC catalyst [198]. Initially carbon dots

have been prepared from soymilk and pyrolyzedwith Ppy and

CoNO3 precursor which acted as nitrogen and cobalt sources

respectively. The ORR activity of CoeNeC catalyst was studied

in both RRDE and RDE experiments. From the RRDE mea-

surements the total peroxide yield was calculated around 10%

which showed a dominant 4e� reduction process for O2.
Similarly, the electron transfer number deduced from RDE

measurements was close to 4. On the other hand, CoeC

indicated much negative onset potential for ORR and pris-

tine carbon dots and Ppy showed a two-step reduction process

following 2e� ORR path.
AEMFC performance and stability

AEMFC performance is a very important and critical param-

eter to accept the superior performance of catalyst and

membrane materials. According to the latest DOE targets, the

AEMFC performance �600 mW/cm2 under H2/air (maximum

pressure of 1.5 atm) in platinum group metal (PGM)-free MEA

should be achieved by 2025 to realize viability of AEMFC sys-

tem [211]. In recent times, a record high AEMFC performance

as high as 3.3 W/cm2 was reported using PtRu anode and Pt/C

cathode where the total PGM loading was 1.7 mg/cm2 [212].

And a few research groups have managed to achieve peak

power density between 50 and 100 mW/cm2 with zero PGM

catalyst [213,214]. In addition, PGM free cathodes such as

CoFe2O4 delivered peak power density of 1.35 W/cm2 when

tested in AEMFC (PtRu anode radiation grafted ETFE based

AEM) [215].

Coming to the hetero atom doped-carbon based catalysts,

although various hetero atom doped carbons have been

developed as alternate catalysts and claimed that the ORR

performance was comparable to Pt/C, but their use as AEMFC

cathode was not very well explored. Table 4 summarizes

various hetero atom doped carbons that are explored as

AEMFC cathode and their corresponding AEMFC performance.

It was reported that AEMFC employing N doped CNTs cathode

had delivered a peak power density of 38 mW/cm2 while Pt/C

shows 61 mW/cm2 under similar conditions (Fig. 22 (a)).

Similarly, N doped graphene, duel doped (N,S) graphene and

tri doped (N,S,F) graphene were also explored as AEMFC

cathodes and delivered the peak power density of 2.5 mW/

cm2, 20 mW/cm2 and 46 mW/cm2 respectively (Fig. 22(bed))

[110,132,136]. Interestingly, metal-heteroatom doped carbons

have delivered better AEMFC performances than the pure

heteroatom doped carbons owing to presence of more active

sites. For example, NiCo-NCNT shows a peak power density of

65mW/cm2 outperforming the commercial Pt/C (Fig. 22(e)) [93]

and bio-derived Co2P Nanoparticles Supported on Nitrogen-

Doped Carbon delivered a peak power density of 172 mW/

cm2 (Fig. 22(f)) [181]. These reports highlight that the combi-

nation of transition metal with heteroatom doped carbon

could be a potential strategy to fabricate alternative cathode

catalysts for AEMFC. However, the reported tests are not suf-

ficient to prove their capability to replace Pt in the catalyst,

more robust testing protocols should be adopted to claim the

superior catalytic activity of heteroatom doped carbons.

Stability of the electrocatalysts is a very important factor to

deliver sustainable device performance. The stability of the

heteroatom doped carbons have been studied in half cell (ex

situ) mode and compared with commercial Pt/C. For example,

potential cycling of NCNTs in 3 M KOH for ORR up to 3500

cycles does not show any noticeable change in the voltamo-

gram (Fig. 23(a)) [62]. Similarly, chronoamperometric response

for NCNTs shows that the catalyst could retain 89% of the
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Table 4 e AEMFC performance of various heteroatom doped carbons which are employed as cathode in AEMFC.

Hetero atom doped
carbon as cathode in
AEMFC

Anode Membrane Operating
temperature

(�C)

AEMFC
performance
(mW/cm2)

Ref.

NiCo/NCNTs Pt/C FAA-3-50 60 65 [93]

N-(CDC/CNT) PteRu/C Poly[2,20-(2,200,4,400,6,600-
hexamethyl-p-terphenyl-

3,300-diyl)-5,50-
bibenzimidazole]

60 260 mW cm�2 [216]

CoFeeN-CDC/CNT PteRu/C crosslinked polystyrene

functionalized with

trimethylamine (Fumatech)

60 1120 [217]

N-CNTs Pt/C FAA, Fuma-Tech 50 37.3 [65]

NG Pt/C AHA (Neosepta) 60 2.5 [110]

N,S-Graphene Pt/C Fumapem RT 20 [132]

F.N,S-rGO Pt/C poly(benzimidazolium) 85 46 [136]

MnO-NG Pt/C AHA (Neosepta) 30 13 [218]

CoO/rGO(N) Pt/C A201 Tokuyama 248 60 [219]

NG-CoOx PteRu low-densitypolyethylene

(LDPE)-

benzyltrimethylammonium

(BTMA)

60 1005 [220]

N-doped bagasse-derived

carbon

Pt/C Fumapem RT 6 [221]

Bio-Derived Co2P-Ndoped

carbon

Pt/C FAA-3-50, Fumatech 60 172.2 [181]
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initial current after 2 h in 0.1 M KOH while Pt/C only shows

80% of initial current (Fig. 23(b)) [65]. On the other hand, P

doped CNTs also did not show any degradation in current

until 12,000 cycles (Fig. 23(c)) [74]. Similarly, graphene based

catalysts were also tested for ex situ durability for few hours in

half-cell mode, for example, N doped graphene shows only

32 mV negative shift in half-wave potential after 10,000 po-

tential cycles in 0.1 M KOH (Fig. 23(d)) [110]. On the other hand,

biowaste derived carbons are not much explored for their

stability.

However, the actual stability of catalysts can only be un-

derstood from the full cell durability studies (in situ), accord-

ing to the DOE targets, durability of catalyst in H2/air (CO2-free)

after AST�40% loss after 10,000 square-wave cycles 0.6e0.95 V

should be achieved by 2024 [207], so far in the literature,

durability aspects heteroatom doped carbons concerning full

cell are hardly reported. Adequate focus on the AEMFC per-

formance and durability in AEMFC operation mode is indeed

to fully understand the potentiality of these catalysts.
Conclusions and future prospective

Three available and commonly studied carbon materials

(MWCNTs, graphene and biowaste derived carbon) have been

reviewed for their application as ORR catalysts in alkaline

media. Irrespective of the carbon source, heteroatom doping

substantially enhances the ORR activity of carbon-based ma-

terials. It is widely admitted that the exact effect depends on

the nature of the dopant (N,S,P,B etc.) and their chemical

states; for example, in the case of N-doped carbons graphitic

and pyridinic-N are more beneficial to enhance ORR activity

while pyrrolic-N is less pronounced. Co-doping/multi hetero-

atom doping is an effective strategy compared to single atom
doping where the synergistic effects between the different

heteroatoms are believed to play a crucial role in modifying

the electronic structure of the carbon material. There are

three categories of dopants: dopants with higher electroneg-

ativity than carbon (electron rich ex: N, F), dopants with lower

electronegativity than carbon (electron deficient, ex: B), dop-

ants having similar electronegativity than that of carbon (ex:

S). Depending on the electronic characteristics of the dopants,

the electrical neutrality of carbon will be affected. In the case

of highly electronegative dopants, the carbon atomnext to the

doping site will experience a positive charge and can act as a

host for oxygen adsorption which is primary step in the ORR.

On the other hand, electro positive dopants themselves act as

host for oxygen adsorption. If the electronegativity difference

between the dopant and the carbon atom is not significant,

the change in charge density is insignificant while the ORR

could be promoted by altering the spin density of the carbon

network. Compared to the metal free heteroatom doped car-

bons, making composites with the transition metal nano-

particles of M-X-C type (where M-transition metal, X-

heteroatom-C carbon substrate) is identified as a good strat-

egy to improve the ORR efficiencies in alkaline media. Metal

nanoparticles are rich in ORR active sites but suffer from low

surface area and poor stability, while heteroatom doped car-

bons have high surface area and good stability. Hence the

hybridization of these two materials is an ideal scenario to

design a potential ORR catalysts for their use in alkaline

medium.

Although the use of heteroatom doped carbon materials

has made significant advances in the electrocatalysis

research, they are still far behind the commercial Pt/C cata-

lysts in terms of activity and stability. This gap should be

narrowed to realize the commercial applications of non-

precious metal ORR catalysts by the design of robust
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Fig. 22 e AEMFC performance with heteroatom doped carbons employed as cathode for (a) NCNT, (b) N-Graphene (c) N,S co-

doped graphene (d) N,S,F doped graphene (e) NiCo/NCNTs (f) Co2PN carbon derived from bean sprouts. Reproduced with

permission from Refs. [65,93,110,132,136,181].
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synthesis methodologies. As evident from many literature

reports, the better ORR activity of heteroatom doped carbons

are attributed to the change in charge and spin density of the

carbon network upon doping. However, the mechanism of
Fig. 23 e (a) Ex situ stability NCNTs up to 3500 cycles (b) chrono

doped graphite and Pt/C and (d) Linear sweep voltammograms o

permission from Refs. [62,65,74,110].
charge and spin distribution is still unclear. Hence the future

research needs to be focused on the understanding of these

mechanisms through simulation and numerical approaches.

The very important concern about this type of materials is
amperometric stability of NCNTs and Pt/C (c) stability of P-

f N-graphene initial and after 10,000 cycles. Reproduced with

https://doi.org/10.1016/j.ijhydene.2022.10.177
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that, most of the literature focus on the half-cell (three elec-

trode electrochemical cell) results and very limited results are

available on the actual system. Since the actual system (fuel

cell) environment is significantly different than that of a

conventional three electrode electrochemical cell. Hence,

future studies should focus in this direction to fully under-

stand the electrocatalytic activity of the prepared electro-

catalysts in the real system environment. In addition, stability

of these catalysts under ORR conditions is an important factor

to consider while designing this type of materials. The sta-

bility of these materials can be improved by gaining the more

knowledge on the reactionmechanism and the intermediated

formed during the ORR. It is important to establish more

effective descriptors to assign the electro catalytic activity by

considering the sufficient kinetic conditions and computer

codes. On the other hand, experimental should be focused on

adjusting the location and concentration of dopants,

advanced characterization of dopants and defects, detecting

the reaction intermediates during the ORR. In this direction,

new synthesis methods should be developed. In our opinion,

in situ doping is more suitable to prepare stable heteroatom

doped carbons as there is direct bonding between carbon and

heteroatom. Also it is important to improve the graphitic/

crystalline nature of the doped carbons as they seem to be less

prone to corrosion and oxidation. And finally, it is important

to establish a correlation between the experimental results

and theoretical calculations for the better understanding in

designing the new generation of electrocatalysts.

In summary, by the design of appropriate synthesis

methodologies and robust testing methodologies, a true

alternative to Pt for ORR in alkaline media can be realized in

near future.
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Graf R, Feng X, Müllen K. High-performance electrocatalysts
for oxygen reduction derived from cobalt porphyrin-based
conjugated mesoporous polymers. Adv Mater Mar.
2014;26(9):1450e5. https://doi.org/10.1002/adma.201304147.

[154] Li J, Chen M, Cullen DA, Hwang S, Wang M, et al. Atomically
dispersed manganese catalysts for oxygen reduction in
proton-exchange membrane fuel cells. Nat. Catal. Dec.
2018;1(12):935e45. https://doi.org/10.1038/s41929-018-0164-8.

[155] Bai L, Duan Z, Wen X, Si R, Guan J. Atomically dispersed
manganese-based catalysts for efficient catalysis of oxygen
reduction reaction. Appl Catal B Environ Nov.
2019;257:117930. https://doi.org/10.1016/
j.apcatb.2019.117930.

[156] Lu Z-J, Bao S-J, Gou Y-T, Cai C-J, Ji C-C, Xu M-W, Song J,
Wang R. Nitrogen-doped reduced-graphene oxide as an
efficient metal-free electrocatalyst for oxygen reduction in

https://doi.org/10.1002/aenm.201902736
https://doi.org/10.1002/aenm.201902736
https://doi.org/10.1016/j.jcis.2017.05.069
https://doi.org/10.1016/j.carbon.2017.03.093
https://doi.org/10.1016/j.carbon.2017.03.093
https://doi.org/10.1002/cnma.201700241
https://doi.org/10.1016/j.matchemphys.2019.121804
https://doi.org/10.1016/j.matchemphys.2019.121804
https://doi.org/10.1016/j.cap.2020.01.008
https://doi.org/10.1002/adsu.201600038
https://doi.org/10.1016/j.carbon.2018.09.079
https://doi.org/10.1016/j.carbon.2018.09.079
https://doi.org/10.1021/acs.chemrev.5b00462
https://doi.org/10.1021/acs.chemrev.5b00462
https://doi.org/10.1016/j.jpowsour.2015.10.055
https://doi.org/10.1016/j.jpowsour.2015.10.055
https://doi.org/10.1021/nn302674k
https://doi.org/10.1002/adma.201304238
https://doi.org/10.1039/c0jm03613g
https://doi.org/10.1039/c0jm03613g
https://doi.org/10.1021/acssuschemeng.9b00105
https://doi.org/10.1021/acssuschemeng.9b00105
https://doi.org/10.1016/j.apcatb.2018.06.054
https://doi.org/10.1016/j.apcatb.2018.06.054
https://doi.org/10.1166/jnn.2018.15559
https://doi.org/10.1002/celc.201402231
https://doi.org/10.1002/celc.201402231
https://doi.org/10.1016/j.ijhydene.2019.05.032
https://doi.org/10.1039/c5ta04355g
https://doi.org/10.1039/c5ta04355g
https://doi.org/10.1016/j.jpowsour.2016.09.130
https://doi.org/10.1016/j.jpowsour.2016.09.130
https://doi.org/10.1039/C4TA01267D
https://doi.org/10.1002/cssc.201903035
https://doi.org/10.1002/cssc.201903035
https://doi.org/10.1039/C5TA00556F
https://doi.org/10.1002/adma.201304147
https://doi.org/10.1038/s41929-018-0164-8
https://doi.org/10.1016/j.apcatb.2019.117930
https://doi.org/10.1016/j.apcatb.2019.117930
https://doi.org/10.1016/j.ijhydene.2022.10.177
https://doi.org/10.1016/j.ijhydene.2022.10.177


i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 8 ( 2 0 2 3 ) 3 5 9 3e3 6 3 1 3629
fuel cells. RSC Adv 2013;3(12):3990. https://doi.org/10.1039/
c3ra22161j.

[157] Bayram E, Yilmaz G, Mukerjee S. A solution-based
procedure for synthesis of nitrogen doped graphene as an
efficient electrocatalyst for oxygen reduction reactions in
acidic and alkaline electrolytes. Appl Catal B Environ
2016;192:26e34. https://doi.org/10.1016/
j.apcatb.2016.03.043.

[158] Farzaneh A, Saghatoleslami N, Goharshadi EK, Gharibi H,
Ahmadzadeh H. Substitutional doping of carbon nanotubes
with heteroatoms and their chemical applications.
Electrochim Acta 2016;222:608e18. https://doi.org/10.1016/
j.electacta.2016.11.015.

[159] Alonso-Lemus IL, Figueroa-Torres MZ, Garcı́a-
Hern�andez AB, Escobar-Morales B, Rodrı́guez-Varela FJ,
Fuentes AF, Lardizabal-Gutierrez D, Quintana-Owen P. Low-
cost sonochemical synthesis of nitrogen-doped graphene
metal-free electrocatalyst for the oxygen reduction reaction
in alkaline media. Int J Hydrogen Energy
2017;42(51):30330e8. https://doi.org/10.1016/
j.ijhydene.2017.09.057.

[160] Chen X, Liang Y, Wan L, Xie Z, Easton CD, Bourgeois L,
Wang Z, Bao Q, Zhu Y, Tao S, Wang H. Construction of
porous N-doped graphene layer for efficient oxygen
reduction reaction. Chem Eng Sci 2019;194:36e44. https://
doi.org/10.1016/j.ces.2018.04.004.

[161] Xiao J, Bian X, Liao L, Zhang S, Ji C, Liu B. Nitrogen-doped
mesoporous graphene as a synergistic electrocatalyst
matrix for high-performance oxygen reduction reaction.
ACS Appl Mater Interfaces Oct. 2014;6(20):17654e60. https://
doi.org/10.1021/am503895w.

[162] Wu Z-S, Yang S, Sun Y, Parvez K, Feng X, Müllen K. 3D
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