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atoms lock dislocations in Si, resulting in 
an increase in the mechanical strength.[2,3] 
The impact of doping Si with various ele-
ments having different oxidation states 
has been well documented. In carbon 
materials, significant changes in the 
physical and chemical properties can be 
brought about via chemical substitution. 
Carbon has been known to form compos-
ites and can be doped with various mate-
rials including polymers, metal oxides, 
metal sulfides, metal nitrides, MXenes, 
metal–organic frameworks (MOFs), and 
so on.[4–13] However, it has been proven 
that doping carbonaceous materials with 
heteroatoms results in an improvement in 
various properties as a result of enhance-
ment in the conductivity, introduction 
of defects, enhancement in the porosity, 
and tuning the interlayer distance in 
carbon. In recent years, several reports 
have highlighted the progress of carbona-
ceous materials for various applications, 
including energy applications, sensing 

applications, and photovoltaic applications. For example, in 
2013, Thomas and Paraknowitsch reviewed the design of carbo-
naceous materials and highlighted their application in energy 
devices.[14] According to this report, S and P doping led to the 
induction of structural distortion and alteration in charge den-
sity in the carbon matrix owing to the varying sizes of the atoms 

Carbon, owing to its unique properties such as surface area, pore features, 
conductivity, and chemical and thermal stability, has found several applica-
tions in the field of sensors, energy storage, electrocatalysis, and hydrogen 
storage. However, the properties of pristine carbon are sometimes insuf-
ficient to meet the requirements of a particular application. Heteroatom 
co-doping may not only enhance the surface area, improve the porosity, and 
enhance the redox activity, but it also increases stability. B, N heteroatom co-
doping has gained popularity as it is found to be an effective way to enhance 
the properties of porous carbon by influencing the physicochemical, electro-
chemical, and electrical properties, thereby widening its applications. In this 
review, the rational synthetic strategies that are used to produce B, N co-
doped carbon are described. Further, the charge conduction in such B, N co-
doped carbon-based materials (including metal and metal-free) is discussed 
in detail. Certain remarkable works representing the various applications of B, 
N co-doped carbon in the area of electrocatalysis, energy storage (recharge-
able batteries and supercapacitors), and sensors are also highlighted. Finally, 
the review ends with a discussion of the existing challenges and possible 
future directions of research on B, N co-doped carbon.

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/admi.202101964.

1. Introduction

To enhance the properties of materials for attaining desired 
characteristics, it is necessary to chemically modify them.[1] This 
can be achieved by elemental doping, which is actively imple-
mented in silicon semiconductor technology. For instance, N 
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and the origin of electronegativity from carbon, while co-doping 
with boron can result in a synergistic effect on the performance 
improvement of the doped carbon. In the year 2015, Peng et al. 
reviewed the development of carbonaceous electrode materials 
such as carbon nanotube, fullerene, mesoporous carbon, and 
graphene for energy storage and conversion.[15] Verma reviewed 
the progress of carbonaceous material on various sustainable 
and environmental applications.[16] Figure 1 represents the 
effect of doping on carbon materials.

In particular, the substitution of B or N in the carbon frame-
work makes them p-type or n-type, respectively. Apart from 
altering the electronic structure, doping also impacts the 
Raman spectra and various other characteristics of carbon-
based materials.[17] Heteroatom doping through spatial substi-
tution in various carbon-based materials, including graphite, 
porous carbons, graphene, fullerenes, carbon nanotubes, and 
nanofibers, has garnered considerable attention of material 
scientists for improving the chemical and electronic properties 
of carbon. In a recent report, N-doped graphene exhibited high 

performance as an electrode in fuel cells and showed higher 
activity corresponding to the oxygen reduction reaction (ORR) 
as compared to the conventional Pt-based electrode.[1] It is pos-
sible to detect doped atoms directly on the surface of thin gra-
phene sheets via scanning tunneling microscopy images and 
X-ray photoelectron spectroscopy (XPS). Several studies have 
discussed N-doping of carbon materials, specifically graphene-
based materials, associated with the investigation of the syn-
thesis process, structure, and characteristics in accordance with 
their applications. N-doping is known to be similar to B doping, 
as N and B are neighboring atoms in the periodic table. In the 
case of carbon, doping different atoms, including sulfur, phos-
phorus, and silicon, has been previously explained theoretically 
as well as experimentally. For N atom doping, there are three 
types of doped N: pyridinic, pyrrolic, and graphitic, as shown 
in Figure 2. Pyridinic N is the N that bonds with two C atoms 
and forms a part of the hexagon. In contrast, pyrrolic N bonds 
with two carbon atoms remain as members of a pentagon. Both 
types of N exist at the side of the layer; however, when associ-
ated with the vacancies, it is also possible for the N atoms to 
stay inside the layer. The C atom is substituted by the graphitic 
N in the graphene layer, where the N atom forms a bond with 
sp2 configured three C atoms on the inner side of the layer. Two 
different configurations for graphitic N need to be identified: 
one in the vicinity of the layer edge termed as “valley” and the 
other inside of the layer as “center” (Figure  2a). Nevertheless, 
the quantitative evaluation of these two different forms of N 
has not yet been achieved. Two configurations corresponding 
to pyridinic N, that is, with and without hydrogen, as shown 
in Figure 2a should be considered. In addition, certain oxides 
of N and aminic nitrogen are created normally at the edges of 
the three graphene layers, as shown in Figure 2a. The different 
configurations of N can be distinguished using the N core-level 
spectrum, N (1s), of the deconvoluted XPS profile. Generally, 
in the XPS profile, pyridinic N shows a peak at ≈398  eV, pyr-
rolic N at 400  eV, and graphitic N at ≈401.5  eV. Furthermore, 
N-oxides are represented by a peak at 405  eV. Nevertheless, it 
must be considered that aminic N is represented by a peak at 

Figure 2. a) Various types of nitrogen configuration when doped in carbon. Reproduced with permission.[17] Copyright 2018, Elsevier. b) Various types 
of boron configuration when doped in carbon. Reproduced with permission.[18] Copyright 2016, Royal Society of Chemistry.

Figure 1. Importance of doping and its effect on the carbonaceous 
material.
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≈399 eV. As the bonding energies of pyrrolic and graphitic Ns 
are very close, these two configurations are represented as one 
(denoted by pyrrolic/graphitic N).[17] Similar to various types 
of N sites in the carbon framework, B can also be situated at 
various sites and has different configurations. Depending on 
the precursor (if it is pure graphite) and the synthesis tem-
perature (>2000  °C), mostly substitutional doping occurs. 
However, if graphene oxide (GO) is used at lower temperatures 
(900–1200  °C), carbon materials with complex doped carbon 
structures are formed, including substitutional boron, boronic 
and borinic ester, and boronic acids, as shown in Figure 2b.[18]

Compared to single-atom doping, heteroatom doping 
involving more than one atom with different properties is 
expected to improve the electronic properties as well as the 
stability of the doped carbon material. In addition, the rate 
performance and redox activity can also be improved. N and 
B co-doping is a popular approach for improving the various 
properties of carbon. Although several experimental works 
concerning the properties of B- and N-doped carbon have been 
reported, to the best of our knowledge, no review article pre-
cisely has been published that describes the synthesis, applica-
tions, existing challenges, and scope for improvement. In this 
review, we introduce various methods for the synthesis of B, 
N co-doped carbon. This provides insight into the advantages 
and disadvantages of various synthesis methods. Further, we 
discuss the electronic configuration of B, N co-doped carbon. 
Finally, we discuss recent works that have implemented 
B- and N-doped carbon for various applications, including 
energy storage, sensing, and electrochemical catalysis. We 
conclude this review by describing the possible future direc-
tion of research in B, N co-doped carbon and possible further 
applications.

Carbon fibers containing B and associated materials have 
been investigated broadly for more than 60 years. Several meas-
urements, including magnetic susceptibility have been used 
to evaluate their electronic structure. Electron paramagnetic 
resonance, Hall effect, resistivity, mobility, and diamagnetic 
susceptibility are strongly dependent on the B concentration. 
Early synthesis methods mostly implemented two types of B 
incorporation into carbon: a) incorporation of B into an organic 
precursor prior to carbonization, and b) B addition to carbon 
(i) prior to or (ii) after graphitization.[19] The doping of electron-
rich and electron-deficient dopants simultaneously can lead to 
unique electronic properties because of the established synergy 
between the dopants. When carbon is doped with only nitrogen, 
the lone pair of nitrogen atoms conjugates with the π-electrons 
of the sp2 hybridized electron from the carbon framework. In 
contrast, for B doping, the vacant 2pz orbital conjugates with 
the π-electrons of the carbon framework, which improves the 
electronic properties of the carbon. Nevertheless, a funda-
mental issue when B and N are co-doped in the carbon frame 
is bond creation between B and N, which is attributed to the 
compensation of the n-type and p-type dopants. The issue here 
is that the carbon system becomes inert owing to the cancela-
tion of the effect of the conjugation of N and B dopants. This 
problem can be mitigated if doping exists in such a way that B 
and N remain separate in the carbon framework. This results 
in conjugation from both N and B, imparting unique electronic 
properties to the carbon framework.

This review aims to provide a precise understanding of the 
fundamentals, including electronic structure, synthesis mecha-
nism, and various applications of B, N co-doped metal-based 
or metal-free carbon-based materials for various applications. 
In this review, we have added a description of the influence of 
the electronic properties of carbon-based materials as a result 
of B, N co-doping. Moreover, a discussion has been included 
describing the mechanism of influence of B, N co-doping on 
the bandgap of carbon materials. Furthermore, various syn-
thesis methods to produce B, N co-doped carbon-based mate-
rials have been introduced. In the end, various recent works of 
significance, including the application of B, N co-doped carbon 
materials providing a state of the art for various applications, 
have been included. The paper ends at a conclusive note by pre-
dicting the future aspects as well as the possible mitigation of 
the existing challenges in this field.

2. Synthesis and Boron–Nitrogen Configuration

2.1. Various Synthesis Methods

2.1.1. Heat Treatment

Heat treating the precursor is a very popular yet energy-con-
suming method in which the precursors are subjected to high 
heat for phase formation and obtaining the required doped 
carbon. For instance, according to a report, NaOH, phenylbo-
ronic acid, aniline, and acetone were mixed homogeneously, 
and the resulting mixture was kept in a dry place for 7 d. This 
resulted in the aldol polymerization turning the liquid mixture 
into a black solid form. The solid was heat-treated in a tube fur-
nace at 800  °C for 2 h under continuous Ar flow. Finally, the 
obtained product was rinsed with deionized water and subse-
quently dried to synthesize the B, N co-doped carbon (BNC).[20] 
Panchakarla et  al. reported the synthesis of double-walled 
carbon nanotubes doped with N and B by the decomposition 
of a mixture of CH4 and Ar together with diborane and pyri-
dine (or NH3), respectively, over a Mo0.1Fe0.9 Mg13 O catalyst, 
using a combustion route.[21] According to another recent work, 
dual-doping of a carbon nanofiber network (BN-CNN) and gra-
phene sheet network (BN-GSN) was performed with B and N 
implementing heat treatment of the precursors, as shown in 
Figure 3a. To synthesize BN-CNN, tert-butylamine borane was 
heat-treated in the presence of cobalt at 1000 °C in a N2 atmos-
phere. The final B, N co-doped BN-CNN was obtained by elimi-
nating the Co foil and other impurities using acid. BN-GSN was 
synthesized by mixing CoCl2.6H2O and tert-butylamine borane 
homogeneously followed by heat treatment at 1000  °C for 
60 min in an inert atmosphere. Consequently, HCl was used to 
eliminate Co and other impurities. The final product obtained 
was washed with water several times and dried to finally obtain 
the BN-GSN.[22]

In a few studies, polyacrylonitrile-b-poly(styrene boronic 
ester) (PAN-b-PSBpin) block copolymer (BCP) has been used 
as the single precursor for the synthesis of N and B co-doped 
carbon, as shown in Figure 3b. According to a report, in BCP, 
the immiscibility of PAN and PSBpin blocks indicates the for-
mation of a phase-separated nanostructure, serving as a porosity 
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template during carbonization. The precursor was then heated 
in air, where the PAN block first cyclizes and crosslinks to 
rigidify the self-assembled morphology. Upon further pyrolysis 
under N2, PAN carbonizes and the PSBpin block decomposes, 
causing the formation of mesopores. This work shows that 
using the help of atom transfer radical polymerization (ATRP), 
porosity control can be achieved by tuning the length of the 
PSBpin block during the polymer synthesis.[23] Synthesis of B, 
N co-doped carbon nanofibers (BN-CNFs) by mixing polyani-
line (PAN) and B2O3 as the B source using DMF as the solvent 
and using electrospinning has also been reported. Nanofibers 
were collected after electrospinning using a graphite collector, 
and were subsequently preheated at 280 °C. Following this, cal-
cination was carried out at 1000 °C in an ammonia atmosphere 
to obtain the BNCNF nanocomposites.[24] B, N dual-doped 3D 

porous graphene (BN-3DG) has also been reported to be syn-
thesized using cobalt ion-exchanged resin by heat treating 
borane tert-butylamine. Co acts as the catalyst for graphitization 
of the carbon source within the resin, and N and B are provided 
by borane tert-butylamine.[25]

2.1.2. Chemical Vapor Deposition

B, N-carbon nanotubes (CNTs) were synthesized using a 
chemical vapor deposition (CVD) furnace. The liquid feed 
mixture consisted of ferrocene acting as the catalyst pre-
cursor, boric acid acting as the boron source, and imidazole 
acting as the nitrogen source, which are dissolved in ethanol 
at given ratios. Hydrochloric acid was used for purification. 

Figure 3. a) Illustrations representing the synthesis route of B, N co-doped graphene sheet networks and carbon nanofibers. Reproduced with per-
mission.[22] Copyright 2019, Royal Society of Chemistry. b) Illustration representing the synthesis route of porous N and B-dual doped carbon from 
polyacrylonitrile-b-poly(styrene boronic ester) precursor. Reproduced with permission.[23] Copyright 2020, Wiley Periodicals, Inc. c) Schematic illustra-
tion of the production of 3-hydroxyphenylboronic in formaldehyde polymer spheres. Reproduced with permission.[30] Copyright 2018, Royal Society of 
Chemistry. d) Different types of N-doping positions in the carbon framework.[31] Reproduced with permission.[31] Copyright 2017, Elsevier.
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In an inert atmosphere, the furnace temperature was raised 
to 800  °C, which is associated with a preheating tempera-
ture of 150  °C. As the target temperature was reached, the 
feed mixture was passed through a preheater to the furnace 
for 30  min. This was followed by stopping the flow and 
cooling the furnace to room temperature in an inert atmos-
phere. The product stuck to the walls of the reactor and was 
scraped out, purified using HCl, and rinsed repeatedly with 
water.[26]

In another study, Agar, NiCl2·6H2O, and B2O3 were mixed 
to form hydrosols and subsequently brought to ambient tem-
perature to procure cylinders with jelly-like features; they 
were then freeze-dried at a temperature of −75 °C in vacuum, 
resulting in the formation of 3D foams. Further, the obtained 
3D foam was heated at 300 °C in Ar flow for 1 h. Nitrogen was 
introduced by flowing C2H4, NH3, and Ar for 1 h to yield CVD 
grown graphene and induce N incorporation at a temperature 
of 800  °C. The remaining Ni and B2O3 were eliminated via 
acid etching to finally synthesize N, B dual-doped carbon foam 
(NBC).[27]

2.1.3. Solvothermal Methods

Solvothermal methods are commonly implemented for archi-
tectures possessing dual-doped materials with carbon credited 
to their facial and feasible properties.

In this method, the reaction is carried out in a sealed autoclave 
to build a large pressure inside it. The high pressure initiates 
the reaction. This process has also been used for the synthesis 
of various forms of carbon precursors. In a recent report, the 
synthesis of B- and N-doped carbon was carried out using  
1, 3, 5-Tris(4-aminophenyl)-benzene (TAB) and 4-formylphe-
nylboronic acid (FPBA) as precursors. The resulting COFs were 
then calcined in N2 to carbonize at different high temperatures  
(700, 800, and 900 °C).[28]

In another report, the synthesis of B- and N-doped gra-
phene arrays (BN-GAs) was demonstrated using a solvo-
thermal method followed by freeze-drying. For the synthesis, 
GO and BN(OH) were mixed homogeneously in isopropanol 
solution and treated solvothermally at 180  °C for 6 h. The 
final material was obtained by washing the product several 
times with deionized water. Finally, the obtained hydrogel 
was kept in a freezer overnight, followed by drying in vacuum 
at −60 °C for 72 h to synthesize the BN-GAX-Y aerogel, where 
X-Y denotes the mass ratio of GO to BN(OH)x. For com-
parison, undoped GA was also synthesized using the same 
procedure.[29]

As reported in a recent work, for the preparation of HPBAF 
polymer nano/microspheres, ammonia, 3-hydroxyphenylbo-
ronic acid, water, and/or ethanol were mixed homogeneously, 
as shown in Figure  3c. After mixing, formaldehyde solution 
was added to the reaction solution. Subsequently, the mix-
ture was heated at 120 °C for 12 h in a Teflon-lined autoclave. 
The spheres of the polymer material were rinsed twice with 
distilled water via centrifugation at 12  000  rpm. The HPBAF 
polymer nano/microspheres were then carbonized at 400  °C 
and subsequently heated at 800  °C for 4 h under a nitrogen 
atmosphere.[30]

2.1.4. Laser Ablation Technique

Implementing the process of heat treatment for the carboni-
zation of the B- and N-containing precursors is an energy-
consuming process, as shown in Figure  3d. Hence, to save 
energy, the laser ablation process has also been implemented 
to produce B- and N-doped carbon. For instance, single-walled 
carbon nano-horns (SWCNHs) were synthesized by CO2 laser 
ablation of a target at room temperature by operating the laser 
at 3.5 kW in the continuous-wave (CW) mode. The target had 
a diameter of 30  mm and length of 50  mm; it was rotated at 
2 rpm for 30 s to ensure continuous production of the desired 
product. The boron in the target partly formed the B4C compo-
sitions, which were characterized by X-ray diffraction. The flow 
rate of the nitrogen buffer gas was maintained at 10 L min−1. 
The boron- and nitrogen-doped samples were prepared using 
a boron-containing carbon target under a nitrogen atmosphere 
(BN-SWCNHs).[31]

Modified activated carbon was reported win which it stuck 
to boron nitride (BN) nanoparticles using pulsed laser ablation 
in liquid implementing a wavelength of 532 nm in the focused 
laser beam.[32] Multi-walled carbon nanotubes (MWCNTs) with 
few layers were synthesized with laser ablation implementing a 
carbon target mixed with boron. The average particle size of the 
boron carbide nanotubes was ≈5 nm.[33]

2.1.5. Ball Milling

Ball milling is considered to be an environment-friendly, facile, 
and cost-effective synthesis approach for the production of 
various materials.[34] Chen et al. developed a small-scale manu-
facturing process of N- and B-doped 2D carbons for implemen-
tation as electrode material in supercapacitors. Here, they used 
ball milling to introduce nitrogen atoms into the carbon matrix 
using air as the nitrogen source instead of other N-contained 
chemicals.[34] In addition, Han et  al. synthesized B, N dual-
doped carbon at different temperatures, and the synthesized 
materials were used as electrocatalysts for the ORR.[35] Further, 
Yang et al. used large-scale B, N dual-doped 2D carbon as a cat-
alyst for the reduction of nitroarenes.[36]

2.1.6. Templating Route

The templating route is an established approach to precisely 
tune the surface area and porosity of multiatom-doped carbon-
based materials. For example, Li et  al. derived B, N co-doped 
carbon nanosheets from graphene quantum dots using a tem-
plate strategy.[37] Ling et  al. assembled flexible 5–8  nm thin 
supercapacitors by co-doping B, N carbon nanosheets using a 
hard template.[38]

2.2. Electronic Structure and Effect on the Conduction 
of B- and N-Doped in Holey Carbon

Creating a bandgap in carbon materials is one of the most signif-
icant topics in materials research, as a majority of the suggested 
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applications for graphene in optoelectronic devices, field-
effect transistors, and energy storage mandate the capability 
of adjusting its bandgap. With regard to the density functional 
framework theory, Omidvar analyzed the effect of nitrogen and 
boron content on the electronic properties, stability, and struc-
ture of carbon materials using first-principles calculations.[39]

In the past few decades, the special characteristics of graphene, 
including remarkable structural solidity and electronic and 
thermal conductivity, have garnered considerable interest among 
researchers, along with many promising applications, including 
in the areas of batteries,[40] hydrogen storage,[41] and sensors.[42]

However, the insufficient bandgap limits the use of pristine 
graphene for several applications. Thus, tuning the electrical 
properties of graphene by developing a bandgap is a prereq-
uisite for broadening its applications.[43–45] To project this, we 
recall the conclusions drawn from previous investigations. Kang 
et  al.[46] studied the structural and electronic characteristics of 
graphene heterostructures and carbon doped with N, imple-
menting tight binding in association with first-principles calcu-
lations. Furthermore, Yagmurcukardes et  al.[47] investigated the 
mechanical, magnetic, and electronic properties of graphene 
doped with N, P, and As using first-principles calculations. This 
work projects direct bandgap adaptation, showing the character-
istics of semiconductors by carbon monolayers having N and 
As in the interlayers. Zhang et  al.[48] studied the different elec-
tronic characteristics of layered graphene doped with nitrogen. 
They understood there can be a change in the direct bandgap 
corresponding to the few-layer holey graphene doped with N in 
the range of ≈2.4 eV for monolayer and ≈1.8 eV for a multilayer 
carbon. In another recent work,[49] an air electrode implemented 
porous graphene doped with N and measured its applicability 
for Li-O2 cells (non-aqueous). In another report,[50] the adsorp-
tion of H, B, and O atoms at the free sites of N-doped graphene 
sheets was studied by implementing first-principles calcula-
tions together with quantum mechanics—approaches related to 
molecular mechanics—assuming an alteration in the electronic 
structure of N-doped graphene attributed to the existence of 
atoms, together with the starting of mid-gap states existing close 
to the Fermi level. Overall, the bandgap of the monolayer gra-
phene could be tuned considerably by adsorbing atoms, tuning 
the layer number, changing the order of stacking, heteroatom 
doping at the vacant sites, and external electric field application, 
thereby broadening its applications in the field of optoelectronics 
and energy storage. Despite the availability of a number of 
reports related to graphene materials, there are very few reports 
that have highlighted the influence of doped heteroatoms on 
the electronic characteristics of graphene. In addition, previous 
research studies on doped carbon were restricted to the study 
of heteroatom-doped carbon atoms neighboring the edges of 
hole[47–49] and refrained from the investigation of the influence of 
varying the content of doping elements associated with various 
electronic characteristics of graphene-like materials.

Current progress concerning doped carbon-based nanoma-
terials has rendered additional characteristics to this unique 
element. For example, considerably varied characteristics can 
be seen in the case of B, N, and S single-doped graphene,[51–53] 
single-doped carbon nanotubes,[54–57] co-doped graphene,[58–60] 
and N-doped fullerene.[61] Furthermore, Li et al.[62] designed an 
N and B dual-doped carbon exhibiting a large specific surface 

area corresponding to a value of 978 m2 g−1, where synergy is 
established between the N and B dopant concentration, cata-
lytic activity, and stable nature of the NB dual-doped carbon. 
In accordance with the comprehensive survey, the electronic 
characteristics of N- and B-doped carbon with holey graphene 
as reference have also been discussed.

2.3. N, B Co-Doped Holey Graphene Flake (NBHG)

As has been previously reported separately, NB dual-doped holey 
graphene (HG) (S-NBHG) flakes and bonded B, N dual-doped HG 
(B-NBHG) have been studied, as shown in Figure 4a–f.[63,39] The 
r of the NB-dual-doped sample can be observed to have a value 
of ≈5.70Å flakes. The average bond lengths of the NC bond in 
S-NBHG and B-NBHG are 1.410 and 1.342 Å, respectively. In con-
trast, the average bond lengths of BC in S-NBHG and B-NBHG 
are 1.487 and 1.492 Å, respectively.[63,39] Hence, the bonding 
between N and B significantly changes the structure of the 
doped carbon and the properties of the synthesized carbon. Fur-
thermore, frontier molecular orbital analysis revealed enhanced 
localization of the LUMO bands associated with the S-NBHG 
carbon at the location of the holes. In contrast, the HOMO band 
is homogeneously distributed on the surface of the carbon. The 
HOMO and LUMO bands of the B-NBHG carbon were distrib-
uted uniformly on the surface of the carbon. The results indicate 
that due to B-doping, the Fermi level associated with the carbon 
almost reaches the HOMO region. This conversion to a lower 
energy results in the advent of p-type semiconducting proper-
ties in B-doped carbon. Furthermore, the index of electrophilicity, 
together with the dipole moment of B-doped carbon, showed 
higher values than those of C and only N-doped carbon. On the 
other hand, the results indicate that as a consequence of B-doping 
of carbon atoms in the surrounding places of the hole in the 
carbon, the energy corresponding to the bandgap, chemical hard-
ness, cohesive energy, and hyperactive hardness of the B-doped 
carbon are minimized as compared to only N-doped carbon and 
pristine carbon. The trend of the cohesive energies associated with 
the co-doped, single-doped, and pristine catalysts followed the 
order: separated N, B co-doped > B-doped > bonded N, B co-doped 
> carbon > N-doped carbon. Thus, N-doping is energetically more 
favorable than pure carbon, N-B co-doped systems, and B-doped 
carbon.[39] The largest cohesive energy in the case of N-doped 
carbon is assured by the larger values of the descriptors corre-
sponding to the reactivity. Furthermore, the N and B dual-doped 
carbon exhibited improved stability compared to the separated 
B and C dual-doped carbon systems. For the N and B co-doped 
carbon, the chemical hardness, bandgap, and hyper hardness 
were maximum for bonded N and B co-doped carbon and min-
imum for separated and B co-doped carbon. It was observed that 
B-doped carbon exhibited the maximum electrophilic power.

3. Applications

3.1. Sensing

B and N-doped carbon has been applied as sensors as well.[64] In 
a recent report, B, N dual-doped carbon dots (B-N-CDs) soluble 
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in water were synthesized using a facile and green microwave-
assisted method. The synthesized B-N-CDs were used as fluo-
rescent identifiers of Sn4+ and Mo6+ ions. This B-N-CD probe 
exhibited a quick response time at a pH of 4, together with 
high selectivity and sensitivity. A linear relationship existed 

between the concentration and F0/F in the range of 0.2–18 and 
0.2–25  × 10−6 m and for Sn4+ and Mo6+, respectively. The cor-
responding limits of detection for Mo6+ and Sn4+ were 132 and 
150  × 10−9 m, respectively, under optimum conditions. The 
selectivity of Sn4+ and Mo6+ was enhanced significantly which 

Figure 4. Schematic representation of the chemical structure (top view) of a,b) bonded B-N, separated B, N dual-doped C, HOMO levels of c) sepa-
rated B-N, d) LUMO level of separated B, N dual-doped C, HOMO level of e) separated B, N and f) LUMO level corresponding to B, N dual-doped C. 
Reproduced with permission.[39] Copyright 2017, Elsevier.
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was attributed to the presence of a negative charge as a result 
of the presence of charged borate ester bridges. Moreover, the 
presence of OH, NH, and carbonyl groups improves the 
hydrophilicity for an improved interaction with the electrolyte. 
The efficiency of the fabricated sensor was tested with various 
daily life samples, including tap, river, and mineral water; 
tomato; and canned fish samples.[65]

B, N dual-doped carbon dots (BN-CDs) exhibiting emis-
sions in the red region were synthesized using a hydrothermal 
method from boric acid and cresyl violet. The BN-CDs exhibited 
excitation/emission maxima at 520/616  nm, less cytotoxicity, 
excellent photostability, and a large quantum yield rate of 18%. 
The BN-CDs form bonds with mercury (II), creating a quench 
of the red fluorescence. Nevertheless, upon addition of more 
biothiol, including cysteine, homocysteine, and glutathione, 
the fluorescence is recovered again. Hence, the BN-CDs can be 
used as multifunctional probes in the identification of Hg (II) 
and biothiols. The detection limits were described as: a) glu-
tathione: 1.7 × 10−6 m; b) Hg (II): 2.8 × 10−6 m; c) homocysteine: 
3.0 × 10−6 m; d) cysteine: 2.3 × 10−6 m. In addition, BN-CDs have 
been successfully implemented for the purpose of imaging 
Hg (II) and biothiols in HepG2 cells with very good biocom-
patibility. The surface of BN-CD comprised of large amount of 
hydroxyl and amino groups that are easy to chelate with transi-
tion metal ions and these ions were screened for detection.[66]

In another recent report, B, N dual-doped carbon 
nanoparticles (BN-CNPs) were synthesized by a hydrothermal 
method using sucrose, boric acid, and urea as precursors. The 

photoluminescence of the BN-CNPs also improved together 
with a higher quantum yield of ≈14.2%, proving its applicability 
as a photoluminescent probe for the sensitive and selective rec-
ognition of picric acid (PA). The photoluminescence signal was 
adequately satiated by PA and the other explosives, causing a 
reduced quenching, affirming the largest selectivity for the 
BN-CNPs (Figure 5a–c). The selectivity and sensitivity toward 
PA sensing were maximum at pH 7 and further increased 
with an increase in temperature. The detection limit and sen-
sitivity were improved by the addition of PA and NaCl. The 
small limit of detection could be as low as 10  × 10−9 m under 
ambient conditions and at neutral pH, indicating the better per-
formance of BN-CNPs in comparison with the other previously 
reported probes. The sensitivity of BN-CNPs toward PA was 
much higher as compared to other analytes which revealed that 
BN-CNPs have a high selectivity toward PA in aqueous solu-
tion. The reason for high selectivity is attributed to the strong 
overlap of the PL of BN-CNPs with the adsorption band of PA. 
As a result, the energy transfer from BN-CNPs to PA is efficient 
leading to quenching of the PL. Stern–Volmer plots corre-
sponding to BN-CNPs against PA in marine, fresh, and NaCl 
water are illustrated in Figure 5d.[67]

Heteroatom doping is an effective strategy for controlling the 
fluorescent characteristics of CDs. Using aminophenylboronic 
acid as the precursor, a combustion approach was used for 
the synthesis of B, N-doped carbon dots. The B, N-CDs exhib-
ited green fluorescence and demonstrated large skirmish to 
ionic strength as well as photobleaching. A facile fluorescence 

Figure 5. a) Slaking PL intensity of B, N dual-doped carbon nanoparticles (BN-CNPs) in various concentrations of PA corresponding to marine water.  
b) PL extinction of B, N dual-doped carbon nanoparticles with PA concentration of 200 × 10−6 m in pure, marine, NaCl water. c) Examination of PL 
intensity of B, N dual-doped carbon nanoparticles with various contents of PA NaCl water. D) Stern–Volmer plot corresponding to BN-CNPs for detec-
tion of PA in marine, fresh, and NaCl mixed water samples. Reproduced with permission.[67] Copyright 2015, American Chemical Society.
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sensing method corresponding to Cu2+ was designed using 
static fluorescence slaking. Under optimized conditions, rapid 
identification of Cu2+ could be achieved in 2  min with a lin-
earity from 1 to 25 mmol L−1, corresponding to a limit of detec-
tion of 0.3  mmol L−1. The adequate carbonyl, hydroxyl, and 
amino groups on the surface of the B, N-CDs render them 
attractive to metal ions. The method reported here has potential 
applications in the field of detection of Cu2+ in water samples 
from natural sources.[68]

In another report, it has been highlighted that gas sensors 
based on novel graphene can be fabricated by implementing 3D 
structured B-/N-doping nanomaterials, which can be applied for 
nitrogen dioxide sensing. The synthesis of 3D B- and N-doped 
reduced graphene oxide hydrogels (RGOH) was carried out via 
a one-step hydrothermal self-assembly. The synthesized mate-
rial was used as a transducing material to design chemire-
sistors operating under ambient conditions. The systematic 
assessment of the as-synthesized B, N RGOH indicates that the 
doping of B and N heteroatoms homogeneously results in the 
formation of B and N components with C/O. When compared 
with the pristine RGOH counterpart, the 3D N- and B-RGOH 
sensors exhibited ≈18 and 38 times increased responses toward 
800 ppb NO2, respectively, indicating a significant heteroatom 
doping effect in improving the sensitivity. Notably, N- and 
B-RGOH showed significantly small limits of detection of 14 
and 9 ppb nitrogen dioxide, respectively. These values are lower 
than the threshold limits declared by the U.S. Environmental 
Protection Agency. Furthermore, the designed nitrogen dioxide 
sensors showed sufficient reversibility, linearity, impressive 
selectivity, and fast recovery. The bandgap of graphene can  
be modified by doping through introducing p-type (B) and 
n-type (N) species. B and N doping increases the electrical and 
electrochemical properties such that the doped graphene shows 
gas sensing behavior which can be attributed to the difference in 
the adsorption energy and the distance between doping atoms 
and gas molecules for a stable adsorption configuration.[69]

3.2. Electrochemical Catalysis

In a recent report, several 3D porous N and B dual-doped gra-
phene aerogels (BN-GAs) implementing ammonium pentabo-
rate as the precursor for B and N sources were synthesized 
using a hydrothermal method. This was followed by freeze-
drying. In this method, the amount of doping of B and N led 
to changes in the configurations of BN-GAs, and the configu-
rations in BN-GAs could also be changed by simply altering 
the synthesis conditions. Linear sweep voltammetry con-
firmed the enhancement in the doping content of BC3 and 
pyridinic N phases in BN-GAs, resulting in enhanced ORR 
activity (Figure 6a). This is credited to the improved synergy 
arising from the presence of both pyridinic N and BC3 phases, 
resulting in significantly improved ORR activity. The synthe-
sized BN-GAs not only exhibited ORR activity similar to that of 
commercial Pt/C but their performance was superior in terms 
of stability and methanol tolerance as compared to commercial 
Pt/C. In addition, they exhibited considerable oxygen evolution 
reaction (OER) activity and achieved enhanced performance 
when tested as an air cathode in a zinc-air battery (Figure 6b–f). 

The B and N co-doping creates additional catalytically active 
sites which lead to better catalytic activity as opposed to the 
undoped case. This work has assisted the application of N and 
B co-doping in carbon for the design of efficient graphene-
based catalysts.[70]

A simple low-cost method for producing carbon is flame 
synthesis. The carbon produced by flame synthesis provides a 
cost-effective, environmentally feasible, and scalable method 
for fabricating heteroatom co-doped carbon to be implemented 
as a catalyst for the ORR. In a recent study, N, B co-doped 
carbon (N@B@C) has been synthesized via the flame synthesis 
approach. Treatment at 1000 °C for 3 h with an acetonitrile/ace-
tone precursor of 1:1 was found to be the optimized synthesis 
condition, and the as-synthesized N@B@C catalyst exhibited 
the best catalytic activity and stability. In addition, it also exhib-
ited good resistance to the interface of methanol for the ORR, 
associated with a half-wave potential very close to that of Pt/C, 
and the process is characterized as a quasi-four-electron transfer 
process. The doping with N and B can lead to an enhancement 
in the charge density of the carbon framework, thus, increasing 
the conductivity of the carbon material. The electronegativity of 
N sites is larger as compared to C and moreover, doping with 
N induces a non-uniform arrangement of the electron in the 
C material. A random doping site arrangement is favorable for 
the adsorption and reduction of O2 to improve the ORR cata-
lytic performance. On the other hand, B is less electronegative 
as compared to C and B atoms adjacent to C atoms remain 
positively charged which is favorable for chemi-adsorption of 
negatively charged O2 molecules, leading to an enhancement 
in the ORR kinetics. The π-electron system associated with the 
carbon material can be transformed to the Pz orbital of B atoms 
and can also facilitate electrons to the ORR.[71]

B and N dual-doped carbon spheres in the submicron scale 
showing a hollow core together with shells with pore features 
were reported to be synthesized through template-based syn-
thesis approach and were investigated as Pd/C catalyst scaf-
folds. For the carbon precursor, phenol-formaldehyde resin 
was used, which was created by implementing silica templates 
involving sodium tetraphenylborate, pyridine, and 1,10-phen-
antroline as doping agents. The synthesized samples had B and 
N contents of 0.03%–0.67% and 0.5%–3.6%, respectively. High 
specific areas reaching a value of 1846 m2 g−1 with dominant 
mesoporosity were observed.[72]

Another recent report showed the process of obtaining N 
and B co-doped porous carbon materials (flue BNPC) at atmos-
pheric pressure and a temperature of 500 °C by direct conver-
sion of the N2 and CO2 flue gas mixture. The synthesized flue 
BNPC exhibited improved performance in terms of electroca-
talysis for ORR for application as a fuel cell cathode. B and N 
associated with the carbon network were synchronously doped 
with flue gas through a one-step approach, acting as active sites 
associated with the electrochemical reaction. The flue BNPC 
exhibited improved electrocatalytic activity when compared to 
the previously reported heteroatom-doped carbon and com-
mercial Pt/C catalyst associated with a four-electron transfer 
pathway. This enhancement is owing to the newly created B- 
N bonds attached to the O atoms residing within the carbon 
framework. The synergetic N attached to the B center associ-
ated with the O@B@C bonds was investigated using density 
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functional theory (DFT) calculations. The results affirmed that 
the flue gas can act as a flexible precursor involved in a one-
step process to convert CO2 into beneficial carbon materials, 
and also incorporates B and N atoms within the framework of 
carbon lattices. This work demonstrated the potential of flue as 
a carbon source for electrochemical applications.[73]

Top-down B, N co-doped carbon has been previously reported 
as an ORR catalyst exhibiting superior activity compared to 
commercially used Pt electrocatalyst. However, the previously 
reported heteroatom dual-doped carbon is chemically complex 
and comprises multiple sites, resulting in complications related 
to the creation of structure–activity relationships and there-
fore resulting in an optimized catalyst. In a recent report, N, B 
dual-doped polycyclic aromatic hydrocarbons (PAHs), produced 
implementing a “bottom-up” approach, have been shown to 
exhibit catalytic properties for the ORR when operated in alkaline 
solution. Doping of dual heteroatoms, that is, B, N dual-doped 
PAH possessing distinct (nonbonded) N and B atoms resulted 
in ORR catalysts with enhanced performance. In accordance 
with this report, the two proximal electrophilic sites result in the 
enhancement of the ORR activity of doped PAHs. This report 
confirmed definitive structure–activity relationships.[74]

3.3. Supercapacitors

Energy storage devices capable of delivering large amounts of 
power have garnered significant research interest. One such 

device that can deliver high power associated with a long 
cycle life is a supercapacitor. The overall charge storage per-
formance in the B and N co-doped carbon material increases 
due to the following factors: a) The B and N can introduce 
redox active sites for additional charge storage resulting in 
additional pseudocapacitance; b) co-doping with B and N also 
leads to better wetting of the doped carbon for the electrolyte 
increasing the interaction between the electrode and the elec-
trolyte; c) according to several reports, the electronic proper-
ties of doped carbon is superior to undoped carbons. This is 
because the replacement of carbon sites by boron atoms forms 
an electron accepting site due to the three valance electrons of 
boron. In short, this leads to a shift of the fermi energy level 
toward the conducting band; d) further, doping with B and N 
also leads to the introduction of several functional groups con-
taining boron and nitrogen, which adds further pseudocapaci-
tance and, hence, increases the charge storing capacity.[75–79] In 
all the works reporting improved charge storage capacity as a 
result of B and N doing in carbon, the improvement in the 
charge storage capacity is due to the aforementioned causes. 
Nevertheless, the associated materials, especially those based 
on carbon, are challenged with low capacitance, high current 
density, or small cyclic stability. In a recent report, N and B 
dual-doped carbon nanosphere (B/N-CNS) frameworks were 
synthesized by annealing ammonium chloride, glucose, boron 
oxide, as the precursor. The synthesized B/N-CNS exhibited 
a specific capacitance of 423 F g−1 and a rate capability of 
125 F g−1 at 50 A g−1 (Figure 7a,b). The enhanced performance 

Figure 6. a) Curves corresponding to polarization of N and B dual-doped graphene aerogels (BN-GAs), N-doped graphene aerogels, B-doped graphene 
aerogels, and pristine graphene aerogels. b) Scheme for the structure of the fabricated Zn-air battery. c) Curves showing polarization corresponding 
to discharge and power density corresponding to 20% Pt/C and BN-GAs-2. d) Polarization curves corresponding to charge–discharge corresponding 
to Zn-air batteries. e) Cyclic stability of BN-GAs-2 at 20 mA cm−2. f) Digital photograph corresponding to a red ≈3 LED lit with the help of two liquid 
Zn-air batteries implemented with two BN-GAs-2-air cathodes that were connected in series. Reproduced with permission.[70] Copyright 2018, Elsevier.
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is due to the framework of interconnected nanospheres and 
heteroatom dual-doping of N and B. Heteroatom doping 
leads to the creation of more active centers in the material. 
Further, the doping also results in electron delocalization 
causing increase in the conductivity of the material. More-
over, unlike most carbon materials, this framework exhibited 
high stability, with a very small reduction in capacitance at 
10 A g−1 over 30 000 cycles. In addition, the device fabricated 
by implementing the material as an electrode showed impres-
sive power and energy density (Figure  7c). Furthermore, an 
all-solid-state sandwiched symmetric supercapacitor imple-
mented with a B/N-CNS electrode was tested to illuminate an 
LED, showcasing its practicability to act as a fully integrated 
energy storage device (Figure 7d).[26]

In another recent work, N and B heteroatom dual-doped hier-
archical porous carbon (BN-HPC) consisting of N amounting to 
12.10 wt% and a large amount of B corresponding to 3.97 wt% 
was synthesized through a template-based synthesis followed 
by carbonization of hierarchical porous resin. Melamine and 
boric acid were used as the B and N sources, respectively. The 
co-doping method resulted in high boron-doping content. 
This is considered to be of great significance in improving 
the doping efficiency of B. The galvanostatic charge–discharge 
(GCD) profiles and cyclic voltammetry (CV) curves are shown 
in Figure 8a,b. The change in the specific capacitance with the 
scan rate is shown in Figure 8c. The developed synergy, heter-
oatom doping, and hierarchical porosity allow BN-HPC to show 
highly improved electrochemical capacity, reaching a value 

corresponding to 304 F g−1 and a specific capacitance retention 
of 189 F g−1 at a current density of 10 A g−1 (Figure 8d).[80]

In another report, a B, N heteroatom co-doped carbon 
cathode with 3D structure was created by implementing a 
facile template method (Figure 9a–c). The hybrid ion capaci-
tors incorporated with B, N heteroatom-doped cathodes and 
graphite anodes, which were pre-lithiated, exhibited an energy 
density of 115.5 Wh kg−1, corresponding to 250 W kg−1. Further-
more, the capacitance retention corresponded to 53.6 Wh kg−1 
with a power density of 10 kW kg−1 (Figure 9d). Moreover, the 
assembled hybrid device attained 76.3% capacity retention over 
2000 cycles corresponding to a power density of 1250 W kg−1 
(Figure  9e). Certainly, the synchronous management of B 
and N heteroatoms in carbon materials brings new possibili-
ties to improve the power and energy density in hybrid ion 
capacitors.[81]

B/N co-doped carbon materials have been reported to be syn-
thesized by a facile one-step carbonization of boric acid followed 
by compositing with GO and waterborne polyurethane (WPU). 
During the synthesis of WPU, the content of N was enhanced 
by the introduction of several melamines. Moreover, WPU con-
tained a basic repetitive (NHCOO) unit urethane bond owing 
to the effective incorporation of N heteroatoms into the WPU/
GO composite from WPU. Additionally, an enhancement in 
the specific surface area was observed, which is owing to the 
boric acid treatment and rinsing method. Treatment with a 
ferric catalyst prevented the creation of inert BN bonds. Thus, 
the created B/N co-doped carbon materials showed remarkable 

Figure 7. Symmetrical capacitive performance of N and B dual-doped carbon nanosphere (B/N-CNS) framework supercapacitor. a) GCD profiles 
at various current densities. b) Charge storage performance and potential corresponding to IR drop at different current densities. c) Ragone plot.  
d) Digital photographs of an LED lit by two all-solid sandwich-like symmetrical supercapacitors (1. prior to LED charging; 2. while charging). Reproduced 
with permission.[26] Copyright 2018, Royal Society of Chemistry.
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cycling stability, an increased specific capacitance of 330 F g−1, 
and improved performance (Figure 10a,b). The symmetric 
supercapacitor showed an energy density of ≈7 W h kg−1 at 
500 W kg−1, together with a considerably good capacitance 
retention of ≈89.9% over 5000 charge–discharge cycles in 6 m 
KOH electrolyte (Figure 10c,d).[82] According to a recent report, 
B, N co-doped porous carbon (BNPC) was synthesized by 
implementing starch with urea as the source of nitrogen and 
boric acid as both the boron source and template. This remark-
able dual-doping approach is responsible for enhancing the 
doping efficiency of B three times in comparison to the case 
of single boron doping. Credited to the hierarchical porosity 
together with adequate specific surface and significant content 
of N (9.38 at%) and B (3.87 at%), the BNPC electrode exhib-
ited 402 F g−1 of specific capacitance at 0.5 A g−1. This elec-
trode material was characterized by a capacitance retention of 
266 F g−1 at a current density of 20 A g−1 when tested in a 6 m 
KOH electrolyte. Furthermore, the associated symmetric device 
fabricated with the BPC electrodes exhibited an energy den-
sity of 21.9 Wh kg−1 in 1 m Na2SO4 electrolyte. This work indi-
cates a facile and efficient technique to synthesize heteroatom 
dual-doped porous carbon with hierarchical pore features for 
advanced energy storage.[29]

B, N co-doped reduced graphene oxide (BN-rGO) materials 
were synthesized by implementing a dielectric barrier dis-
charge plasma treatment approach. XPS measurements showed 
1.41 at% B content and 2.69 at% N content in the BN-rGO. It 
was claimed by the authors that the heteroatom doping results 
in the significant enhancement of the capacitance of the as-syn-
thesized materials, that is, a specific capacitance of 350 F g−1 

at 0.5 A g−1.[83] Coal-derived activated carbons co-doped with B 
and N were reported to act as an electrode material for super-
capacitors synthesized by ball milling, followed by activation by 
implementing melamine, non-coking coal, and boric acid as N, 
C, and B sources. As revealed by the Fourier transform infrared 
spectroscopy and XPS measurements, B and N atoms were 
substituted into the carbon skeleton showing a mesoporous 
structure. The BN co-doped material attained a specific capac-
itance of 176 F g−1 at 0.5 A g−1, which can be attributed to the 
established synergy between the B and N atoms along with C. 
There was 96% capacitance retention of the original value after 
20 000 cycles.[84]

Li et al. reported the synthesis of carbon composites through 
B, N co-doping in GO. The resultant composite exhibited a 
high specific capacitance of 330 F g−1 at 0.5 A g−1, improved 
rate capability, and better cycle life. Furthermore, the assembled 
symmetric supercapacitor exhibited an improved energy den-
sity and cyclic stability (89.9% initial capacitance retention) over 
5000 charge–discharge cycles.[82]

Zhu et al. investigated a flexible one-pot technique as a syn-
thetic approach for the synthesis of 3D N and B co-doped CNT/
carbon nanosheets “Line-in-Wall” hybrids (LIWNB) using the 
space-confined template method. The high freezing rate along 
with the freeze-drying process allowed the formation of carbon 
heteroatoms and CNTs confined in the small space of the self-
assembled NaCl salts. This was followed by heat treatment to 
obtain an N/B-doped network comprising of “Line-in-Wall” 
carbon hybrids. The synthesized N/B-doped carbon hybrid 
showed improved electrochemical properties, with a specific 
capacity of 389 F g−1 (Figure 11a,b).[85]

Figure 8. a,b) CV curves and GCD potential profiles at various scan rates and at various current densities. c,d) Change in the specific capacitance 
according to the variation in scan rate and current density of the synthesized electrode materials. Reproduced with permission.[80] Copyright 2017, 
Elsevier.
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According to a previous work, N and B dual-doped carbon was 
composited with 2D MoS2 using a facile hydrothermal method 
(Figure 12a,b). The synthesized BCN/MoS2 composite exhib-
ited a volumetric capacitance of 798 F cm−3 and a gravimetric 
capacitance of 283 F g−1 at 1 A g−1 (Figure  12c). These results 
indicate the promising aspect of B, N doped carbon integrated 
with pseudocapacitive MoS2, resulting in a BCN/MoS2 hybrid 
as a material for fabricating electrodes for supercapacitors. The 
MoS2 acts as 2D platform for the uniform spread of the BCN 
adding pseudocapacitance and increasing the wettability.[8]

3.4. Li-Ion Rechargeable Batteries

Lithium-ion batteries (LIBs) are efficient and commercial 
rechargeable energy storage modes popularly implemented 
in electric vehicles and portable electronic devices. Currently, 
graphite is the most widely implemented anode material in 
LIBs owing to its comparatively low voltage, cost-effective-
ness, and long cycling life. However, owing to its restricted 
theoretical specific capacity of 372 mAh g−1 and the small 
interlayer coefficient of diffusion corresponding to Li+, it is 
necessary to find alternative materials for the next genera-
tion of high-capacity/high-performance LIBs. Following years 

of research, several alternative heteroatom-doped materials, 
including N and/or B carbon-based materials have been pro-
posed as anode materials delivering large specific capacities 
and high rate performances. In addition, the implementation 
of N and B doping into carbon-based materials has resulted 
in tailored electrical conductivity, pore accessibility, and inter-
layer distances introducing defect sites in the carbon material, 
providing sufficient absorption sites for Li ions and a high rate 
capability of cycling.

According to a recent report, B, N co-doped carbon spheres 
(NBC) obtained by the carbonization of covalent–organic frame-
works (COFs) exhibiting hierarchical pore features have been 
found to be the most suitable candidates to replace Li. When 
implemented as anode in LIBs, NBCs exhibited a specific 
capacity of ≈205 mAh g−1 at 5 A g−1, exhibiting a long life with 
a specific capacity retention of ≈171 mAh g−1 at 10 A g−1 over 
5000 cycles. This performance was attributed to their unique 
structure, hierarchical porosity, and in situ N, B co-doping. The 
as-synthesized COFs were carbonized in a N2 atmosphere to 
enhance the electrical conductivity of the configuration. The 
enhancement in the charge storage capacity is attributed to the 
creation of more active sites, defects and an improvement in 
the electrical conductivity as a result of B and N doping in the 
carbon structure.[28]

Figure 9. a) Schematic to show charge storage in Li-ion capacitors (LICs). b) Electrochemical impedance spectra corresponding to carbon cathode 
LICs (CC-LICs) and B, N-doped LICs (BNC-LICs). c) Galvanostatic charge/discharge profiles of BNC-LICs. d) Ragone plot corresponding to CC-LICs 
and BNC-LICs as compared with other previously reported values. e) Cyclic stability of CC-LICs and BNC-LICs over 2000 cycles. Reproduced with 
permission.[81] Copyright 2018, Elsevier.
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In another recent report, N and B co-doped (homogeneously 
distributed) graphene sheet networks (BN-GSN) and hierar-
chical carbon nanofiber networks (BN-CNN) were fabricated 
as another suitable anode for LIBs by implementing tert-buty-
lamine borane as the B, N, and C source in the presence of Co 
as catalyst by implementing the dissolution-diffusion-precipi-
tation approach (Figure 13a,b). The precursor tert-butylamine 
which was used as the precursor not only provided pyrrolitic 
dominant nitric gas or boron for the doping but also acts as 
the pore formation agent as it releases a large amount of H2 
gas. Owing to the hierarchical and uniform pore features, the 

BN-CNN anode material showed high performance, including 
large reversible capacity, good cycling stability, and appreciable 
rate capacity (Figure 13c,d).[22]

Furthermore, in another study, graphene was incorporated 
with N and B dual-doped (BN-3DG) by heat treating borane 
tert-butylamine mixed in cobalt cationic. BN-3DG showed a 
specific surface area of 1347 m2 g−1 with hierarchical pore fea-
tures comprising micro, meso, and macropores (Figure 14a,b). 
In this work, B and N atoms were successfully doped in the 
3D graphene, causing an increase in the number of active sites 
and improvement in the electrical conductivity. According to 

Figure 10. a,b) GCD curves corresponding to the synthesized materials at 0.5 A g−1; curves of waterborne polyurethane (WPU) and graphene oxide 
(GO) with B-doped and Fe (WPU-GO-Fe-B) at varying current densities. c) CV curves of WPU-GO-Fe-B and WPU-GO-Fe-B-900. d) Cycling stability 
performance associated with WPU-GO-Fe-B//WPU-GO-Fe-B supercapacitor at 5 A g−1. Reproduced with permission.[82] Copyright 2019, Royal Society 
of Chemistry.

Figure 11. a) Charge–discharge profiles of the synthesized materials at 1 A g−1, and b) variation in the specific capacitance at various current densities 
corresponding to the prepared samples. Reproduced with permission.[85] Copyright 2016, Elsevier.
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first principle studies many Li-storage sites constitute defects 
on the surface of graphene and an increase in the number of 
defects results in an enhanced charge storage capacity. B and 
N co-doping not only increases the surface defects in the gra-
phene framework but also increases the conductivity leading 
to a superior electrochemical performance. BN-3DG was able 
to deliver a large specific capacity corresponding to the values 
of 1050 and 307 mA h g−1 until 200 cycles at 0.01 and 4 A g−1, 
respectively (Figure 14c,d).[25]

A composite of Li4Ti5O12 (LTO) characterized by MWCNTs 
with co-doped N B (B,N-CNT) was reported to be synthesized 
from a mixture of LTO and N, B-CNTs following calcination. 
N-B-C-LTO exhibited enhanced electrochemical characteristics 
with a reversible capacity of 120 mAh g−1 at 20  °C. The cyclic 
stability was 97.5% after 150 cycles at 20  °C (Figure 15a,b). 
The enhanced electrochemical performance is attributed to 
the enhanced conductivity as a result of the introduction of N 
atoms serving as electron donors hence, reducing the bandgap 
of the doped material. On the other hand, charge transfer is 
further improved by the B doping as B doping introduces hole 
type charge carriers.[86]

3.5. Sodium-Ion Rechargeable Batteries

Carbon-based materials not only act as anode materials for LIBs 
but can also act as anode materials in sodium-ion batteries 
(SIBs). Improving the electrochemical properties by imple-
menting carbon-based materials for the fabrication of SIBs 
is important for their practical application as fully fabricated 
devices. Doping of N into C improves the wettability of the 
carbon for the electrolyte and also improves the conductivity of 
the carbon. While doping of B in C leads to the substitution 
of some C sites by B which can act as electron acceptor. The 
three valance electrons of B lead to a shift in the Fermi level to 

the conducting band causing better conductivity. Additionally, 
the change in the electron structure can also render a positive 
effect on the electric double layer capacitance of the material. 
The introduction of B and N not only increases the conductivity 
and enlarges the interlayer gap of the graphite but also supplies 
extra sodium storage capacity by supplying extra active sites. In 
the following are some remarkable works that has employed B 
and N co-doped carbon for sodium storage.

B, N co-doped carbon has been synthesized through a one-
pot synthesis approach and were tested as anodes for SIBs. The 
reported B, N co-doped carbon exhibited a reversible specific 
capacity of 329.71 mAh g−1 with a capacity retention of 91.3% 
over 100 cycles at 0.1 A g−1. As claimed by the authors, the 
enhanced electrochemical properties can be attributed to the 
improved electronic conductivity and double-layer capacitance 
characteristics owing to the introduction of B and N. This work 
confirms the applicability of B, N dual co-doped carbon as a 
promising anode material for SIBs.

In another recent report, B and N were co-doped in carbon 
(BCN) via a one-pot synthesis method. It was concluded that 
the incorporated B and N elements could play the role of 
electricity acceptors and enhance the electronic conductivity, 
thereby improving the electrochemical Na storage perfor-
mance. Additionally, the adequate pore features and high BET 
specific surface areas create sufficient active sites, resulting 
in improved Na-ion adsorption on the material surfaces. BNC 
exhibited a reversible specific capacity of 329.71 mAh g−1 associ-
ated with the cyclic stability of 300 mAh g−1 at 0.1 A g−1 through 
100 cycles (Figure 16a–d). This work also affirms the applica-
bility of B, N-co-doped carbon as an SIB anode.[20]

Various theoretical computational approaches have also been 
implemented to forecast the possibility of the formation of N 
and B co-doped materials. Using DFT analysis, the feasibility 
of the formation of N, B-dual-doped graphene as an apt catalyst 
for application in non-aqueous rechargeable Na-air batteries 

Figure 12. a,b) FESEM images for BCN/MoS2 composites. c) Comparative GCD plots. Reproduced with permission.[8] Copyright 2018, Elsevier.
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was examined (Figure 17a–f). Four distinct and different steps 
linked to the growth of NaO2 and the model corresponding 
to the depletion mechanism were introduced to investigate 
the effects of B, N co-doping on the reaction pathways, over-
potentials, and equilibrium potentials of graphene. The evalu-
ation revealed that the charging process of two-B and three-N 
(pyridinic)-doped graphene exhibited feasible reaction pathways 
associated with the smallest overpotentials (≈200 mV). Hence, 
it significantly enhances the oxygen oxidation and reduction 
reactions associated with pure graphene. This detailed study 
implementing DFT produces valuable data that can be imple-
mented for designing efficient B- and N-co-doped carbon as 
energy storage materials.[87]

Wang et  al. reported the synthesis of B and N dual doped 
carbon nanofibers (BN-CNFs), as shown in Figure 18. The B 
and N doping helped in increasing the capacitance by serving as 
additional active centers. The electrochemical properties of the 
B, N dual-doped carbon nanofibers (BN-CNFs) electrode mate-
rials are provided in Figure 19a,b. The cyclic stability was also 
tested (Figure 19c). They showed (Figure 19d) rate capability at 
various current densities.

3.6. Sulfur Rechargeable Batteries

Lithium-sulfur (Li-S) batteries use Li as the anode and sulfur-
or sulfur-containing materials as the cathode. These batteries 
suffer from issues such as poor conductivity, volume alteration, 

and the shuttle effect of the intermediates produced during the 
charging and discharging processes. In the field of Li-S bat-
teries, heteroatom-doped carbonaceous materials have garnered 
significant attention, mainly owing to the higher electronega-
tive properties originating from the doped atoms and enhanced 
electrochemical performance of the resulting material. Co-
doping of B and N in a carbon matrix has gained popularity for 
application as electrode material for sulfur batteries for the fol-
lowing reasons: a) The N doped carbon has strong absorption 
characteristics towards Li polyphosphates (LiPSs) through the 
interaction of Li···N from electronegative N atoms; b) alter-
natively, B atoms acting as electron deficient alternative to N 
atoms exhibits an electro-positive nature in the carbon matrix 
and forms chemical interactions with polysulfide anions; c) if 
a NB/NB structure forms in the carbon matrix with dual 
doped of B and N, the polarization of both the B atoms and N 
atoms will be further improved due to the higher negativity of 
the N atoms as compared to the C atoms, whereas a B atom has 
a lower electronegativity providing excellent electrochemical 
properties; d) for sulfur encapsulation, N and B doped carbon is 
better as the sulfur species bond chemically instead of through 
simple physical bonds as happens in the case of undoped 
carbon. All the works hence discussed see an improvement in 
the electrochemical performance due to the above reasons.

In this section, we discuss some of the recent remarkable 
works that have implemented boron and nitrogen co-doped 
porous carbon in sulfur batteries. Xu et  al. reported a 3D B, 
N dual-doped flexible carbon foam coded as NBC showing 

Figure 13. a) CV profiles for the first three cycles of B, N dual-doped carbon nanofiber networks (BN-CNN). b) Charge–discharge profiles at various 
cycles for BN-CNN. c) Cyclic stability of the prepared electrode materials. d) Stability of the prepared electrode materials at various current densities. 
Reproduced with permission.[22] Copyright 2019, Royal Society of Chemistry.
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effective polysulfide trapping. B, N dual-doping is helpful in 
refraining from the inverse relation between the carbon lat-
tice stability and heteroatom doping owing to the existence 
of the isoelectronic position of one B and one N atoms with 
respect to two C atoms. The synthesized 3D NBC exhibited a 
perpetual network as well as adequate flexibility and strong 
affinity toward lithium polysulfides. The self-standing NBC-S 
electrode exhibited a high areal capacity of 5.6 mAh cm−2 
(965 mA h g−1) with 5.8 mg cm−2 of sulfur loading (Figure 20a). 
There was a capacity fade of 0.03% at 0.2 C over 350 cycles. Fur-
thermore, the assembled flexible Li-S cell delivered a capacity 

of 873 mA h g−1 at 1 C. A galvanostatic charge/discharge study 
was carried out on NBC-S cathodes at the current rate of C/5 
and the capacity obtained at 1 C ¼ was 1675 mAh g−1 between 
1.6 and 2.8  V potential versus Li+/Li (Figure  20b–e). Both the 
NBC-S cathodes exhibited very little degradation in terms of 
capacity at C/5, as shown in Figure 20f, with a coulombic effi-
ciency of 99%.[27]

In another recent study, interlayers comprising of N and B 
dual-doped carbon nanofibers (BNCNF) were synthesized by an 
electrospinning method followed by thermal treatment.[24] As a 
result of the intercalation of the BNCNF film midway between 

Figure 14. a,b) Cyclic voltammetry at a scan rate of 0.1 mV s−1 and galvanostatic charge–discharge profiles of N, B dual-doped 3D graphene (BN-3DG) 
obtained by heat treatment of precursors at 950 °C. c) Rate capability of BN-3DG and 3DG, d) long-term cycling stability of BN-3DG950 current density 
of 0.01 and 4 A g−1. Reproduced with permission.[25] Copyright 2018, Elsevier.

Figure 15. a) Cyclic stability of the synthesized material at various c-rates, b) graph representing the comparison of capacity retention by various sam-
ples. Reproduced with permission.[86] Copyright 2018, Elsevier.
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the separator and the cathode, the resistance corresponding 
to charge transfer was reduced to a large extent and there was 
recurrence of the shuttle effect. The BNCNF exhibited enhanced 

capability for the absorption of polysulfides corresponding to 
N···Li and B···S chemical interactions, and mainly with the 
simultaneous creation of NB/NB structure in the framework 

Figure 17. Schematic illustrations representing the structures of a) pristine graphene, b) single N-doped graphene, c) double N-doped graphene,  
d) triple N (pyridinic)-doped graphene, e) single B-doped graphene, and f) double B-doped graphene (blue, brown, and orange circles indicate N, C, 
and B atoms, respectively). Reproduced with permission.[87] Copyright 2020, Royal Society of Chemistry.

Figure 16. a) CV plots of the B, N dual-doped carbon (BNC) anode. b) Galvanostatic charge–discharge curves corresponding to the BNC anode at 
the current density of 100 mA g−1. c) Cyclic stability of BNC electrodes at current density of 100 mA g−1. d) Rate capability of the BNC anode at current 
densities of 0.1 to 6.4 A g−1. Reproduced with permission.[20] Copyright 2019, Wiley-VCH.
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of carbon nanofiber supporting the interaction between S2− 
anions and boron atoms together with the electronegative 
interaction between Li+ cations and N atoms. The associated 
cell comprising BNCNF delivered a capacity corresponding to 
1054.7 mAh g−1 at 1.0 C over 1000 cycles with a 0.058% capacity 
decay. At 5.0 C, the material exhibited a starting capacity cor-
responding to the value of 612.2 mAh g−1 after 600 cycles, 

corresponding to a 0.085% decay rate (Figure 21a–f). This work 
highlights that the BNCNF interlayer can provide a prom-
ising way to improve the performance of Li-S batteries. The 
Li-S battery associated with the BNCNF interlayer (as shown 
in Figure 22a,b) was not only successful in minimizing the 
polysulfide growth in the region neighboring the cathode but, 
crucially, it also interacted with LiPSs synergistically through 

Figure 18. Fabrication process of BN-CNFs electrode. Reproduced under the terms of the CC-BY 4.0 license.[88] Copyright 2017, The Authors, published 
by Wiley-VCH.

Figure 19. Electrochemical property determination of the B, N dual-doped carbon nanofibers (BN-CNFs) electrode materials. a) CV plot at scan rate 
of 0.1 mV s−1. b) Galvanostatic charge–discharge curves at current density of 100 mA g−1. c) Cycling stability at current density of 100 mA g−1. d) Rate 
capability at various current densities. Reproduced under the terms of the CC-BY 4.0 license.[88] Copyright 2017, The Authors, published by Wiley-VCH.
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chemical and physical functions. Furthermore, BNCNF, which 
is electrically conductive in nature, can also reduce the amount 
of trapped LiPSs and improve the use of active materials. Three 
major steps involved in the fabrication of the BNCNF interlayer 
involved the synthesis of B2O3/PAN nanofibers through elec-
trospinning, followed by the synthesis of stabilized B2O3/PAN 
nanofibers. This was followed by the treatment of BNCNF in 
NH3 (Figure 22c–e).[24]

Zhu et  al. reported a natural and green bio-waste, pomelo 
peel, as an abundantly sustainable and eco-friendly precursor 
for the synthesis of a porous N, B co-doped carbon aerogel (NB-
PPCA). NB-PPCA was synthesized by the hydrothermal treat-
ment of the peels with NH4HB4O7 aqueous solution for 24 h, 
followed by freeze-drying. The coating caused a reduction in 
the value of resistance from the interface between the cathode 
and the separator, improving the kinetics of the reaction corre-
sponding to the Li-S battery. Furthermore, it was also effective 
in confiscating the polysulfides and minimizing the “shuttle 
effect” within the battery. The associated cell could deliver a spe-
cific capacity of 586.6 mAh g−1 over 500 cycles at 1 C, along with 
good rate performance and rate performance (Figure 23a–f).[89]

Chen et  al. reported the synthesis of N and B co-doped 
curved graphene nanoribbons (NBCGN) synthesized by a 
hydrothermal process using boric acid, oxidized curved gra-
phene nanoribbons (O-CGN), and urea as the precursors. In 
the hydrothermal system, the reconciliation of heteroatom 
sources indicated the existence of a catalytic effect causing 
synergistic doping of N and B. The synergy between B and N 
atoms rendered NBCGN with enhanced specific surface area 
and also increased pore volume, improved sulfur dispers-
ibility, enhanced conductivity, and reinforced adsorbability. The 
charge–discharge potential profiles of the various sulfur-based 
cells employing N, C, and B at 0.2 C by varying the number of 

cycles are shown in Figure 24a,b. The cathode exhibited voltage 
plateaus with the largest stability and minimum loss of capacity 
after 300 cycles. Figure  24a corresponds to the cyclic stability 
performance of the designed cathodes at 0.2 C. Initially, the 
CNG/S cathode exhibited a discharge capacity corresponding to 
a value of 860 mAh g−1, which later reduced to 446 mAh g−1, 
associated with an initial capacity loss of 48%.[90]

3.7. Other Applications

B, N co-doped carbon has also been implemented in various 
other detection applications. In a recent study, a fluorescent 
probe was fabricated to detect curcumin derived from turmeric 
rhizomes. B, N co-doped carbon dots (BNCDs) were synthe-
sized by microwave heating. The largest wavelength of emis-
sion associated with the BNCDs was determined to be 450 nm, 
corresponding to an excitation wavelength of 360  nm. Using 
various characterization techniques, it was found that the syn-
thesized carbon nanoparticles exhibited an average particle size 
of 4.23 nm. Under ambient conditions, the BNCDs were largely 
sensitive to the detection of curcumin. There was a linear rela-
tionship between BNCD fluorescence intensity and curcumin 
concentrations in the range 0.2–12  × 10−6 m. This proposed 
method has been effectively applied to identify the curcumin 
present in urine samples with 96.5%–105.5% recovery. The 
introduction of B and N dopants leads to the formation of var-
ious surface functional groups which increases the conductivity 
of the carbon and hence the fluorescence.[91]

The quest to find highly efficient carbon materials exhib-
iting a large desalting capacity for brackish water desalination 
remains indispensable. In a recent investigation, B, N dual-
doped xerogels of graphene were produced by implementing 

Figure 20. a) Cyclic stability and b) rate capability of the CeS, BC-S, and 3D B, N dual-doped flexible carbon foam (NBC-S) electrodes. c) CV curves 
obtained for the NBC-S electrode at a scan rate of 0.1 mV s−1. d) Schematic representing the device in folding condition. e) Digital photographs dem-
onstrating the flexibility corresponding to soft-packaged Li-S battery implementing NBC-S cathode. f) Long-term cyclic stability corresponding to the 
soft-packaged Li-S battery implemented with the NBC-S cathode. Reproduced with permission.[27] Copyright 2019, Elsevier.
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a facile sol-gel approach together with drying in atmosphere 
followed by carbonization. It was observed that primary par-
ticles in the shape of rods clung to the graphene sheets by 
crosslinking with boric acid-melamine-resorcinol-formaldehyde 
(BMRF). With an increase in the doping ratio, the carbonized 
BMRF gels showed large micropore surface areas and adequate 
doping sites. The largest doping contents corresponding to B 
and N were achieved in the dual-atom doped graphene xerogel, 
which showed augmented specific capacitance and better capac-
itance retention. The heteroatom dual-doped graphene xerogels 
were applied as electrode materials to desalinize brackish water. 
In comparison to the pristine graphene xerogel, the electro 

sorption capacity associated with the heteroatom dual-doped 
graphene xerogel enhanced to a value of 18.45 mg g−1. Further-
more, for this material, an improved charge efficiency corre-
sponding to a value of 45% was also noted for the material in 
NaCl solution with an applied voltage of 1.6 V.[92]

A hydrothermal approach for synthesizing B, N heter-
oatom co-doped carbon quantum dots was investigated using 
precursors of boric acid, p-amino salicylic acid, and ethylene 
glycol dimethacrylate. The B, N heteroatom co-doped carbon 
quantum dots exhibited fair monodispersity, high fluorescence 
intensity, adequate water solubility, high stability, and a fluores-
cence quantum yield of 19.6% with an average size of ≈5 nm. 

Figure 21. a) Rate capability of the Li-S cells in presence and absence of the interlayer. b) Charge–discharge profiles corresponding to the Li-S cells 
incorporated with BNCNF interlayer. Cycling stability of the Li-S cells in presence and absence of CNF and BNCNF interlayer current densities of c) 0.3 C, 
d) 1.0 C, and e) 3.0 C. f) Cyclic stability of battery implemented with BNCNF interlayer at 5.0 C. Reproduced with permission.[24] Copyright 2019, Elsevier.
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The largest emission and excitation wavelengths were 520 and 
380  nm, respectively. Permanganate (MnO4

−)-slaked B, N het-
eroatom co-doped carbon quantum dots exhibited fluorescence 
via static quenching effects and an inner filter effect. The linear 
relationship between MnO4

− concentration and quenching effi-
ciency ranged between 0.05 and 60  µmol L−1, associated with 
a limit of detection corresponding to a value of 13  nmol L−1. 
In the presence of captopril, the reduction of MnO4

− to Mn2+ 
occurred and there was recovery of the fluorescence of B, N 
co-doped carbon quantum dots. The linear range occurring 
between captopril concentration and recovery was observed 
to be in between 0.1 and 60  µmol L−1 with 0.03  µmol L−1 as 
the limit of detection. The co-doping of B and N into carbon 
quantum dots leads to the formation of fluorescent properties. 
The established method could successfully be implemented as 
a sensitive fluorescence sensing platform for MnO4

− and has 
been used for the detection of captopril in mouse plasma.[93]

In another recent work, B, N dual-doped carbon dots (B/N-C 
dots) were synthesized through a facile hydrothermal treatment 
of 4-formylphenylboronic acid and branched polyethylenimine. 
The B/N-C dots obtained showed a very narrow size distribu-
tion and excitation-wavelength-dependent photoluminescence 
properties associated with a high fluorescence quantum yield 
(QY) of 15.85%. Furthermore, the N/B-C dots showed adequate 
sensitivity and selectivity to Fe3+, corresponding to a detection 
limit of 1.62 × 10−6 m. In addition, the synthesized N/B-C dots 
exhibited very little toxicity and adequate biocompatibility and 
could be used for cell imaging. The property enhancement in 
the N, B co-doped carbon results in the creation of defects and 
also increases the conductivity of C leading to improved fluo-
rescence. Considering all the qualities, the synthesized N/B-C 
dots make a good potential candidate for application in cellular 
imaging and pH, temperature, and ion sensors.[94]

Carbon nanodots co-doped with N and B (BN-CDs) with an 
average diameter of approximately 11 nm have been reported 

to be synthesized by a hydrothermal method using 3-amin-
obenzene boronic acid and adenine as precursors. The ratio of 
B to N content in the BN-CDs was ≈1:1, indicating the loss of 
a high portion of N, while the preparation ratio of ≈1:6 was the 
B/N ratio of the precursors. The BN-CDs exhibited blue fluo-
rescence, which was observed to be independent of the excita-
tion wavelength. Exposure to the hypochlorite anion quenched 
the fluorescence, and the color of the solution turned brown 
from yellow. There was a significant linear drop in the fluo-
rescence in the hypochlorite concentration range of 0.1 and 
1000  × 10−6 m. The response to the color could be measured 
in the best manner at a ratio of absorption of 236/260 nm and 
in the range between 0.3 and 4.0 × 10−3 m. The transformation 
in color could be very feebly detected visually. The probe was 
used to determine the existence of hypochlorite in (spiked) 
living cells and tap water. Intuitively, doping carbon with 
nitrogen atoms should alter its electronic characteristics and 
offer more active centers, thus producing several interesting 
properties. Oxidization of BN-CDs by ClO− anions cause a sig-
nificant change in the fluorescent and chromophore groups. 
The selectivity of ClO− is credited to the interaction between 
ion (metal) and the existence of N/O containing groups on 
BN-CDs.[95]

4. NMR a Step Forward in Detecting Dopant Sites 
in Doped Carbon
The implementation of the carbon materials in the form of 
carbon nanotubes, graphene, fullerenes, and so on, has gained 
popularity in various applications, including electrolysis of 
water, sensing, biomedical purposes, nitrogen reduction, and 
energy storage. It has been found that the characteristics of 
carbon materials can be significantly varied by doping them 
with other elements. Among the various elements, B and 

Figure 22. a) Schematic demonstration of the comparison between the conventional Li-S battery, b) modified and improved Li-S battery, and the design 
of the N and B dual-doped carbon nanofibers (BNCNF) interlayer. c) B2O3/PAN nanofibers which were spun. d) B2O3/PAN nanofibers that were sta-
bilized. e) NH3-treated BNCNF. Reproduced with permission.[24] Copyright 2019, Elsevier.
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N have garnered substantial attention as they induce redox 
activity, improve the ability to interact with the electrolyte, 
improve the electrical conductivity, and change the energy gaps 
in the bands.[96–99] As has been highlighted in the previous sec-
tion, these B, N co-doped carbons have been implemented in 
various applications.[56,100–102]

To date, various bulk physicochemical and electrochemical 
properties have been investigated using characterization tech-
niques, including X-ray adsorption spectroscopy, scanning 

electron microscopy, X-ray diffraction, Fourier transform 
infrared spectroscopy, Raman spectroscopy, and energy-dis-
persive X-ray spectroscopy. It remains challenging to relate the 
structural and functional properties of these materials, even 
with the help of all these characterization techniques. The col-
lection of information on the nano- to macroscopic scale has 
always remained a challenge due to the non-stoichiometric 
and amorphous nature of carbon-based materials. Information 
about the environment surrounding the dopant site is of great 

Figure 23. a) Cyclic voltammetry plots for Li-S cells implemented with pristine separator. b,c) Pomelo peel-derived carbon aerogel (PPCA), N, B dual-
doped PPCA (NB-PPCA) incorporated separator. d) Discharge–charge potentials related to the Li-S cells with pristine separator. e) PPCA incorporated 
separator. f) NB-PPCA incorporated separator. Reproduced with permission.[89] Copyright 2019, Elsevier.
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significance for understanding the effect of doping on the var-
ious properties of the carbon material.[103]

In these circumstances, solid-state nuclear magnetic reso-
nance (ssNMR) is an ideal characterization technique because 
of its sensitivity to even minute changes in the chemical sur-
roundings owing to its intrinsically insensitive analytical 
method. A great deal of analytical research has been carried 
out on non-conducting carbon; however, very little research has 
been devoted to conductive/doped carbon.[103] Careful thin-film 
deposition of carbon possessing isotopically recognized precur-
sors has been synthesized and tested using the ssNMR tech-
nique. Clear resolution between carbon and various graphitic 
sites and other sites have extended to doubt on the graphene 
structure.[104] For obtaining a well-accepted structure, GO was 
synthesized using CVD comprising 13C labeled methane and 
2D 1H-13C correlation spectra was obtained in a feasible exper-
imental time. This led to the realization of the desired struc-
ture of GO.[100] In another work, ssNMR was carried out on a 
series of doped carbon materials, both ex situ and in situ, for 
application in rechargeable batteries and supercapacitors. In 
yet another work, 1H, 2H, and 13C have been applied to acidic 
functional groups covalently attached to graphene with very 
good resolution.[101–103] Several other studies have employed 
ssNMR to realize the implications of the chemical and struc-
tural modification of carbon on its properties. However, the 
non-crystalline and homogeneous characteristics of carbon and 
carbon-based samples produce unresolved, difficult to acquire 
spectra along with overlapping wide signals. In addition, the 
electronic conductivity of these carbon-based material results in 
a current induced by the magnetic field, which in turn creates 
a non-negligible magnetic field which this intrinsic field of the 
carbon makes it even more difficult to obtain the spectra.[103]

Many studies have been conducted to understand and resolve 
these problems. In this section, we describe certain studies that 
have implemented ssNMR techniques to determine the effects 
of B, N doping on the properties of carbon. 13C cross-polari-
zation was carried out to obtain well-resolved NMR signals, 
indicating the presence of a methylene group in the function-
alized carbon. Furthermore, 11B magic angle spinning (MAS) 

solid-state NMR (ssNMR) analysis indicated the presence of B 
as ArBOC and ArBOH coordinated by NB centers.[30]

B, N dual-doped carbon nanospheres for application as cata-
lysts for the nitrogen reduction reaction (NRR) and zinc-air bat-
teries were studied using NMR. In this work, the NH3 yield 
was determined by observing the total peak intensity of the 
three 14NH4+ peaks.[104]

In another work, NMR was implemented to characterize 
the type of ending (edge), that is, zig-zag or arm chair of the 
hexagonal boron nitride nanosheets. The terminating func-
tional groups are very significant in determining the chemical, 
physical, and electronic properties of the material. In this work, 
MAS solid-state NMR (ssNMR), in addition to DFT, was used to 
investigate the edges of the synthesized B- and N-doped carbon 
materials.[105] In another study, spherical mesoporous carbon 
doped with N was synthesized and studied using NMR to deter-
mine the location of N in the carbon framework. A detailed 
chemical structure of the carbon surface was determined 
using 1H, 13C, and 15N ssNMR techniques. The acquired data 
matched well with the data obtained from the quantum chem-
istry approach and XPS analyses.[105] In another work, B-, N-, 
and F-doped carbon was synthesized for application as an NRR 
and for zinc-air batteries. NMR measurements were carried 
out to quantitatively determine the concentration of ammonia 
produced.[106]

5. Conclusion and Future Perspectives

Carbon doping has long been used to suitably tune the elec-
trical, physical, and chemical electrochemical properties of 
carbon. In particular, N and B have a long history of being 
doped into carbon. Heteroatom doping has several advantages 
over single-atom doping, including introducing the requisite 
properties and tuning the electrochemical as well as electrical 
properties at the same time. Thus, B, N co-doping has gained 
considerable popularity because it can enhance the elec-
trical and electrochemical properties of carbon. In addition, 
the application of heteroatom co-doping can be widened. B, N 

Figure 24. Electrochemical properties of N, B co-doped curved graphene nanoribbons (NBCGN). a) Cycling stability at 0.2 C and the related coulombic 
efficiency and b) rate capability of the various cathode materials. Reproduced with permission.[90] Copyright 2017, Royal Society of Chemistry.
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co-doped carbon can be implemented as an electrocatalyst for 
OER in energy storage, including rechargeable batteries and 
supercapacitors, in hydrogen storage, and in sensing applica-
tions. Although heteroatom co-doping has several advantages 
and has been actively developed in recent years, it is still chal-
lenged by many issues. One of them is the impossibility of 
controlling the amount of dopant when more than one is used. 
Thus, it is difficult to maintain a specific ratio of B and N in 
the carbon material. In addition, large production of B, N co-
doped carbon is not yet possible. These arenas need attention 
and need to be improved before the application regime for B, 
N co-doped carbon can be further extended. In the future, these 
issues will need to be addressed and the challenges will need 
to be overcome for better B- and N-doped carbon with requisite 
properties.
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