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This review offers a focused discussion on the recent progress of biomass-derived nitrogen-doped porous

carbon (NPC) and its applications. Various synthesis methods for biomass-derived NPCs are introduced and

critically reviewed. N-doping is a promising approach for further improving the physicochemical/

electrochemical properties of carbon materials. Besides, NPC synthesis from inexpensive biomass for

energy storage applications is a green and sustainable strategy. NPCs can be synthesized directly from

algae, chitosan, and glucosamine without using any additional N precursor. The effect of synthesis

methods on the physicochemical properties of NPCs offers a direction for optimizing the properties of

NPCs for diverse applications. The utilization of NPCs in various applications, including catalysis and

electrochemical energy storage (e.g., fuel cells, batteries, and supercapacitors), is reviewed. Besides,

a discussion on the use of NPCs in oxidation and hydrogenation reactions, CO2 capture and reduction is

provided. The factors controlling the electrocatalytic performance of NPC are evaluated, such as the

effect of N-content and the type of N species in NPCs. Finally, to improve the rational design of

biomass-derived NPCs for catalysis and energy storage applications, an outlook and conclusion are

provided.
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1. Introduction

Biomass is an excellent alternative to fossil feedstocks to
synthesize a wide variety of value-added chemicals and carbon
materials such as porous carbons,1 hierarchical porous carbons
(HPCs), carbon quantum dots,2 heteroatom-doped porous
carbons, and carbon bers.3–7 Lignocellulosic biomass is mainly
composed of lignin, cellulose, and hemicellulose.8–10 Chitin is
the second most abundant natural biopolymer made up of N-
acetyl glucosamine derived from exoskeletons of arthropods,
crustaceans, and cell walls of fungi and insects.11 Chitosan is
produced from chitin by the deacetylation of chitin. Biomass is
a renewable and abundantly available source of carbon. These
benets of biomass make it an outstanding candidate for
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synthesizing various porous carbons and nitrogen-doped
porous carbons (NPCs). Many methods are available to
synthesize porous carbons from non-renewable fossil feedstock
sources, which requires harsh reaction conditions.12–14

However, these methods are not economically viable. Besides,
they are environmentally unfriendly. Hence, developing a cost-
efficient, sustainable process for synthesizing various func-
tional carbons from biomass has always been a crucial topic of
research.

Agricultural wastes (rice husk, bagasse, wheat straw, and
cotton stalk) are signicant sources of lignocellulosic biomass.
The efficient utilization of raw biomass to synthesize porous
carbons can lower air pollution arising from the burning of
agricultural crop wastes. Besides, due to the presence of N and
carbon elements in shrimp shells, algae, soybean residue, and
chitosan, they are used extensively to synthesize NPCs. Mainly
pyrolysis, hydrothermal carbonization (HTC), and activation
methods are used for the conversion of biomass into porous
carbons. Porous carbons are inexpensive and chemically stable,
and have a superior electrical conductivity, and impressive
Brunauer–Emmett–Teller (BET) specic surface area (500–3000
m2 g�1).15–17 However, porous carbons with a lower graphitiza-
tion degree have poor electrical conductivity.

The modication of carbons by heteroatom doping not only
provides acid/base characteristics but can also inuence the
electrical conductivity. The introduction of heteroatoms (N, O,
P, and B) into the carbon framework signicantly affects the
capacitive performance in both organic and aqueous electro-
lytes. Furthermore, the heteroatoms can alter the crystalline
and electronic structure of carbon by enhancing the electrical
conductivity, chemical stability, and electron donating proper-
ties, leading to pseudocapacitive reactions.18,19 The porous
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Fig. 1 Hydrothermal treatment under various temperatures and times.
Reproduced with permission from ref. 42, copyright (2015) Elsevier.
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carbon surface structure can be changed easily by
introducing N, which provides more active sites for ion
adsorption, increases bonding between sulfur and carbon, and
improves the electrocatalytic activity.20 Furthermore, it
enhances the electron transfer ability of the carbon material
and activity for oxidation reaction, for example, the oxidation of
alcohols into aldehydes with very high selectivity over an NPC
catalyst.21 Additionally, the pore size and specic surface area of
NPCs altered easily. The N content can be changed, suggesting
that synthesis of NPCs is an important research topic because of
their tunable properties and numerous applications. Conse-
quently, N-doping is an excellent approach to improve the
physicochemical properties and energy storage capabilities of
porous carbons.

The N-doping in the carbon framework was performed easily
because of the similarity of the covalent radius of carbon (0.77
Å) and nitrogen (0.74 Å) atoms.22 However, N has higher elec-
tronegativity (3.04) than carbon (2.55), which consequently
results in a change in the electronic structure of the carbon
network. The N-doping offers additional electrons producing
surface basicity, which improves catalytic performance in the
oxidation reaction. The N is present in various forms, such as
pyridinic (N-6), pyridine-N-oxide (N-x), pyrrolic (N-5), and
quaternary N/graphitic N (N-Q). Among these N-types, the
pyridinic N provides active sites for the oxygen reduction reac-
tion (ORR).23,24 Even metal-free NC catalysts are highly func-
tional for the ORR, offering superior durability under acidic
conditions. Moreover, NPCs are an excellent cost-effective
alternative to expensive Pt/C catalysts. Consequently, for elec-
trochemical energy storage applications, signicant attention
was provided for the synthesis of NCs with various N contents
and types of N functionalities. NCs nd applications as catalysts
and supports for metal-supported catalysts, electrode materials
for lithium-ion batteries and supercapacitors (SCs), and cata-
lysts for the ORR and HER.20,25

The utilization of NPC has many advantages over porous
carbon. For example, the incorporation of N increases
This journal is © The Royal Society of Chemistry 2021
wettability and hydrophilicity. Hence, many efficient methods
have been investigated for the fabrication of NPCs.3,16,20,26–28

Several NPC synthesis methods employed corrosive NH3 as
the N source with elevated temperature.21 To overcome this
issue, for the synthesis of NCs, sustainable and readily available
renewable carbon and N precursors were utilized from
biomass.29 Although NCs are fabricated from inexpensive
sources such as biomass, controlling their physicochemical
properties (porous structure, N-type, and N-content) is difficult.
Therefore, it is necessary to study the effect of various biomass
sources on the synthesis of NCs and their properties. The
synthesis of porous carbons from biomass has been described
in detail elsewhere.30,31

To the best of our knowledge, no review articles have covered
all aspects of biomass-derived NPCs and their applications in
catalysis and energy storage. The present review aims to ll the
gap in this active research eld. In this review, we summarize
various synthesis methods of biomass-derived NPCs. The
applications of NPCs for catalysis and energy storage are also
reviewed based on the physicochemical properties of NPCs and
biomass sources.
2. Synthesis methods for NPCs

For the preparation of NCs, typically, two methods are
employed. In the rst method, the NC synthesis involves high
temperature and N precursors, such as ammonia, urea, or
amines, pyrrole, and acetonitrile.32 In the second method, NCs
are prepared using an in situ functionalization approach. In this
method, carbohydrates containing nitrogen-functional groups,
such as glucosamine or chitosan, are employed as carbon and N
precursors.28,33,34 Furthermore, N-containing molecules, such as
amino acids or proteins, are also employed.35 Although these N
precursors have been used extensively for the synthesis of NCs,
biomass as a N and a carbon precursor is preferred because
biomass is not only an environmentally friendly renewable
source but is also abundantly available.

In the present review, we mainly focus on the synthesis of
NCs derived from biomass and their applications. Various
synthesis methods for NCs are described in detail below.
2.1 Hydrothermal carbonization

Hydrothermal carbonization (HTC) is a conventional method
used for the synthesis of carbonaceous materials. Friedrich
Bergius discovered HTC in 1911. Initially, peat was used as
a carbon source in HTC, resulting in the formation of a large
quantity of CO.36 The carbonaceous residue obtained in this
process mimics coal formation. The HTC process was redis-
covered at the beginning of the 21st century and employed for
monosaccharides to obtain carbon microspheres.37 The use of
biomass as a carbon feedstock in water under mild temperature
(180–250 �C) in a closed system results in the formation of
a solid product instead of decomposition into gases.38 Although
HTC has been used extensively for the synthesis of NPCs, so far
the chemistry of NPC production via the HTC process has not
been well understood.36 Consequently, to explore the real
J. Mater. Chem. A, 2021, 9, 3703–3728 | 3705
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Fig. 2 Synthesis of the N-doped nanoporous carbon nanosheets. (a) Images of the Typha orientalis plant, (b) flower spikes, (c) raw material used
for HTC, (d) carbonaceous hydrogel, (e) carbonaceous aerogel and (f) product NCS-800. Reproduced with permission from ref. 49, copyright
(2014) RSC.

Journal of Materials Chemistry A Review

Pu
bl

is
he

d 
on

 1
7 

D
ec

em
be

r 
20

20
. D

ow
nl

oa
de

d 
on

 6
/2

6/
20

24
 8

:5
8:

46
 A

M
. 

View Article Online
applicability of the HTC process on a large scale, additional
research is required with various carbon sources (lignin, cellu-
lose, glucose, and chitin). Comprehensive characterization is
also necessary to address the fundamental chemistry behind
this complex process.

The HTC method can be classied, depending on the
temperature used in the process, as (1) high-temperature HTC
and (2) low-temperature HTC. The low-temperature HTC
process is oen performed below 250 �C while the high-
temperature HTC process is usually performed above 250 �C.39

The high-temperature HTC method has been employed exten-
sively in recent years to synthesize NC, N-doped graphene, and
N-doped carbon nanotubes.40 Hydrothermal gasication and
hydrothermal liquefaction become competitive processes with
an increase in HTC processing temperature, which results in
a decrease in the formation of the desired products.33,41 For the
functionalization of carbon materials, the atom economy is
higher in the case of low-temperature HTC.28 As shown in Fig. 1,
Fig. 3 Direct conversion of Kraft lignin to ONS-HPCs. Reproduced
with permission from ref. 54, copyright (2019) Elsevier.

3706 | J. Mater. Chem. A, 2021, 9, 3703–3728
shorter HTC treatment time is required at higher temperatures
due to higher reaction rates at a higher temperature.42

Typically, for the synthesis of NCs, N-containing biomass-
derived chitosan and glucosamine were used.43 Zhao et al. re-
ported a green sustainable alternative method for the synthesis
of NCs under mild reaction conditions.28 In this method,
hydrothermal treatment of biomass-derived chitosan and D(+)-
glucosamine hydrochloride carbohydrates containing N and
carbon was performed at 180 �C. These samples were calcined
at 750 �C under a N2 atmosphere to give N-containing carbon
derived from chitosan and glucosamine. For comparison with
carbons without N-doping, D(+)-glucose was used to synthesize
carbon using a similar method. The elemental analysis result
showed that NC derived from chitosan has 9.0 wt% N and
59 wt% carbon content, higher than that of pure chitosan
(32.8 wt%), while NCs derived from glucosamine and glucose
have ca. 65 wt% carbon and 6.8 wt% N, suggesting that during
HTC, the carbon content increases due to the loss of hydrogen
and oxygen in the dehydration process of carbohydrates, while
the N concentration remains constant. In this method, neither
metals nor surfactants were applied to catalyze the reaction.
However, the N-containing carbon exhibited a very low BET
specic surface area (10 m2 g�1), and no porosity was detected.

For improving the HTC process, acidic conditions were
employed, which helps hydrolysis of polysaccharides to sugar
monomers and further dehydration of sugars into furans.10,44,45

Moreover, during the HTC process, decomposition of sugars to
furans (HMF and furfural) happens along with the formation of
a small quantity of levulinic acid.33 This organic acid further
self-catalyzes the dehydration reaction of sugar monomers.
Besides, using a desirable catalyst will promote the HTC process
by decreasing the reaction time and temperature required for
the HTC process.
This journal is © The Royal Society of Chemistry 2021
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Table 1 Biomass-derived NCs prepared by pyrolysis and activation methods

Entry Biomass
Pretreatment/
N-source

Carbonization/
activation
conditions

Activation/
activating
agent

Specic
surface
area (m2 g�1)

Pore-
volume
(cm3 g�1)

N-content
(wt%) Ref.

1 Kra lignin — 400 �C, 1 h — 1307 0.66 1.35 54
800 �C, 1 h, N2

2 Crushed wheat straw CaCl2, melamine &
ethylene glycol, 2 h stirring,
drying

800 �C, 2 h, N2 — 892 0.65 5.63 55

3 Kra lignin H2SO4, 80 �C, 6 h 750 �C, 2 h, N2 KOH 2762 1.32 1.06 78
4 Human hair — 300 �C, 1.5 h, Ar KOH,

800 �C
pyrolyzed

1306 0.38 4.74 79

5 Wood waste Urea Ball milling 0.5 h,
800 �C, 1 h N2

K2CO3 3000 2 4 80

6 Bagasse Impregnated in water,
80 �C, 4 h. Urea

800 �C, 2 h, N2 CaCl2 805 0.68 8.9 81

7 Soybean residue +
glucose

HTC, 200 �C, 15 h 800 �C, 1 h, N2 KOH 2130 0.92 1.6 75

8 Soya chunks 300 �C, 3 h, Ar 1000 �C, 2 h, Ar NaOH, 600 �C 1072 0.30 4.3 76
9 Potato waste Melamine 700 �C, 2 h, N2 ZnCl2 1052 0.61 6.2 82
10 Chitosan + CH3COOH Urea 800 �C, 2 h, Ar — 176 — 10.29 at% 83
11 Chitin/graphene oxide

lm
— 800 �C, 2 h, Ar — 117 — 6 at% 84

12 Chitosan + FeCl3 80 �C, 16 h, H2O 800 �C, 2 h, Ar — 543 — 3.15 at% 85
13 Glucose Melamine 800 �C, 1 h, Ar 13.3 g ZnCl2 1017 1.41 15.4 86
14 Glucose 200 �C, 8 h, H2O,

poly(ionic liquid)s with nitrile
550 �C, N2 Na2B4O7 424 0.89 5.3 87

15 Taro stem–NaOH mix
(mass ratio ¼ 1 : 4)

800 �C, 2 h, Ar, melamine 800 �C, 1 h, Ar — 1012 0.53 4.8 at% 88
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The HTC carried out with carbohydrates has three main
stages: (1) dehydration of carbohydrates to furans, (2) poly-
merization of furans into polyfurans, and (3) further intermo-
lecular dehydration.46 The presence of metal helps to accelerate
the HTC leading to a decrease in carbonization time. Iron oxide
and iron are used for accelerating the HTC of starch.47 The
carbonization of glucose using iron nitrate was demonstrated
by Guobin et al. for synthesizing carbonaceous spheres
embedded with well-dispersed iron oxide nanoparticles under
mild conditions.48 The iron nitrate used in this process turns
into the corresponding oxide during the HTC process. Iron
oxide nanoparticles seldom aggregate compared to other metal
nanoparticles because they exhibit covalent bonding instead of
metallic bonding.

Chen et al. reported N-doped nanoporous carbon nanosheet
synthesis using Typha orientalis (plant) for the oxygen reduc-
tion application.49 The nanoporous carbon sheet has a high N
content (9.1 wt%) and a large specic surface area (898 m2 g�1).
As shown in Fig. 2, for the synthesis of this NC nanosheet,
hydrothermal treatment was performed rst at 180 �C (12 h) for
splits of the owers of Typha orientalis to obtain a carbona-
ceous hydrogel. The obtained carbonaceous hydrogel was
immersed several times in water to remove soluble impurities.
The material was then freeze-dried for 24 h followed by
annealing using NH3 at 800 �C to 2 h with a heating and cooling
rate of 5 �C min�1 resulting in the formation of the NC
This journal is © The Royal Society of Chemistry 2021
nanosheet. During the annealing process using NH3, carbon-
ization occurred. Subsequently, the NH3 acts as a N source to
form an N-doped nanoporous carbon nanosheet. The NH3 also
helps to etch the carbon, which results in the formation of
nanopores. This material contains a higher content of pyrrolic
and pyridinic N atoms. The increase in annealing temperature
from 750 to 850 �C leads to an enhancement in BET specic
surface area from 692 to 898 m2 g�1. Besides, it increases the
total pore volume from 0.36 to 0.52 cm3 g�1 and decreases the
micropore volume from 0.27 to 0.16 cm3 g�1. This material
provides an exceptionally high electrochemical activity for the
ORR in acidic and alkaline solutions. The preparation of the N-
doped nanoporous carbon was possible without using any
templating or chemical and physical activation. The biomass-
derived renewable carbons obtained via this method are ideal
candidates for the synthesis of NC catalysts. The employment of
a facile method for the synthesis of nanoporous carbons with
higher N content and large specic surface area is crucial.
Hence, more efforts are invested in the preparation of these
types of material using biomass sources.
2.2 Pyrolysis

The pyrolysis method was used extensively for the synthesis of
functional NPCs.50–52 Yang and co-workers reported a simple
way of synthesizing NC using sodium alginate and 1,6-hex-
anediamine.53 In this method, initially, an aqueous solution
J. Mater. Chem. A, 2021, 9, 3703–3728 | 3707
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Fig. 4 (a) Synthesis of N-HPC using wheat straw. (b) XRD and (c) Raman spectra of N-HPC. Reproduced with permission from ref. 55, copyright
(2018) ACS.
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containing 1,6-hexanediamine, urea, and acetamide was added
in the aqueous solution of sodium alginate followed by heating
at 60 �C. Aer removing water, the mixture was pyrolyzed at
800 �C in the presence of N2 to obtain NC. The prepared NC
catalyst exhibited superior catalytic activity for the aerobic
oxidation of amines to their corresponding imines.53 The 1,6-
hexanediamine during combustion produces toxic oxides of N,
Fig. 5 (a) HTC synthesis of NC nanofiber aerogels using tellurium nanow
images at various magnifications. Reproduced with permission from ref.

3708 | J. Mater. Chem. A, 2021, 9, 3703–3728
and it is also corrosive to tissue and metals, so it is necessary to
utilize environmentally friendly precursors for the synthesis of
NC. Lee et al. reported exible synthetic strategies to obtain
HPCs from bioethanol lignin and Kra alkaline lignin.50 In the
case of bioethanol lignin, both KOH and NaOH were necessary
to obtain the HPC. The addition of only KOH results in the
formation of only micropore structures. This study showed that
ires as a template, (b) large scale product quantity, and (c and d) SEM
58, copyright (2019) MDPI.

This journal is © The Royal Society of Chemistry 2021
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Fig. 6 Synthesis of shrimp-shell-derived N-doped carbon nanodots
via a silica-assisted template process. Reproduced with permission
from ref. 59, copyright (2016) RSC.

Fig. 7 Activation methods to produce NPCs.
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using KOH as a pore-forming agent in the presence of NaOH
results in the formation of a eutectic mixture of NaOH/KOH
because of KOH and NaOH interactions, while in the case of
Kra alkaline lignin, addition of only KOH leads to the forma-
tion of HPC because of the presence of intrinsic NaOH in Kra
alkaline lignin. Consequently, for the synthesis of N-doped
HPC, the addition of NaOH and KOH can be employed with
N-containing biomass.

As shown in Fig. 3, Liu et al. demonstrated the synthesis of N,
O, and S co-doped hierarchical porous carbon (ONS-HPC) using
pyrolysis of Kra lignin.54 The Kra lignin was directly pyro-
lyzed at 400 �C (1 h), and at a further increased temperature
from 600 to 900 �C for 1 h under a N2 atmosphere (Fig. 3 and
Table 1, entry 1). Aer pyrolysis, the obtained black solid was
washed with HCl solution to get rid of the inorganic impurity.
Interestingly, the Kra lignin impurities (Na2CO3$Na2SO4,
NaCl, and KCl) play a crucial role in hierarchical carbon pore
formation.54 This study showed that the hierarchical pores are
generated by the Na2SO4 that can react with the carbon during
carbonization to form Na2CO3, which can act as an activating
agent for hierarchical pores. The N2-sorption analysis of ONS-
HPCs indicated a type VI isotherm and the existence of micro-
, meso- and macropores. The BET specic surface area was
lower (338 m2 g�1) for the sample pyrolyzed at 600 �C, while it
This journal is © The Royal Society of Chemistry 2021
was considerably increased to 1307 m2 g�1 for the sample
pyrolyzed at 800 �C. The ONS-HPC electrode exhibited high
specic capacitance (244.5 F g�1) when used for the SC appli-
cation in 6 M KOH at 0.2 A g�1. These results showed the
effective utilization of lignin to synthesize heteroatom-doped
HPCs with excellent properties, such as higher specic surface
area, 3D framework, and doping of various heteroatoms.
Although lignin is converted into a highly active electrode
material using a simple method, further study is required to
explore large-scale electrode production for energy storage
devices and catalysis applications.

Wei et al. demonstrated N-doped hierarchical porous carbon
(N-HPC) synthesis from wheat straw, as shown in Fig. 4.55 For
synthesizing N-HPC, oven-dried wheat straw (1.5 g), melamine
(1.5 g), and CaCl2 (1.5 g) were mixed in ethylene glycol (25 mL)
and then the solution was stirred at 90 �C (2 h). The solution was
heated in a vacuum oven at 110 �C to obtain a solid mixture.
Finally, as shown in Fig. 4, the obtained solid was calcined at
600 to 800 �C under a N2 atmosphere for 2 h. An acidic solution
(1.5 M HCl) and Millipore water were used to wash the prepared
material; then it was dried at 70 �C in a vacuum oven for 24 h to
obtain N-HPC.

The N-HPC sample produced at 800 �C offers a high BET
specic surface area (892 m2 g�1), more micropores, and
5.63 wt% N content (Table 1, entry 2). The XRD characterization
showed two diffraction peaks for 001 and 002 planes, which
indicate graphitic carbon.55,56 As presented in Fig. 4(b), the N-
HPC showed a slight graphitic nature because of the low
intensity of the diffraction peak at 43�. The rst broad peak (2q
¼ 25�) indicated an amorphous structure. The Raman spectra
exhibited the presence of a G-band, which corresponds to the
graphitic structure due to stretching vibrations of the C–C bond
in sp2 hybridization with E2g.57 The Raman spectra (Fig. 4(c))
showed an increase in the ID/IG values from 0.86 to 0.96, with an
increase in pyrolysis temperature from 600 to 800 �C, suggesting
an increase in defects and edges in the material. The scanning
electron micrograph (SEM) implied that N-HPC-600 has few
noticeable pores while N-HPC-700 and N-HC-800 exhibited a 3-
D honeycomb porous structure.55 The interconnected pores
have thin walls, which can accelerate the electrolyte trans-
mission upon using electrode materials. All these carbon
materials produced using the pyrolysis method have a hierar-
chical pore structure, and their BET specic surface area
increases from 552 (600 �C) to 657 (700 �C) and 892 m2 g�1 (800
�C) with increasing pyrolysis temperature. Consequently, the N
content decreases with increasing pyrolysis temperature.

In the electrochemical measurement study, N-HPC-800
showed a superior current response when used as an elec-
trode material in 6 M KOH solution (three-electrode system,
scan rate 30 mV s�1), suggesting that N-HPC-800 has improved
charge storage ability compared to other samples because of its
higher specic surface area. The higher surface area and N
doping played a vital role in improving electrochemical
performance. Hence, the synthesis of NC materials has
a signicant importance.
J. Mater. Chem. A, 2021, 9, 3703–3728 | 3709
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Fig. 8 (a) Synthesis of N-doped microporous carbon using a protein-rich biomass residue derived from soybean. Reproduced from ref. 75,
copyright (2015) Sci. Rep. (b) Schematic of the synthesis method for soy-derived NC using NaOH as an activating agent. Reproduced with
permission from ref. 76, copyright (2017) Elsevier.
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2.3 Template directed synthesis

To overcome the drawbacks of lower porosity and a decrease
in N content during the pyrolysis process, other methods such
as templating, chemical/physical activation, and sol–gel
methods were employed to synthesize NCs. The template
directed synthesis process for NPCs was extensively imple-
mented using biomass because of its ability to prepare ordered
porous NCs. NCs with well-ordered pores and desirable physi-
cochemical properties were synthesized using template-
directed synthesis. In this method, the template helps to form
pores and promotes structural ordering during the carboniza-
tion process.

Recently, for the synthesis of NC nanober aerogels,
a template-directed HTC process was used.58 In this case,
tellurium nanowires serving as a template and a N-containing
carbohydrate, i.e. glucosamine, serving as a N source were
utilized to synthesize NC aerogel with improved electrical
conductivity. The synthesis method is illustrated in Fig. 5, and
the advantage of this method over electrospinning is the ability
to control the ber diameters. However, the downside of this
method is the higher cost of tellurium nanobers used to direct
the growth of the carbon nanobers. To overcome this issue,
alternative low-cost cellulose nanobers and inorganic nano-
wires may be the right choice for the template as an economi-
cally feasible option. The CO2 activation and higher
temperature provide high porosity and conductivity. These NC
nanobers show excellent activity as electrodes for SCs and
other electrocatalytic applications.

Liu et al. reported the synthesis of 3D-NPC using shrimp-
shell-derived carbon nanodots for the ORR. The 3D-NPC was
prepared using HTC with template-assisted pyrolysis, as shown
in Fig. 6.59 The N-doped nanodots derived from shrimp shells
contain N and O-rich functional groups and smaller nanodot
sizes in the range of 1.5–5 nm used as the N and O source. In
this method, silica spheres (�200 nm) prepared by a Stöber
method were used as a template. The N-CNs@SiO2 composite
was formed by mixing N-CNs and silica spheres followed by
evaporation. Furthermore, the obtained N-CNs@SiO2 was
3710 | J. Mater. Chem. A, 2021, 9, 3703–3728
pyrolyzed followed by acid etching, resulting in the formation of
3D-NPC. The 3D-NPC obtained by pyrolysis treatment at 800 �C
exhibited superior catalytic activity and high durability for the
ORR, comparable to those of the Pt/C catalyst. The 3D-NPC
electrocatalyst showed high methanol tolerance in alkaline
media compared to a commercial Pt/C electrocatalyst.
2.4 Activation

Biomass-derived NCs were also obtained using chemical and
physical activation methods or a combination of both. Physical
activation requires air, CO2, or steam as an activating agent. In
chemical activation, various chemical activation agents are
utilized, such as KOH, NaOH, ZnCl2, K2CO3, KHCO3, H3PO4,
and AlCl3 (Fig. 7).14,50,60–62 The use of air in physical activation
suffers from the exothermic reaction of carbon with the oxygen
present in air, which makes it difficult to control the reaction,
leading to burning and a decrease in the carbon yield. Never-
theless, the use of air makes the process economically viable
because the higher activity of oxygen results in lower activation
energy than when CO2 and steam are used as activating agents.
For example, the gasication of pyrolyzed coals in air and CO2

was performed at 380 and 800 �C, respectively.52 In the case of
air gasication, initially, the pore volume and specic surface
area increased rapidly. Aer reaching a certain level, the surface
area and micropore volume did not change noticeably with the
carbon conversion. However, in the case of CO2 activation, with
the progress of gasication, the volume of micropores and
specic surface area increased noticeably. The air activation
provides a wide pore size distribution compared to the CO2

activation.52 In practice, mostly CO2 and steam activating agents
are selected instead of air. The steam requires lower operation
temperature compared to CO2 because of its higher reactivity.

In chemical activation, various chemical agents are
commonly used, such as KOH, H3PO4, and ZnCl2. The KOH acts
as an oxidizing agent while H3PO4 and ZnCl2 perform the
dehydration reaction.52 In the chemical activation process,
typically, the carbon precursors were heated with activating
agents under temperature in the range of 400 to 900 �C. The
This journal is © The Royal Society of Chemistry 2021
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Fig. 9 Biomass resources, synthesis methods, and various N-doped carbons prepared from biomass.
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activation agent improves the specic surface area and porosity
by comprehensive action and synergistic effects, including
carbon lattice expansion and chemical activation due to
metallic intercalation.63 The use of the H3PO4 activation agent
generates heterogeneity in the micro-porosity, while the use of
ZnCl2 yields micropores with uniform size because of its
hydrates or smaller size.64 KOH acts as an oxidizing agent, and it
helps to oxidize the carbon into carbonate (6KOH + 2C 4 2K +
3H2 + 2K2CO3), leading to pore formation in the carbon
framework due to etching. Furthermore, porosity can be ach-
ieved by decomposition of K2CO3 into CO2 via gasication
above 700 �C. Moreover, higher reactivity leads to lower gasi-
cation temperatures for porosity development.52,65,66 The
optimal temperature for porosity depends on the carbon
precursor and type of activating agent. An increase in temper-
ature above the optimal limit leads to a decrease in porosity due
to collapsing of the structure or shrinkage issues.52,67–69 The
KOH activation offers higher pore-volume and high surface area
compared to activation with other activating agents.70–72

Furthermore, the KOH activating agent also provides a narrow
pore size distribution, which can be tuned by controlling the
activation parameters (temperature, time, and amount of KOH).
The H3PO4 and ZnCl2 chemical agents provide a broad pore size
distribution.52,72–74 In Table 1, various examples of biomass-
derived NCs prepared by pyrolysis and activation methods are
presented.

Ferrero et al. reported soybean residue for the synthesis of
NC using HTC and the KOH activation method, as shown in
Fig. 8(a).75 The defatted soybean, a protein reach biomass, was
used for the HTC treatment followed by KOH activation. The
obtained NC had a large BET specic surface area (SBET ¼ 2130
m2 g�1 for 800 �C activation temperature) and exhibited high
capacitive performance in an aqueous electrolyte with superior
specic capacitance (Table 1, entry 7). Rana et al. demonstrated
the synthesis of soya derived NCs using NaOH activation fol-
lowed by pyrolysis for SC, ORR, and CO2 capture applications.
This soya derived N-doped catalyst exhibited a 1072 m2 g�1 BET
specic surface area and showed excellent performance for the
SC application (Table 1, entry 8). As illustrated in Fig. 8(b), the
synthesis of soya derived NC has three steps: (i) pre-
This journal is © The Royal Society of Chemistry 2021
carbonization, (ii) activation, and (iii) pyrolysis. The pre-
carbonization of soya chunks at 300 �C results in the evapora-
tion of fatty acid and water. The activation using NaOH at 600 �C
under an inert atmosphere provides oxygenated functional
groups and disrupts the lamellar-like features, which result in
the formation of a porous material with an increase in BET
surface area. Furthermore, this obtained material is pyrolyzed
at various temperatures (800–1000 �C) to achieve NC.

Chemical activation has various advantages over physical
activation such as (1) use of lower pyrolysis temperature, (2)
high carbon yield and surface area, and (3) easy tuning of
microporosity. Hence, chemical activation methods are studied
extensively for the synthesis of NPCs. Some reports showed
physicochemical and microwave-induced activation,77 but
physical activation methods with biomass are comparatively
insufficient.

KOH has been used extensively as an activation agent for
biomass-derived NC and porous carbons. Fan et al. reported the
fabrication of NC by a chemical activation approach in which
K2CO3 and chitosan were used as the activation agent and
precursor, respectively.62 The physicochemical properties of NC
were tuned by altering the K2CO3/chitosan ratio and activation
temperature. A sample prepared with K2CO3/chitosan ¼ 2 at
635 �C calcination temperature under ambient conditions
showed high CO2 uptake. This material showed a large BET
specic surface area of 1673 m2 g�1, and an increase in calci-
nation temperature from 600 to 800 �C resulted in an increase
in surface area from 1180 to 2567 m2 g�1. In contrast, an
increase in calcination temperature showed decreased N
content for the samples prepared with K2CO3/chitosan ratios of
1 and 2.62
2.5 Direct and post synthesis

In this section, the synthesis of NCs using additional methods is
discussed, including chemical vapor deposition (CVD), layer
separation growth, and arch discharge. These methods are
called direct synthesis methods.89,90 On the other hand, post-
synthesis methods include thermal annealing, bombardment,
or solution treatment.91 Recently, NPC functionalization has
been extensively studied to improve the properties of these
J. Mater. Chem. A, 2021, 9, 3703–3728 | 3711
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Fig. 10 (a) The commonly doped N species in graphitic carbons with the corresponding reported X-ray photoelectron spectroscopy (XPS)
binding energies.103 (b) Possible reaction mechanism of transfer HDO of vanillin over Pd@MNC. Reproduced with permission from ref. 86,
copyright (2017) RSC.
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materials for practical applications. Giuliano and coworkers
reported NC nanotube functionalization using chemical func-
tionalization and CVD to reveal the electrochemical role of
specic N-functionalities in the ORR.92 Although the synthesis
of N-doped graphitic carbons using the CVD method has been
widely reported, this method is not affordable and is difficult to
use on a large scale. The N content reported for CVD is lower,
which precludes its commercialization. However, the sol-
vothermal method is relatively affordable, and the preparation
of NCs is carried out under mild conditions on a large scale.
Furthermore, higher N-doping (4–17%) is also possible using
this method.93 In CVD, a metal catalyst is used for the synthesis
of N-doped graphene under high temperature from carbon (e.g.,
ethylene, methane) and N sources (ammonia) or a liquid
precursor containing carbon and N such as acrylonitrile or
pyridine. These N and carbon precursors dissociate under high
temperatures and recombine to form N-doped graphene or N-
doped graphite on the surface of the catalyst. Besides, for the
synthesis of P-doped graphite and B-doped carbons, the CVD
method was reported.94

The other approach used for the synthesis of N-doped gra-
phene and NC nanotubes is an arc discharge method.95 In this
method, graphite is typically vaporized along with a N precursor
(pyridine or NH3) to obtain N-doped graphene. In the
bombardment method, such as plasma treatment, the N-
doping was controlled by varying the exposure time and
plasma strength. However, in this method, oxygen functionali-
zation happens to a greater extent.96 ILs are sometimes used in
combination with a hard template to prepare controlled porous
materials. ILs have benecial properties such as non-
ammability, low vapor pressure, and excellent electrical
conductivity; the low vapor pressure of ILs enables carboniza-
tion without evaporation.97 Several studies also reported the
possibility of using ILs in the absence of a template. However, in
this method, the materials are obtained with a lower specic
surface area.93,98 The biomass resources and methods used for
the synthesis of NCs are summarized in Fig. 9. The ash content
of biomass can affect the thermochemical processes; for
example, Si is relatively inert under pyrolysis. Inorganics,
including K, Na, Ca, and Mg, catalyze the thermal degradation
of biomass to light gases.99 The presence of higher ash content
in biomass adversely affects the pyrolysis process.
3712 | J. Mater. Chem. A, 2021, 9, 3703–3728
Consequently, ash removal from biomass is sometimes neces-
sary. For ash removal from biomass, anatomical fractionation,
size fractionation, and air classication strategies have been
employed.99 The air classication strategy is the most effective
for removing ash from biomass.
3 Applications of nitrogen-doped
carbons
3.1 Catalysis

Homogeneous transition metal complex catalysts offer signi-
cant advantages in catalysis because of their tunable properties
at the molecular level for specic applications; moreover, the
synthesis of these catalysts was reproducible. Although the
properties of metal complexes are easily modied, they suffer
from drawbacks, such as low stability and difficulty in recycling
from the reaction mixture because of their homogeneous
nature. On the other hand, heterogeneous catalysts are readily
separated from the reaction mixture and can be employed
efficiently for continuous ow processes. Hence, to overcome
these issues of homogeneous transition metal complexes,
homogeneous catalysts are anchored on a heterogeneous
support to make them heterogeneous catalysts. Besides, the
activity of anchored metal complexes can be improved
compared to that of homogeneous catalysts. The porous carbon
and NPCs oen act as supports for anchoring various metal
complexes and catalyst precursors by covalent bonds than just
physical adsorption, which precludes leaching of the metal in
the reaction medium. Besides, the carbon material offers the
possibility of tuning the surface structures readily by N intro-
duction or by thermal and chemical post-treatment methods
followed by functionalization.100 The modication of the NC
support is benecial for introducing various functional groups
(–COOH, –OH, and –NH2) for creating anchoring sites for metal
complexes. In the case of a supported metal catalyst, the activity
mainly depends on the metal distribution and metal loading on
the NC support. The carbon surface functional groups offer
anchoring sites to the metal precursors. They also hinder metal
agglomeration by reducing the migration of metal crystallites.
That leads to a decrease in metal sintering issues. Hence,
control of the surface chemistry of the NCs is crucial for the
This journal is © The Royal Society of Chemistry 2021
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Fig. 11 (a) N2 adsorption/desorption isotherms and (b) the pore-size distributions of the hybrids ZnO/SiO2-NC-600, ZnO/SiO2-1, and ZnO/
SiO2-2, and (c) dispersion of the catalyst in methanol at RT. Reproduced with permission from ref. 105, copyright (2017) Wiley.
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synthesis of highly active and well-dispersed metal-supported
catalysts.

Recently, NPCs were employed as supports for the synthesis
of many metal-supported catalysts. They provide a higher
surface area, and the porosity can be tuned to impart high
stability and electrical conductivity. Metal-supported NPC
catalysts were reported for various reactions, including Fischer–
Tropsch synthesis (FTS), H2 generation, oxidation, and reduc-
tion reactions. Signicant progress has been made in metal
nanoparticle catalysts modied using NC as the support. As
shown in Fig. 10(a), the N-doping in the carbon matrix provides
various types of bonding of the N dopant, including pyrrolic,
pyridinic, graphitic, and pyridine N-oxide. The N-doping may
result in defects in the graphitic lattice or generation of
vacancies. The pyridinic N atoms are present in the vacancies in
the graphitic carbon. In the carbon plane, by replacing the
carbon atoms, the graphitic N atoms are located. Due to the
diverse N bonding, N-doping enhances the physicochemical
properties of metal-supported NC catalysts for various catalytic
applications. The presence of interstitial N and C–N defect sites
can improve the growth and nucleation of metal
nanoparticles.101

For the transfer hydrogenation of vanillin, an acid-resistant
Pd catalyst supported on biomass-derived N-doped meso-
porous carbon (NMC) showed high activity (Fig. 10(b)).86 The
NMC support was prepared using glucose and melamine
precursors and ZnCl2 as a pore-forming agent. The Pd/NMC was
prepared by dispersing PdCl2 and NMC in water and stirring it
for 30 min. Next, the solution was heated in a closed system at
40 �C for 8 h under H2 (2 MPa), and the nal catalyst was
recovered via ltration. The Pd/NMC catalyst showed three
times higher activity than the Pd/MC catalyst without N-doping
for vanillin hydrogenation. The reactions were carried out in
water using formic acid as the hydrogen donor. The result
showed an exceptionally high activity. The vanillin completely
converted into 2-methoxy-4-methylphenol at 150 �C (3 h). The
NMC catalyst is stable in formic acid; the electron-decient Pd
concentration is affected by N-doping due to strong interaction
between Pd and N, which results in the co-existence of metallic
Pd and electron-decient Pd. In this work, the NC acts as
a support and also contributes to the increase in the catalyst
activity. The surface-N can act as defect sites. It enhances the
This journal is © The Royal Society of Chemistry 2021
hydrophilicity and wettability of the catalyst. Higher the catalyst
hydrophilicity, the more active it is for the HDO of vanillin in
a polar protic solvent such as water. For vanillin hydrogenation,
Yang et al. demonstrated a Co embedded biomass-derived
mesoporous NC catalyst.102 The Co@NC-700 catalyst exhibited
>95% vanillin conversion with 99% 2-methoxy-4-methyphenol
selectivity at 180 �C (4 h). Interestingly the Co@NC-700 cata-
lyst showed 15.4 times higher activity compared to Co/AC.

Generally, for the synthesis of metal-supported NC catalysts,
two methods were reported. The rst one is the loading of metal
on pre-synthesized NC using a deposition precipitation and
impregnation method. The second method is the introduction
of N and metal species simultaneously on the carbon. We have
previously reported the synthesis of gold-nanoparticle
embedded N-doped nanoporous carbon using the de novo
approach. In this method, initially, the gold precursor was
encapsulated in ZIF-8, and then it was reduced to gold nano-
particles.104 A mesoporous Co encapsulated NC catalyst
(Co@NC) was prepared by the one-pot carbonization of glucose,
CoCl2, and melamine.102 The unique structure of Co@NC plays
multiple roles in the catalytic transfer hydrogenation of
biomass with formic acid (FA). The Co@NC exhibited excellent
chemoselectivity and high yield for HDO of vanillin to 2-
methoxy-4-methylphenol using FA as a reductant.

For the green synthesis of benzimidazoles, ZnO nano-
particles supported on silica and NC were explored by Chen
et al. using silica gel and chitosan precursors.105 The ZnO sup-
ported on SiO2 and SiO2-NC samples showed type-II isotherms
and the presence of macropores and mesopores with low BET
surface areas (Fig. 11(a)). The ZnO nanoparticles were well-
distributed in the SiO2-NC-600 and SiO2-1 supports due to the
presence of chitosan during the catalyst synthesis. On the other
hand, ZnO/SiO2-2 showed ZnO nanoparticle aggregation due to
a narrow range of pore diameters (Fig. 11(b)). The ZnO
anchored on a silica support and NC was well dispersed in
MeOH compared to ZnO/SiO2-1, as shown in Fig. 11(c). The NC
in ZnO/SiO2-NC-600 assisted the uniform dispersion of the
catalyst in MeOH, resulting in enhanced contact between the
nanoparticles and substrate that helps to improve the catalytic
performance. The interaction between the NC support and ZnO
might increase the acidic sites of the catalyst, resulting in
enhanced catalytic performance. The amino and hydroxyl
J. Mater. Chem. A, 2021, 9, 3703–3728 | 3713
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groups of chitosan used as a precursor for catalyst synthesis
assist the complexation of Zn salt that increases Zn ion
dispersion. The SiO2 support improves the surface area of the
catalyst and stabilizes the formation of NC. The N atoms restrict
the size of ZnO nanoparticles to the sub-nanometer level and
increase the dispersibility. The ZnO/SiO2-NC-600 catalyst
showed high activity for the synthesis of 2-arylbenzimidazoles
using diamines and aromatic aldehydes in MeOH under mild
conditions.

3.1.1 Oxidation reactions. A metal-free NPC was used
directly as a catalyst for many oxidation reactions.106–111

Recently, our research group reported N-doped nanoporous
carbon as a catalyst for the oxidation of HMF and furfural into
FDCA and maleic acid, respectively.106,112 The increase in
graphitic-N (N-Q) species in an N-doped nanoporous carbon
caused an improvement in the FDCA yield in the aerobic
oxidation of HMF (11% FDAC yield, 600 �C (4%N-Q); 80% FDCA
yield, 900 �C (24% N-Q)). Similarly, higher activity is observed
for the oxidation of furfural into maleic acid with NC catalysts
with a high content of N-Q species. In this study, the NC derived
from biomass showed inferior activity due to the lower content
of N-Q species. Hence, the synthesis of biomass-derived NC with
higher content of N-Q species is necessary for the selective
oxidation of biomass-derived HMF and furfural.

Zhang et al. demonstrated the aerobic oxidation of alcohols
and hydrocarbons over a Pd@N-doped carbon catalyst without
using a solvent.87 In this method, the NC was rst prepared
from glucose by the HTC method, followed by carbonization at
550 �C. The catalyst contains 35.3, 39.6, and 25.1% pyrrolic,
pyridinic, and quaternary type N, respectively. XRD analysis
revealed the presence of broad and weak diffraction peaks at 2q
¼ 25� and 44�, attributed to the (002) and (100) planes of the
graphite type lattice. The Raman spectra of NC exhibited a D
band at 1355 cm�1 and a strong G band at 1586 cm�1. The D
and G band intensity ratio for N-doped C-GluA-550 (the
subscript denotes the additive) is higher (ID/IG ¼ 0.78)
compared to that of C-Glu-550 (ID/IG ¼ 0.63), indicating the
presence of structural defects on the NC. Besides, NC exhibited
a hierarchical porous structure and was selected as a support for
the Pd embedded catalyst synthesis. The prepared Pd
embedded catalyst showed 6 nm mean particle size of Pd
nanoparticles; furthermore, the well-dened lattice fringes
conrmed the (111) crystal plane of Pd. XPS analysis showed
that the two asymmetric peaks correspond to Pd 3d5/2 and Pd
3d3/2. The dispersion of Pd calculated using CO adsorption is
33.5%. The Pd embedded catalyst (4%Pd@C-GluA-550) can only
show a 5.7% indane conversion at 80 �C. However, an increase
in reaction temperature to 120 �C showed an improvement in
the indane conversion from 5.7 to 31%. Similarly, in the case of
benzyl alcohol oxidation catalyzed by the Pd catalyst (0.5%
Pd@C-GluA-550), 49% conversion was observed at 120 �C in the
presence of air.

Recently, the oxidation reactions of biomass-derived furans
were studied extensively using NC catalysts. For the selective
oxidation of HMF to DFF, a chitosan derived NC catalyst was
reported by Ren et al., where the NC was obtained via a pyrolysis
method from chitosan and urea served as the N precursor.113
3714 | J. Mater. Chem. A, 2021, 9, 3703–3728
The oxidation of HMF into DFF over NC was carried out at
100 �C under 1 MPa O2 pressure, and a catalytic amount of
HNO3 exhibited a high DFF yield (95%).29 In this reaction, the
catalytic activity depends on the type of N atom and the specic
surface area of the catalyst. Besides, the catalytic activity
increased with increasing pyrolysis temperature from 650 to
950 �C. Lin et al. described a chitosan-derived Co@NPC catalyst
for the oxidative esterication of HMF to 2,5-furandicarboxylic
acid dimethyl ester.114 The catalyst performance was improved
by the dual role of Zn, i.e., self-sacricial template and acid–
base site regulator. The optimization of acidic and basic sites
and enhanced specic surface area due to partial evaporation of
Zn during the synthesis process from the catalyst resulted in the
higher activity.

3.1.2 Hydrogenation reactions. A molybdenum oxide@N-
doped carbon (MoOx@NC) catalyst was demonstrated recently
for the selective vapor-phase hydrodeoxygenation (HDO) of
lignin-derived phenolic compounds.115 MoOx@NC was
produced by in situ pyrolysis of preloaded cellulose and
a molybdenum precursor ((NH4)6Mo7O24$4H2O) under an NH3

ow. The vapor phase HDO of guaiacol using the C-600 catalyst
showed 35.6% guaiacol conversion with 10% aromatic hydro-
carbons and a 19% yield of phenols. In contrast, the use of the
NC-600 catalyst exhibited 54% guaiacol conversion with 16.7%
aromatic hydrocarbons and 26.3% yield of phenols, suggesting
an improvement in the catalyst performance due to N doping.
Besides, the use of molybdenum oxide supported on NC cata-
lysts for HDO of guaiacol resulted in complete conversion of
guaiacol with 68.8% aromatic hydrocarbons and 6.7% phenols,
indicating that the N-doping and presence of molybdenum
oxide enhance the HDO of guaiacol and produce more aromatic
hydrocarbons.

The incorporation of N into carbon can improve the stability
and catalytic activity of the supported metal nanoparticles. The
NC nanotube supported Pd catalyst showed high activity for the
hydrogenation of nitrobenzene.116 This study demonstrated,
using XPS analysis and DFT calculations, how the metal-
support-interaction inuences the catalyst activity. The adsor-
bed Pd on N@CNTs donates electrons to pyridinic N, and this
metal-support-interaction leads to electron deciency in Pd.
Hydrogenation of nitrobenzene indicated that the metal-
support interaction can help in tuning the catalyst activity.
The N-doping of carbon nanospheres on the nickel catalyst has
a strong impact on reactant adsorption and metal sintering.117

N-doping in the carbon nanospheres decreases the graphitic
character of the catalyst, and the quaternary N provides an
electron-rich carbon surface, which improves the mobility of
the metal and consequent sintering.118 The large particle size
offers a higher reaction rate for butyronitrile hydrogenation by
decreasing the nitrile group adsorption strength, which
increases the activity for hydrogenation.

Recently, a Pd/NC catalyst was reported for the hydrogena-
tion of benzoic acid to cyclohexane carboxylic acid.119 The NC
catalyst was prepared by HTC using glucosamine hydrochloride
as a carbon and nitrogen precursor. For the chemoselective
hydrogenation of benzoic acid, the Pd@NC catalyst showed 9
times higher activity than Pd@AC. Besides, the Pd@NC catalyst
This journal is © The Royal Society of Chemistry 2021
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Fig. 12 (a) CVs of N-S/C_700 in N2- (dashed line) and O2-saturated (solid line) aqueous 0.1 M KOH at a scan rate of 100 mV s�1. (b) LSVs of
various catalysts obtained at 400 rpm and 5 mV s�1 in oxygen-saturated 0.1 M KOH. (c) Comparison of onset potential and current density at
0.4 V (vs. RHE) for catalysts. Correlation of (d) onset potential and (e) current densities at 0.6, 0.5, 0.4, and 0.3 V (vs. RHE) with N contents. (f) K–L
plot derived from voltammograms at different rotation speeds. (g) Number of electrons transferred in the ORR. (h) Tafel plots, with the respective
slopes indicated, for various catalysts extracted from the LSV results. Reproduced with permission from ref. 135, copyright (2018) RSC.
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exhibited high activity towards hydrogenation of phenylacetic
acid and benzoic acid derivatives, such as ethyl benzoate and
benzamide.

As demonstrated in the above examples, the use of NCs alone
as a catalyst resulted in enhanced activity and stability. Besides,
the supported metals and metal oxides on NC help to improve
the catalyst performance. The utilization of biomass as a carbon
and nitrogen precursor for the synthesis of NPCs and its use for
This journal is © The Royal Society of Chemistry 2021
biomass conversion and other chemical transformations as
a catalyst can offer high economic viability for large scale
applications.
3.2 Energy storage

3.2.1 Fuel cell. Development in fuel cell research and
various fuel cell technology applications helps to circumvent
J. Mater. Chem. A, 2021, 9, 3703–3728 | 3715

https://doi.org/10.1039/d0ta09706c


Journal of Materials Chemistry A Review

Pu
bl

is
he

d 
on

 1
7 

D
ec

em
be

r 
20

20
. D

ow
nl

oa
de

d 
on

 6
/2

6/
20

24
 8

:5
8:

46
 A

M
. 

View Article Online
the dependency on fossil fuels. Hence, fuel cell research has
become an essential topic in academics and industry. The fuel
cell directly transforms chemical energy into electricity with
high efficiency of energy conversion without combustion
processes. Additionally, it generates electricity in silent opera-
tion at a xed position without forming harmful waste prod-
ucts. In a fuel cell, two half-reactions happen, one at the cathode
and another at the anode. The electrodes are produced from
porous carbon coated with a catalyst like Pt or Ni; alternatively,
they can be polymer-electrolyte membranes (PEMs) made from
composite membranes. The electrodes are separated by elec-
trolytes such as aqueous KOH, and the fuel cells are classied
based on the fuel and the type of electrolyte used. The hydrogen
and the methanol fuel cells are the most widely studied fuel
cells, and in both the fuel cells, the ORR is commonly the rate-
determining step.120 However, the ORR suffers from drawbacks
such as requiring an overpotential. Usually, electrocatalysts are
not stable under these conditions, creating a barrier to large
scale fuel cell applications.

High electrocatalytic activity is reported for the Pt/C elec-
trocatalyst. However, it is expensive and shows sluggish
electron-transfer kinetics and inferior durability, making it
unsuitable for commercial applications of fuel cells.121 Hence,
more attention has been focused on developing porous mate-
rials with supported non-precious metals or without metals as
catalysts to enhance the electrocatalytic activity and stability.
Recent studies on the electrochemical ORR using heteroatom
(N, P, B, S, and Se)-doped metal-free porous carbons as elec-
trocatalysts showed high activity and stability.120,122–124 Conse-
quently, these heteroatom-doped porous carbons can be
a potential candidate to replace the expensive Pt-based cata-
lysts.125–127 The NCs have high thermal and electronic conduc-
tivity due to p-delocalization. Because of these properties, NCs
have been employed extensively for the ORR. Furthermore, NCs
showed high stability, superior ORR activity, and highmethanol
and CO poisoning resistance compared to Pt/C.120,128

In this review, applications of both metal-free NCs and
metal-supported NC catalysts for the ORR are reviewed; other
materials reported for the ORR are beyond the scope of this
review. For the ORR, two reaction pathways exist, dependent on
the type of electrolyte and nature of the catalyst.123 In the rst
pathway, the molecular oxygen is reduced by four electrons to
water, while in the second pathway, which is less efficient, the
molecular oxygen gets reduced by two electrons to produce
a H2O2 intermediate. Sun et al. reported the electrochemical
two-electron ORR via the H2O2 pathway using NC prepared by
direct pyrolysis of polyethylenimine with mesoporous carbon.129

The efficient electrocatalyst can perform the ORR via the four-
electron pathway without forming peroxide, resulting in
higher efficiency of the fuel cell. Since peroxide formation
lowers the current efficiency and operating potential, it also
harms fuel cell components by corrosion.

O2 + H+ + 4e� / 2H2O (first pathway)

O2 + 2H+ + 2e� / H2O2 (second pathway)
3716 | J. Mater. Chem. A, 2021, 9, 3703–3728
H2O2 + 2H+ + 2e� / 2H2O

Recently, NCs have been extensively studied as catalysts for
the ORR because the N present in various congurations
improves the electron-donating ability of NCs owing to its
higher ORR activity.130,131 Furthermore, the synthesis of metal-
free NC catalysts and non-precious metal-supported NC cata-
lysts and their ORR applications have attracted signicant
attention. The N with one additional electron and higher elec-
tronegativity than carbon tends to accept electrons from
carbons leading to a partial positive charge on the carbon,
resulting in enhanced interaction with O2 and its dissociation
adsorption.123 Many electrocatalysts have been developed using
carbon nanotubes, graphene, and ordered mesoporous
carbons. The use of a hierarchical porous structure is benecial
because of meso- and macropores, facilitating the transport of
O2 and H2O. The microporosity supports hosting more elec-
trocatalytically active sites. Yang et al. reported NHPC foam to
use as an electrocatalyst, which exhibits higher activity for the
ORR, oxygen evolution reaction (OER) and N reduction reaction
(NRR).132

The synthesis of cobalt–N-doped mesoporous carbon con-
taining a high N/C atomic ratio (0.22) was reported using
vitamin B12 and a polyaniline–Fe (PANI–Fe) complex.133 This
inexpensive, active, and stable mesoporous non-precious metal
(NPM) catalyst prepared from vitamin B12 and silica nano-
particles could be a suitable alternative to the expensive Pt/C
noble metal catalyst used for the ORR. The NPM catalyst
showed remarkable ORR activity (0.79 V half-wave potential, ca.
58 mV deviation from Pt/C) in acidic media owing to its abun-
dant metal–N active sites, high BET specic surface area (572
m2 g�1), and narrow distribution of mesopores with well-
dened porous structures. The conventional methods re-
ported for the synthesis of transition metal–N-doped carbon
frameworks involve direct pyrolysis of a mixture of carbon, N,
and transition metal precursors, which usually fails to control
the porous structure resulting in limited exposure of active
sites. Besides, the synthesis of a N-doped non-precious iron
metal catalyst (Fe-NC) was reported using soybean biomass.134

This catalyst was produced by co-pyrolysis with metallic Fe and
a carbon support from soybean biomass. In the presence of Fe
metal, the three-dimensional quaternary N structure changed to
planar pyrrolic or pyridinic N species in the carbon matrix
during pyrolysis. This catalyst exhibited superior performance
for the ORR in an alkaline electrolyte. It indicates that the
planar N species acts as an active center and thus improves the
ORR performance.

Zhang et al. reported an efficient method for the ORR using
lignosulfonate biomass-derived N and S co-doped porous
carbons.135 In this case, functionalized lignin acts as both
dopant and carbon precursor for the direct production of N and
S co-doped carbon. This metal-free catalyst offers high activity,
outstanding durability, and excellent selectivity for the ORR.
The morphology of the material was a honeycomb-like ake
carbon sheet network with a large BET specic surface area
(1165 m2 g�1), while the presence of N and S was conrmed
This journal is © The Royal Society of Chemistry 2021

https://doi.org/10.1039/d0ta09706c


Fig. 13 (a) Schematic of highly porous ANCSs as efficient and stable
ORR electrocatalysts via amultistep strategy. (b and c) CV curves of the
activated samples (ANCSs), as well as the control samples in O2-
saturated 0.1 M KOH aqueous solution (sweep rate: 50 mV s�1).
Reproduced with permission from ref. 147, copyright (2017) ACS.
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using XPS analysis. Thermal treatment was applied to control
the dopant conguration and degree of graphitization.

Recently, for the ORR, the electrocatalytic properties of N
and S co-doped carbons were reported.135 Noticeably a high
electrocatalytic response/cathodic current (ca. 0.72 V) was
observed under O2 compared to that under N2 (Fig. 12(a)). The
linear scan voltammogram (LSV) curve was obtained at various
annealing temperatures for N-S/Cs, lignosulfonate (LS), and
ammoniated lignosulfonate (ALS) under saturated O2

(Fig. 12(b)). Compared to the ammoniated lignosulfonate and
original lignosulfonate, the N and S co-doped catalysts showed
high ORR onset potentials, indicating faster reaction kinetics
with N and S co-doped catalysts (Fig. 12(c)). Moreover, the N and
S co-doped catalyst prepared from lignin exhibited higher
performance (0.80 V vs. RHE) compared to N-doped graphene
(0.74 V vs. RHE),136 N/S co-doped graphene,137 N/S co-doped
carbon nanobers,138 and carbon electrocatalysts.139 The N-S/
Fig. 14 (a) The chronoamperometric responses of ANCS-1000-45
and Pt/C at �0.6 V (vs. SCE) on an RDE at 1600 rpm, and (b) the
chronoamperometric responses of ANCS-1000-45 and Pt/C at�0.6 V
(vs. SCE) on an RDE at 1600 rpm in O2-saturated 0.1 M KOH before (0–
200 s) and after (200–800 s) adding 3 M methanol. Reproduced with
permission from ref. 147, copyright (2017) ACS.

This journal is © The Royal Society of Chemistry 2021
C_700 catalyst showed a high performance compared to 5%
Pt/C in terms of current density and onset potential. Further-
more, it exhibited close limiting current density to that of a 20%
Pt/C catalyst regardless of its smaller onset potential (0.80 V vs.
RHE) relative to 20% Pt/C (0.95% V vs. RHE), as shown in
Fig. 12(b). Current density and onset potential were tested at
various potentials for each ORR with total N content.

The catalyst with a higher graphitization degree showed
superior current density. The graphitization improves electron
transfer, which is benecial for high ORR performance.
Higher pyridinic and graphitic N contents were achieved with
the N-S/C_700 catalyst showing superior ORR activity (Fig. 12(d
and e)). Furthermore, the Koutecky–Levich (K–L) analysis
showed a linear correlation between 1/w1/2 and 1/i, as shown in
Fig. 12(f). For N-S/C_700 and N-S/C_800, the K–L analysis results
remained almost constant in the potential range of 0.3 to 0.6 V
(Fig. 12(g)), higher than those of N- (3.2 at 0.75)140 and S-doped
graphene (3.2 at 0.477)141 and other carbon catalysts.139 These
results indicated that the ORR catalyzed using N-S/C_700 pro-
ceeded mainly through a one-step four-electron process. High
values of electron transfer were achieved for all N-S/C samples
compared to the ammoniated lignosulfonate and original
lignosulfonate (Fig. 12(g)). The high ORR activity of N-S/C_700
is seen from its smaller Tafel slope than those of other N-S/C
samples in 0.1 M KOH, as shown in Fig. 12(h).

Many reports suggested that an increase in graphitic-N
resulted in enhanced electrocatalytic activity. Conversely, the
electrocatalytic activity was not signicantly dependent on the
pyridinic-N.142,143 However, some reports showed that pyridinic-
N and quaternary-N functionalities correlated with ORR activity
instead of the total N content in the electrocatalyst. Addition-
ally, many reports showed that graphitic-N was crucial for
higher ORR activity.128 Besides, both pyridinic-N and graphitic-
N functionalities of NCs were also benecial for the ORR
activity.144 The graphitic-N concentration determines the
limiting current density, and the pyridinic-N concentration help
to enhance the ORR onset potential. Recently, Sun et al.
demonstrated that the pyridinic-N catalytic sites are active in
acidic solution, while in alkaline and neutral solutions,
graphitic-N catalytic sites are active for the ORR.129 Zhao et al.
reported that the ORR activity changes with quaternary-N and
pyridinic-N concentration instead of the total N content.145

However, NC nanotubes with low N content (0.56%) can also
enhance the ORR activity.123

The 3D hierarchical NPC prepared using mixed cellulose
ester lm modied with polydopamine followed by KOH acti-
vation exhibited ORR activity similar to that of a Pt/C electro-
catalyst.146 The higher ORR activity is a result of the high specic
surface area (2191 m2 g�1), which provides more catalytically
active sites and has greater inuence than pyridinic-N and
pyrrolic-N functionalities. The exact role of various N func-
tionalities and whether the content of N has an effect on the
ORR are not clearly understood. Although plausible mecha-
nisms have been proposed for the ORR using NCs as electro-
catalysts, the mechanism of the ORR over NC is not explained
precisely because of inadequate information about the nature of
active sites and the use of different synthesis methods. The NCs
J. Mater. Chem. A, 2021, 9, 3703–3728 | 3717
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show higher activity compared to the commercial Pt/C catalyst
in alkaline media. However, in acidic media lower activity was
observed. The stability of the NCs is an issue in acidic solvent
due to oxidation or protonation of N in an acidic environment.
This problem can be partially solved using a higher degree of
graphitic-N because the graphitic-N atoms are less prone to
protonation. Besides, the use of a non-noble metal such as Fe or
Co supported on NCs can also improve the activity in acidic
media.

Gu et al. reported the synthesis of N-doped porous carbon
spheres (NCSs) from biomass-derived glucose as a carbon
source and N-doping by ammonia treatment with improved
porosity for the ORR.147 The carbon source was prepared by
hydrothermal treatment using glucose as a substrate, as shown
in Fig. 13(a). The carbon source was calcined at 650 �C under an
ammonia ow to prepare NCS. The CO2 activation was carried
out by heating NCS at 800 to 1050 �C under a CO2 ow for 0 to
90 min, as shown in Fig. 13(a). The electrocatalytic activity was
investigated for the activated N-doped carbon sphere (ANCS)
catalyst in a three-electrode system. The result showed superior
conductivity with a high capacitive current. The oxygen reduc-
tion on the electrode surface is conrmed by the oxygen
reduction peaks at�0.30 to�0.35 V (vs. reference electrode, i.e.,
secondary calomel electrode) in the cyclic voltammetry (CV)
curve. A signicant increase in the ORR peak intensity was
observed with the increase in activation temperature, indicating
an enhanced electrocatalytic activity. The activated catalyst with
N-doping showed amore positive ORR peak (�0.32 vs. saturated
calomel electrode; SCE) compared to that without N-doping
(�0.38 vs. SCE) and activation (�0.36 vs. SCE), as shown in
Fig. 13(b). The increase in activation temperature led to
improved ORR activity and higher limiting current density for
Fig. 15 (a) CV curves and (b) galvanostatic charge–discharge profiles for
cycling test of the N,SAC-2 electrode at a current density of 2 A g�1 for 5
RSC.

3718 | J. Mater. Chem. A, 2021, 9, 3703–3728
a more positive onset potential. The thermal activation caused
high ORR activity because of improved pore volume and surface
area. The sample activated at 1000 �C for 45min (ANCS-1000-45)
exhibited high limiting current density (5.1 mA cm�2)
compared to previously reported NC electrocatalysts and even
commercial Pt (4.2 mA cm�2).148,149

The stability of the electrocatalyst during the ORR is the
main challenge for practical fuel cell applications. The
commercial Pt/C catalyst has inferior durability during long-
term operation. Aggregation of Pt and its leaching from the
carbon support, mentioned in some reports, results in
a decrease in the ORR performance. The stability of commercial
Pt/C and ANCS-1000-45 catalysts is tested in 0.1 M KOH solution
under saturated O2 and constant potential (�0.6 V vs. SCE), as
presented in Fig. 14(a). The Pt/C catalyst showed a decrease in
the current to 68% over the 10 h testing period, while the ANCS-
1000-45 showed only a 13% decrease in current under similar
conditions. This comparison result implies the excellent
stability of the ANCS-1000-45 catalyst in 0.1 M KOH solution. In
direct methanol fuel cells, the methanol crossover effect for the
ORR electrocatalyst is a challenging problem for Pt-based
catalysts. The ANCS-1000-45 and Pt/C catalysts were investi-
gated for methanol oxidation by chronoamperometric
measurements in 0.1 M KOH solution under saturated O2 with
3 Mmethanol added at 200 s, as shown in Fig. 14(b). The results
indicated that the ANCS-1000-45 catalyst showed stable
cathodic ORR current aer the addition of methanol in the cell.
Conversely, a sharp decrease in current density was observed for
the Pt/C catalyst under similar conditions, suggesting that the
ANCS-1000-45 catalyst showed high selectivity and superior
stability for the ORR and excellent tolerance to the methanol
crossover effect.
N,SAC-2. (c) Specific capacitances at different current densities. (d) The
00 cycles. Reproduced with permission from ref. 156, copyright (2017)

This journal is © The Royal Society of Chemistry 2021
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3.2.2 Batteries. Currently, two major problems exist for the
application of hydrogen fuel cells in vehicles; rst, most of the
industrial H2 is obtained from methane (methane + oxygen ¼
2H2 + CO2), which causes the greenhouse effect because of the
formation of CO2 during the process. The second issue is the
storage and transportation of hydrogen. This difficulty makes
the vehicles of the future more likely to be powered by batteries.
Recently, NCs have been extensively used as potential anode
materials in batteries to improve the electronic conductivity; the
introduction of N provides active sites for Li-ion adsorption in
Li-ion batteries.

The N content of N-doped graphene can considerably inu-
ence the Li-ion storage capacity.150 Graphene and N-doped
graphene have been reported as potential anode materials for
Li-ion batteries due to their high surface area, superior
mechanical exibility, and excellent electronic and electrical
properties. Besides N-doping, doping with other heteroatoms
such as boron, phosphorus, and sulfur has been extensively
studied for battery applications.151 The results suggested that
heteroatom doped carbons exhibited excellent cycling stability
and higher specic capacities compared to non-doped carbon.
The N-doped graphitic carbon promotes strong interaction
between the Li-ions and the NC.151 Low doping of N (3.9 atom%)
can improve the Li storage capacity up to 600 mA h g�1. The N-
doped graphene nanosheets showed a superior reversible
capacity of 900 mA h g�1 with high rate performance
(250 mA h g�1).151,152 This demonstrates that N-doped graphene
nanosheets are a promising anode material candidate for Li-ion
batteries with high rate capability.153,154

The incorporation of N into carbon promotes Li storage by
providing more active sites for Li storage. The higher specic
surface area results in efficient contact between the electrode of
NC and the electrolyte, which further facilitates the
Fig. 16 (a) Fabrication of HMCs, (b) HR-TEM images of the HMCs obtaine
a charge–discharge current density of 2 A g�1 for 20 000 cycles in
Reproduced with permission from ref. 79, copyright (2014) RSC.

This journal is © The Royal Society of Chemistry 2021
transportation of Li-ions.155 The pores not only accommodate
the local volume alteration of the carbon anode but also act as
reservoirs for the storage of Li ions. The N-rich carbon derived
from ox horn has hierarchical pores along with meso- and
micropores affording easy transportation and storage of Li-ions.
The micropores can act as charge accommodation sites, while
the mesopores can shorten the length of Li-ion diffusion by
forming an ion-buffering reservoir, and the interconnected
pores offer a continuous electron transport route. The N-doping
results in the formation of a large number of structural defects
that promote rapid charge-transfer reactions and work as Li-
insertion sites for Li-ion storage, which enhances the Li-ion
storage performance.

The NPC prepared using natural polysaccharides such as
sodium alginate and additional N precursor urea via KOH
activation showed superior electrochemical performance for the
Li-ion battery application.156 This NC derived from the sodium
alginate (NSAC-n, where n denotes the KOH to sodium alginate
mass ratio) electrode exhibited a high specic capacity of
1455 mA h g�1 for Li-ion batteries. The performance of sodium
alginate-derived NPC was examined in LiPF6 electrolyte using
coin-type half cells. The CV curves were recorded at a scan rate
of 0.1 mV s�1 and voltage range 0.01 to 3 V, and are presented in
Fig. 15(a). The cathodic peak was observed over the potential
range from 0.01 to 1 and 0.01 to 0.5 in the rst and following CV
scans. In the rst cycle, the electrode decomposition happens,
which results in a pronounced peak in the initial cycle scan. The
CV curves were similar to each other for the subsequent cycles,
indicating the excellent electrochemical reversibility of the
electrodes. The NSAC-0 sample exhibited higher reversible
charge capacity (893 mA h g�1) than carbon derived from
sodium alginate (SAC 774 mA h g�1) at 0.1 A g�1, while higher
charge capacity was achieved for NSAC-1 (1334 mA h g�1) and
d at 800 �C, (c) N sorption isotherms, (d) cycling stability of HMC-800 at
6 M KOH electrolyte. Inset: galvanostatic charge–discharge cycles.

J. Mater. Chem. A, 2021, 9, 3703–3728 | 3719
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Fig. 17 Synthesis schematic of N-doped HPC, macro–meso-C, and micro-C from shrimp shell. Reproduced with permission from ref. 171,
copyright (2016) RSC.

Fig. 18 (a) N2 sorption isotherm (the pore size distribution is shown in
the inset). (b) CO2 adsorption isotherm at 25 �C. Reproduced with
permission from ref. 174, copyright (2016) Elsevier.
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NSAC-2 (1455 mA h g�1), due to the N-doping and a higher
surface area, which contribute to the enhanced Li storage
capacity.

The rate capability of NSAC was provided under various
current densities from 0.1 to 10 A g�1, as shown in Fig. 15(c).
The rate capacity remained at 223 and 173 mA h g�1 for NSAC-2
for high current densities of 5 and 10 A g�1. The higher surface
area is favorable for enhancing the capacity, and the lower N
content results in decreased capacity. The capacity and
coulombic efficiency were maintained with no sign of decom-
position for 500 cycles, suggesting that this NSAC electrode has
potential for practical applications, as shown in Fig. 15(d). The
high Li storage capacity, superior rate capability, and excellent
cycling stability of the NSAC electrode showed that NSAC is
a potential anode material for Li-ion batteries.

For high-performance Li-ion batteries, Mondal et al.
synthesized NPC using shrimp shell waste.157 The shrimp shell-
derived NPC was used in a Li-ion battery as an anode material
and showed a high specic capacity of 1507 mA h g�1 at
0.1 A g�1 current density. Recently, as an alternative to Li-ion
batteries, Na-ion batteries were studied using NCs because of
the low cost of Na metal and its abundance compared to Li.158

The electrochemical activity of the Na-ion battery signicantly
depends on the electrode pore size and morphology because of
the relatively larger size of the Na-ion compared to that of the Li-
ion. The N-doping facilitates the diffusion of Na-ions because it
helps to increase the defects and lattice spacing between two
adjacent graphene sheets, which leads to a signicant increase
in the performance of Na-ion batteries. Li et al. reported red
phosphorus conned in a N-doped microporous carbon matrix
to improve Na storage performance.159 The incorporation of red
P enhanced the rate capacity by ca. 450 mA h g�1 aer 1000
cycles. The red P can electrochemically react with Na forming
Na3P, consequently delivering high theoretical Na storage
capacity (2595 mA h g�1), while white P was not selected for the
electrochemical application because of its high reactivity with
3720 | J. Mater. Chem. A, 2021, 9, 3703–3728
air and ammability issues. Along with P, doping other
heteroatoms, including boron,160,161 sulfur,162–164 and
iodine,165,166 has been studied for Na-ion batteries to enhance
the energy storage performance.

3.2.3 Supercapacitors. Supercapacitors (SCs) are also called
ultracapacitors or electrochemical capacitors. They can store
electrical energy electrostatically/electrochemically in a polar-
izing electrolytic solution. SCs are classied into three types
depending on the energy storage mechanism: (1) double-layer
capacitors, which exhibit electrostatic charge storage (electro-
chemical double-layer capacitors (EDLCs)/Helmholtz layer
mechanism), (2) pseudocapacitors, which exhibit electro-
chemical charge storage (redox reaction) and (3) hybrid capac-
itors, which exhibit electrostatic and electrochemical charge
storage. For EDLCs, usually, active carbons are used as elec-
trodes, and the energy storage mechanism is through
adsorption/desorption on the interface of the electrode/
electrolyte. On the other hand, in pseudocapacitors, metal
oxides such as RuO2, V2O5, MnO2, and conducting polymers are
used as electrodes, and the energy storage mechanism is
This journal is © The Royal Society of Chemistry 2021
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through redox reactions. Pseudocapacitors offer higher specic
capacitance and energy density compared to EDLCs. However,
they suffer from a lack of stability because of framework
swelling and modest electrical conductivity during cycling.167

Although EDLCs have lower energy density than pseudocapa-
citors, EDLCs can work at high charge and discharge rates and
have superior cycling stability. Hybrid SCs have benets of
EDLCs and pseudocapacitors. Therefore, charge storage
happens electrostatically and electrochemically or through
a combination of both.

Recently, for SCs, biomass-derived carbon and NCs have
been widely used as electrode materials.60 The specic capaci-
tance of a carbon electrode was enhanced without sacricing
the long cycle life and high rate capability by doping various
heteroatoms (N, O, P, S, and B).168,169 Today, the major issue with
SCs is their lower energy density (10 W h kg�1) compared to Li-
ion batteries (180 W h kg�1). Therefore, enhancing the energy
density of SCs by developing active electrodes and novel elec-
trolytes that can work in a broad range of operational voltages
has attracted signicant attention.

Qian et al. reported superior charge storage capacity in 6 M
KOHwith a specic capacitance of 340 F g�1 at a current density
of 1 A g�1 for human hair-derived micro/mesoporous carbon
(HMC), as shown in Fig. 16.79 The activation temperature
signicantly affects the porosity of the material (Fig. 16(c)); an
increased activation temperature from 700 to 800 �C leads to an
increase in surface area and pore volume. The narrow pore size
distribution and higher surface area are useful in charge
storage. The HMC-900 showed both micropore and mesopore
formation, indicated by the hysteresis loop from P/P0 ¼ 0.4 to
0.8. The HMC-900 catalyst exhibited excellent stability; the long-
term activity maintained ca. 98% of the starting specic
capacitance over 20 000 cycles in 6 M KOH (Fig. 16(d)).

The low-cost shrimp shell is a reliable N-containing poly-
saccharide obtained from food waste. The natural inorganic
CaCO3 composition of the shrimp shell can serve as a carbon
template for NC synthesis. White et al. initially used shrimp
Fig. 19 (a) Typical synthesis strategy of metal-NC catalysts and their res
(2019) ACS. (b) The partial current density of CO on NC synthesized at va
Reproduced with permission from ref. 185, copyright (2017) Elsevier.

This journal is © The Royal Society of Chemistry 2021
shell (prawn shell) to fabricate an NPC with high surface area,
mesoporosity, and high N content in a three simple step
synthetic approach.170 Gao et al. reported using waste shrimp
shells as the precursor for the synthesis of N-doped HPC by
a self-templating route combined with KOH activation.171 The
KOH activation produces micropores in the carbon. In this case,
the shrimp shell was activated by KOH at 600 to 800 �C under an
Ar atmosphere to yield micropores; then macro- and micro-
pores were formed by removing the CaCO3 template using
acetic acid, as shown in Fig. 17. Changing the activation
temperature without N loss can tailor the specic surface area of
the as-synthesized N-doped HPC. The obtained N-doped HPC
with abundant micro-, meso-, and interconnected macropores
was an excellent electrode material for SCs. The HPC exhibited
a high capacitance of 348 F g�1 in 6 M KOH electrolyte due to
the synergistic effect of electrochemical activity arising from
porosity and heteroatoms. The same group further adopted this
concept to synthesize NPC as a cathode material for Li–S
batteries. Among the different porous structures, a mesoporous
carbon cathode possessed a large pore size (5.12 nm) and
high N content (6.67 wt%), and exhibited cycling stability with
90% retention within 100 cycles.172

Shao et al. applied cattle bone-derived meso- and macro-
porous NHPCs for high energy and ultrafast SCs in organic and
IL electrolytes.173 The NHPCs obtained have dominant meso-
and macroporosity with a high specic area of 2203 m2 g�1 due
to the KOH activation and hydroxyapatite in the cattle bone.
This cattle bone-derived NHPC electrocatalyst showed excellent
capacitive performance in 1.0 M EMIMBF4 IL electrolyte (240 F
g�1 at 5 A g�1). Ferrero et al. used soybean with high N content
as a biomass precursor for SCs. The HTC of the defatted
soybean solid residue produces NPCs.75 First, commercial soya
our was defatted by Soxhlet extraction. Then, the defatted
soybean solid residue was mixed with glucose and charged into
a stainless-steel autoclave for HTC. The resulting solid (hydro
char) was further activated by KOH, followed by the second
carbonization. Subsequently, the N-doped microporous carbon
ulting structure. Reproduced with permission from ref. 180, copyright
rious temperatures as a function of surface areas and nitrogen content.
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can be obtained for the SC application, as shown in Fig. 8(a).
The SEM analysis suggests that the activated samples have an
irregular morphology with huge conchoidal cavities, which can
promote easy access to the inner pore structure.

This N-doped microporous carbon exhibited high capacitive
performance in volumetric and gravimetric units when
employed as SCs in aqueous electrolyte (Li2SO4 and H2SO4). In
Li2SO4, the voltage window extended up to 1.7 V, while in
H2SO4, it extended to 1.1 V, indicating that the energy stored is
increased by 50% compared to that in the H2SO4 electrolyte. The
results showed a pseudo-capacitance phenomenon contributed
by the oxygen and N functionalities. The NC synthesized at
a lower temperature (600 �C) is suitable for SCs with lower
discharge rates (less than 5 A g�1), while the NC prepared at
a higher temperature (800 �C) is more appropriate for higher
rates. The NC synthesized from waste shrimp shells showed
superior performance in Li-ion batteries and SCs due to the
presence of heteroatoms and a unique porous structure.157
3.3 CO2 capture and reduction

Aside from the applications of NPCs in the ORR, rechargeable
batteries and SCs, biomass-derived NPCs were used in CO2

capture as multi-functional materials. Tian et al. recycled algae
pollutants of Enteromorpha prolifera (EP) to obtain N and O co-
doped hierarchical carbon through direct carbonization of
freeze-drying treated algae.174 This heteroatom doped hierar-
chical carbon showed excellent performance for CO2 capture
and SCs. The N and O co-doped hierarchical carbon pyrolyzed at
900 �C showed 2.0 and 6.5 mmol g�1 CO2 uptakes under 2 MPa
at 25 �C.

The EP-derived N and O co-doped hierarchical carbon ob-
tained at 700 and 900 �C pyrolysis temperatures (EPC-700 and
3722 | J. Mater. Chem. A, 2021, 9, 3703–3728
EPC-900) showed type IV isotherms, as shown in Fig. 18(a). The
hysteresis loop was realized in the pressure range of 0.45 to 1,
suggesting that the material is mesoporous. The presence of
micropores was indicated by the adsorption of a large quantity
of N2 molecules below a relative pressure of 0.05. The EPCs are
excellent for SC applications because of hierarchical pores at 1.5
to 5 nm and micropores (Fig. 18(a)). Typically, the CO2

adsorption increases with an increased pore volume and
surface area under high pressure. Although EPC-700 and EPC-
900 have similar pore size distributions and N2 adsorption
isotherms, the total micro-porosity of EPC-700 was slightly
higher than that of EPC-900. The EPC-900 exhibited higher CO2

capture at 2 MPa pressure than EPC-700, as shown in Fig. 18(b).
The CO2 uptake with EPC-900 at 1 MPa was still higher
(2.01 mmol g�1) than that with the microporous carbon sphere
from the silica template (1.1 mmol g�1), which has a surface
area of 463 m2 g�1.175

Notably, Rana et al. synthesized NC with high surface area
(1072 m2 g�1) from soya for tri-functional applications (ORR,
SCs, and CO2 capture).76 This soya-derived NC was synthesized
by carbonization with three easy steps: (1) soya chunks were
milled and heated at 300 �C (3 h) in an inert atmosphere; (2) the
carbonized sample was activated by NaOH at 600 �C (1 h) in an
inert atmosphere and further neutralized by HCl; (3) the ob-
tained activated carbon was then pyrolyzed at 800, 900, and
1000 �C in an inert atmosphere for an additional 2 h, as shown
in Fig. 8(b). The soya derived NC exhibited excellent perfor-
mance in the ORR, SCs, and CO2 capture due to the presence of
heteroatoms and their chemical nature. For the ORR,
increasing the annealing temperature from 900 to 1000 �C could
not only promote the coexistence of graphitic and pyridinic-N
but could also enhance the conductivity of the sample, which
This journal is © The Royal Society of Chemistry 2021
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were benecial for the ORR activity. The pyridinic-N sites with
Lewis basicity also have the ability for CO2 stabilization and
adsorption. In addition to the ORR and CO2 adsorption, oxygen
in the material also contributes to the supercapacitive proper-
ties. Therefore, this soya derived NC exhibited superior perfor-
mance for ORR, CO2 capture, and SC applications, as shown in
Fig. 8(b).

The electrochemical CO2 reduction reaction (CO2RR) is one
of the benecial approaches compared to other types of CO2

conversion methods because of its several advantages. The
electrochemical CO2 conversion into fuels and chemicals was
performed under ambient pressure and moderate reaction
temperature.176 Moreover, electricity helped to drive the CO2RR.
However, CO2 reduction with lower operating overpotential and
high product selectivity under mild reaction conditions is
challenging.176–178

Recently, for CO2 reduction, Yao et al. reported highly effi-
cient N-doped nanoporous carbon from Typha biomass.179 The
result showed high CO selectivity (90%) at a lower overpotential
(�0.31 V). The pyridine species of NC plays a crucial role in
catalytic activity; the kind of N species and the porous structure
were signicantly affected by calcination temperature. The
electrocatalytic CO2 reduction was greatly enhanced by incor-
porating S atoms in the NCs.177 The result indicates that the
incorporation of S induces highly dense pyridinic N species,
which has highly active sites for CO2 reduction. Furthermore, it
enhances the intrinsic catalytic reactivity of graphitic N and
pyridinic N by decreasing the energy barrier for the generation
of the *COOH intermediate. High CO faradaic efficiency (92%)
and CO current (2.63 mA cm�2) were achieved at a lower over-
potential (490 mV) using N,S-codoped carbon; this is a superior
result compared to NC without S incorporation. Besides, the
encapsulation of Ni nanoparticles into NC led to enhanced
catalytic activity for the efficient reduction of CO2 into CO with
excellent stability.176 The incorporation of Ni nanoparticles
helps to decrease the activation barriers of NC catalysts for
tuning the local electron distribution of the surface reaction.

NC containing transition metals were reported as cost-
effective catalysts by Varela et al. to reduce CO2 into CO.180

The transition metal and NCs offer high selectivity for the CO2

reduction into CO at low overpotential; the partial current
density of CO in the aqueous electrolyte is 223 mA cm�2.
Transition metal-NCs are a low-cost alternative to the Pt in fuel
cell electrodes because of their higher activity for the ORR.181

The metal can coordinate with various N species to form cata-
lytically active single-sites similar to molecular metal N-
macrocycles, as shown in Fig. 19(a).182–184 Li et al. reported the
electrocatalytic CO2 reduction over NPC synthesized using
pyrolysis of wheat our biomass. The result showed 83.7%
faradaic efficiency for CO2 reduction into CO at a 0.71 V over-
potential in aqueous media. This NC exhibited long-term
durability, and mechanistic studies have indicated that pyri-
dine N-species promote high catalytic activity. The active sites
for the CO2RR and CO formation are pyridinic N defects
(Fig. 19(b)). The surface area is not entirely consistent with the
performance of the catalyst. The graphitic N is less accessible
This journal is © The Royal Society of Chemistry 2021
for CO2 binding because, in graphitic N, the electrons are
present in the p* antibonding orbital.

Besides the CO2RR, CO2 incorporation into carbonates and
other chemicals such as acrylic acid and urea is also a prom-
ising approach for the utilization of CO2 to decrease carbon
emissions. Recently, Kamphuis et al. presented a review on the
applications of CO2 incorporation into cyclic and polymeric
carbonates.186

4. Conclusions and outlook

In this review, we reviewed various synthesis methods for NPCs.
The synthesis methods of NPCs had a notable impact on their
physicochemical properties. The applications of NPCs and
metal-supported NPCs for energy storage applications,
including fuel cells, batteries, SCs, and CO2 reduction, are dis-
cussed. Furthermore, NPC catalysts showed high activity in
hydrogenation reactions and the oxidation of biomass-derived
HMF and furfural. The utilization of NPC has many advan-
tages over porous carbon. For example, the incorporation of N
increases wettability and hydrophilicity. N has a higher elec-
tronegativity than carbon; hence, N-doping can enhance the
electron donating ability of the NCs and the electrochemical
activity. The use of a variety of N-containing biomass such as
shrimp shells, algae, soybean waste, and chitosan for the
synthesis of NPCs can avoid the use of additional nitrogen
precursors. Some biomass contains templates such as SiO2 in
rice husk, MOF in Enteromorpha prolifera, and CaCO3 in so
pitch, which act as self-templates. It enhances the specic
surface area while converting biomass into NPCs. The synthesis
of a 3D N-doped framework typically performed via the calci-
nation of biomass is a cost-effective approach. NPCs are broadly
produced using HTC and pyrolysis methods. Along with N-
doping, incorporating other heteroatoms (B, S, and P) in the
carbon framework sometimes enhances the catalyst activity/
electrochemical performance, so future attempts on the
synthesis of heteroatom co-doped carbons should be focused
on using biomass. Besides, with heteroatom incorporation, the
surface properties of the NCs improved by forming hierarchical
pores.

NPCs have been used extensively as electrode materials for
various batteries. The pyrrolic and pyridinic N atoms promote Li
storage, and these N species exhibited strong interaction with
Li-ions. Similarly, quaternary and pyridinic N atoms offer active
sites for the ORR in metal–air batteries. However, the working
mechanism of these active sites is not well understood. Hence,
the mechanistic study of these reactions is an essential topic for
the development of efficient, cost-effective NCs as promising
electrode materials for advanced battery applications. Selection
of renewable biomass-derived carbon sources, including cellu-
lose, lignin, and crop wastes, should be encouraged for the
synthesis of NC to decrease the dependence on fossil feedstock.
Besides, for NPC synthesis, the use of chitin, shrimp shells, and
algae needs to be focused on. It is challenging to successfully
tune the ratio of N types and the N-content for a specic
application. Furthermore, the stability of NCs is an issue in
acidic media due to the protonation or oxidation of N in an
J. Mater. Chem. A, 2021, 9, 3703–3728 | 3723
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acidic environment. The use of NCs with a high degree of
graphitization can solve this issue because the graphitic-N
atoms are less prone to protonation.

The use of a non-noble metal such as Fe or Co supported on
NCs can enhance the activity in acidic media. Although metal-
based NCs have shown high catalytic activity, they suffer from
metal leaching, reutilization and separation issues, and toxic
waste production, which makes them unattractive for an envi-
ronmentally benign sustainable process. The optimization of
preparation methods for metal-free NCs and the promotion of
their applications can solve this problem. The pore diameter of
biomass-based NC electrodes has a signicant effect on their
electrochemical properties. The porosity is closely related to the
electron transfer, and it is an essential factor in determining the
rate capability and specic capacitance. However, controlling
the pore structure and size of biomass-derived NCs is chal-
lenging. Therefore, the optimization of controlling the pore
structure by tuning the synthesis methods and selecting suit-
able biomass is highly desirable for further activity
improvement.

We envisaged that for a series of emerging applications in
the areas of rapid charge-storage and efficient charge–discharge
proles of potassium-ion batteries and lithium–oxygen
batteries, respectively, NPCs of specic geometry are desired
since electrodes with maximized atomic exposed sites are
essential for tailoring the formation/decomposition of nano-
sized lithium peroxide during the ORR with greatly enhanced
redox kinetics and overpotentials. In such a process, NCs in
nanosheet geometry for metal atom dispersion are ideal,187 and
therefore, strategies for obtaining nanosheet NCs from biomass
resources will be desired future prospects. Another such kind of
NC nanober offers enhanced rate capability and cyclability in
charge storage batteries.188 Additional strategies can be imag-
ined for creating a metal-Nx active site where a conned metal
can provide a superior activity for electrochemical processes.189

Future research needs to be focused on understanding the
nature of active sites and gaining mechanistic insight into the
ORR over NCs. The higher surface area of these NC electro-
catalysts typically leads to superior activity if the external
surface/active sites are accessible. Besides, the type of N species,
degree of graphitization, and N content affects the conductivity
and stability of the electrocatalysts. The use of higher pyrolysis
temperature leads to a decrease in N content; consequently,
optimum pyrolysis temperature is preferred to obtain a high-
er N content, which positively affects ORR activity. Moreover, to
use these NCs as electrocatalysts on an industrial scale in an
alkaline environment, development of suitable anion exchange
membranes is required with high hydroxide conductivity and
improved mechanical, thermal, and chemical stability. A
summary of the conclusion and outlook is shown in Fig. 20 for
visual representation. The future development of NC as an
electrocatalyst for the ORR can help to commercialize fuel cell
technology. Recent understanding of the exceptional properties
and features of NCs and their versatile applications in catalysis
and electrochemical energy storage can provide outstanding
future direction in promoting sustainable chemistry.
3724 | J. Mater. Chem. A, 2021, 9, 3703–3728
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