
www.advmatinterfaces.de

2000999  (1 of 23) © 2020 The Authors. Published by Wiley-VCH GmbH

Review

Advances and Trends in Chemically Doped Graphene

Sami Ullah, Qitao Shi, Junhua Zhou, Xiaoqin Yang, Huy Q. Ta, Maria Hasan, 
Nasir Mahmood Ahmad, Lei Fu, Alicja Bachmatiuk, and Mark H. Rümmeli*

DOI: 10.1002/admi.202000999

conductivity, eminent mechanical strength, 
amazing chemical stability, flexibility, light 
weight, large surface area, matchless thin-
ness, and transparency all in one mate-
rial.[1–3] It has been extensively explored 
in 0–3D (e.g., graphene quantum dots 
(GQDs), carbon nanotubes, and porous 
graphene), in many functionalized forms, 
as well as in combination with other mate-
rials (composites).[4–9] The typical goals are 
as follows: 1) exploit the unique behavior 
of graphene; 2) overcome the gapless 
symmetry of graphene as a zero bandgap 
material (i.e., the conduction and valence 
states meet at some point) that hinders its 
use in the electronic industry; 3) enhance 
the reactivity of graphene, which is natu-
rally stable under ambient conditions 
owing to the delocalized π-electron system 
that resists chemical modifications, for use 
in synthetic industry; and 4) design new 
materials with ideal attributes.[10–15]

Among the graphene derivatives, 
a focus area is chemically doped gra-

phene—more specifically covalently doped graphene, in which 
a controlled number of foreign atoms (heteroatoms) are inten-
tionally introduced to customize the properties of graphene. 
The potential uses of chemically doped graphene include:  

Chemically doped graphene materials are fascinating because these have 
different desirable attributes with possible synergy. The inert and gapless 
nature of graphene can be changed by adding a small number of heteroatoms 
to substitute carbon in the lattice. The doped material may display superior 
catalytic activities; durable, fast, and selective sensing; improved magnetic 
moments; photoresponses; and activity in chemical reactions. In the current 
review, recent advances are covered in chemically doped graphene. First, 
the different types of heteroatoms, their bonding configurations, and briefly 
their properties are discussed. This is followed by the description of various 
synthesis and analytical methods essential for assessing the characteristics 
of heterographene with specific focus on the selected graphene materials of 
different dopants (particularly, single dopants, including N, B, S, P, first three 
halogens, Ge, and Ga, and codopants, such as N/O), and more importantly, 
up-to-date applications enabled by the intentional doping. Finally, outlook and 
perspectives section review the existing challenges, future opportunities, and 
possible ways to improve the graphitic materials. The goal is to update and 
inspire the readers to establish novel doped graphene with valuable proper-
ties and for current and futuristic applications.
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1. Introduction

Since its isolation, graphene is often called a substance 
of wonder due to its notable features, such as improved 
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cost-effective, long-term, high energy density, grid-scale, and 
portable energy generation; industrial catalysis and synthesis; 
as well as bio-related adaptable and wearable applica-
tions.[16–19] Compared to other approaches, such as function-
alization and compositing, the chemical doping of graphene 
is exceptionally efficient because a small amount of dopant 
can significantly alter the material properties. Additionally, 
the doping agents can be added into the graphene lattice 
using conventional synthesis methods, and most synthetic 
doped graphenes are highly stable owing to the presence 
of real chemical bonds between the graphene and dopant 
atoms.[11,20–23]

Recently reported approaches for doping graphene include 
hydrothermal,[24] calcination,[25] solvothermal,[26] and ion-
implantation[27] methods, as shown in Figure  1a–h. These 
synthetic methods have produced graphene materials 
with monodopants[28,29] and codopants.[30,31] Importantly, 

experimentalists[32,33] and theoreticians[34] have joined forces to 
understand the mechanism of controlled growth with ration-
ally designed doping features and to develop synthetic routes 
that are simple, economical, green, and scalable.[16,35–37] These 
issues are critical to the reliable and large-scale production and 
application of graphene derivatives.

There is considerable research on graphene doping from 
different aspects. In this review, we will address recent 
developments in doped graphene, including new synthesis 
routes for 2D doped graphene (single dopants, such as N, B, 
S, P, first three halogens, Ge, and Ga, and codopants, such as 
N/O), common heteroatom-induced bonding configurations, 
and properties of the doped graphene. Different analytical 
methods and more importantly the up-to-date applications 
enabled by intentional doping will be discussed. We hope this 
review would have potential interests for researchers in this 
field.

Figure 1.  a–h) Summary of current synthetic routes developed for heteroatom-doped graphene with the corresponding example SEM micrographs.  
a) S-doped graphene developed by solvothermal method. Adapted with permission.[65] Copyright 2017, Elsevier. b) N/S double-doped graphene via 
calcination route. Adapted with permission.[25] Copyright 2016, Wiley-VCH. c) Boron heterographene by supercritical fluid processing procedure. 
Adapted with permission.[169] Copyright 2019, Wiley-VCH. d) Nitrogen and sulfur codoped by polymerization process. Adapted with permission.[54] 
Copyright 2017, Elsevier. e) N-doped graphene via hydrothermal method. Adapted with permission.[110] Copyright 2017, Elsevier. f) N & S dual doped 
plasma CVD method. Adapted with permission.[31] Copyright 2019, American Chemical Society. g) Bromine doped by thermal CVD route. Adapted 
with permission.[46] Copyright 2019, Royal Society of Chemistry. h) Phosphorous-doped graphene via pyrolysis technique. Adapted with permission.[32] 
Copyright 2017, American Chemical Society. i) Library of bonding configurations induced by various doping agents. j) Plot of drain current (Ids) versus 
drain voltage (Vds) at different gate voltages (Vg) for nitrogen-doped graphene field effect transistors (FETs). The direct relation of Ids with Vg reveals 
that nitrogen heterographene exhibits n-type doping effect. Adapted with permission.[60] Copyright 2009, American Chemical Society. k) Ids versus Vds 
curve. The voltage at Dirac point shifts toward the positive value, indicating p-type doping. Adapted with permission.[197] Copyright 2016, Royal Society 
of Chemistry. l) Voltammograms for oxygen reduction reaction (ORR) based on nitrogen-doped graphene electrode in comparison to graphitic and Pt/C 
based electrodes, showing the catalytic feature induced by nitrogen doping. Adapted with permission.[21] Copyright 2010, American Chemical Society. 
m) Schematic illustration of Si-doped graphene with three different dye probe molecules: crystal violet (CRV), rhodamine B (RhB), and methylene blue 
(MB), demonstrating the sensing property of heterographene. Adapted with permission.[198] Copyright 2014, Wiley-VCH.
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2. Dopant-Induced Bonding Configurations  
and Properties

2.1. Bonding Configurations

Foreign dopant atoms can alter the properties of graphene. Hence, 
doping has further opened the door to many graphene-based  
applications including electronics[38] and sensing[39] owing to 
the distinct nature of each dopant.[40,41] These impurity atoms 
display unique bonding configurations in the graphene lattice 
(see Figure 1i), endowing the graphene with distinctive proper-
ties. Nitrogen typically forms three types of bonding structures: 
graphitic, pyridinic, and pyrrolic. The former two are planar 
arrangements with sp2 hybridization, while the sp3 configura-
tion of the last one causes distortion in the planar symmetry 
of graphene.[42] Boron can form two planar bonding moieties 
that are equivalent to graphitic and pyridinic, plus one out-
of-plane configuration in which the B atom sticks out from a 
single carbon atom.[22] Theoretically, sulfur can form several 
bonding arrangements, and the commonly observed configu-
rations are the thiophenic (generating a pentagonal vacancy), 
and bonding similar to pyridinic and graphitic arrangements 
(by binding, respectively, with two and three carbon atoms). 
In addition, sulfur oxide structures are frequently observed.[40] 
Note that some foreign atoms can display the same valence but 
different physical arrangements: some stay in the graphene 
plane, whereas others are out-of-plane or even overhanging.[14] 
For instance, P exhibits the same three bonding forms on gra-
phene as N (graphitic, pyridinic, and pyrrolic), however the gra-
phitic form of P is a pyramidal overhang, whereas that of N 
is planar.[41,43] In the case of Si doping, an analogous overhang 
structure was observed, accompanied by a remarkable distor-
tion of the planar structure of graphene. This endows Si-doped 
graphene with (metal-free) catalytic activity for a variety of reac-
tions (e.g., CO oxidation). In addition, Si can establish a planar 
structure forming a divacancy bond with four C atoms.[44]

Halogens (F, Cl, and Br) are only one electron short of ful-
filling the octet, and so they are expected to bond with one 
C in graphene and stick out from the basal plane.[41] Such a 
configuration would change the hybridization of carbon from 
planar sp2 to trigonal planar sp3, thereby introducing curvature 
into the graphene sheets. This effect is especially pronounced 
for bromine due to its large size.[45–48] On the other hand, 
the smaller F tends to fully cover the graphene sheet to form 
fluorographene (CF)n. Unlike other types of halographene, this 
is the only stable form for fluorine doping, and (CF)n acts as an 
insulator by restricting the delocalized electrons.[41,49]

Metals displaying different bonding states with graphene 
have also been reported, such as Fe and Cr.[50,51] Analogous to Si, 
Fe forms a divacancy planar or out-of-plane graphitic bonding 
system. Cr has demonstrated pyridinic and pyrrolic configura-
tions, but the disruption caused by its doping is stronger (viz., 
the structural distortion is greater) because of the large size.[52,53] 
One thing to bear in mind is that the graphitic bonding con-
figurations are generally more stable than others, especially for 
smaller dopant atoms. The reason is likely because of the pres-
ervation of the graphitic hexagonal lattice which is stable.[41]

In addition to the commonly bonding configurations derived 
theoretically or observed experimentally for chemical dopants, 

other bonding arrangements are also possible, and they can be 
interesting in many ways. Currently, codoped heterographene has 
drawn considerable interest.[54,55] The goal of codoping is to create 
superior synergy by joint contributions to a particular property.[27] 
For instance, P/N codoping is useful for designing improved 
n-type effect, which is not seen the individually doped materials. 
As another example, when B and N atoms are doped alone in 
graphene, they tend to assume a scattered and random distribu-
tion. However, when doped together they preferentially form B-N 
bonds and even hexagonal patches (h-BN) in pristine graphene 
system.[56,57] These integrated B-N bonds cancel out the doping 
effect, and the material behaves more like pristine graphene.

2.2. Properties Provided by Doping Agents

Owing to their valence electronic configurations and atomic size 
(especially for bulky atoms, such as S and Br), dopants cause two 
major transformations: destruction of the pristine graphene’s 
hexagonal symmetry, and alteration of the electronic structure. 
These changes in turn influence the properties of the doped 
graphene such as the bandgap (Eg), magnetic moment, thermal 
stability, electron mobility, spin densities, reactivity, optical 
characteristics, and photoresponses.[11,41,58] Some of the typical 
properties induced by dopants are summarized in Figure 1j–m. 
Depending on the type of dopant(s), bonding configuration, and 
the degree of doping, new or improved properties may arise 
that are advantageous for particular applications. The ability to 
customize graphene properties by heteroatom doping is vital for 
the design and discovery of novel characteristics in graphene 
materials and further extension of their exploitations.

The lattice parameters of graphene are slightly altered upon 
doping. For example, the BC bond length is greater than the 
CC bond (≈1.5 and 1.41  ± 0.01, respectively). Some dopants 
present n-type doping (N in the graphitic state, P, Ga, Fe, 
etc.),[50,59–61] while others display p-type effect accompanied with 
a downshift of the Fermi level toward the Dirac point (e.g., N in 
the pyridinic state, B, S, Si, O, and halogens).[46,62–64] It is gener-
ally thought that the opening of the bandgap is due to symmetry 
breaking induced by the doping atoms. Therefore, the bandgap 
(Eg) is usually a function of the doping level.[41] S-doped gra-
phene has a high catalytic activity (e.g., for the oxygen reduc-
tion reaction, ORR), because of a valence orbital mismatch to 
carbon despite their comparable electron affinities (≈2.58).[65] 
Meanwhile, metal doping endows graphene with single-atom 
catalytic features, as pointed out by Ta et  al. for chromium 
doping.[66] Importantly, different bonding configurations of 
the same dopant can introduce distinct properties. Graphitic 
N is conductive,[59] while pyridinic N is attractive for storage 
purposes (particularly, high energy capacity in batteries).[67] 
N-doped graphene is promising in spintronics because of its 
magnetic properties. Specifically, pyrrolic and pyridinic N-doped 
graphene both have nonbonding electrons, the former displays 
strong magnetic properties and the latter displays poor ones. 
Compared to N, P as a doping impurity causes a stronger mag-
netic effect.[11,41] Moreover, since P has a lower electron affinity 
than carbon (2.11 vs 2.55), the electron density in the CP bond 
shifts more toward carbon as compared to the CN system, 
where the electron density shifts toward N. As mentioned 
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earlier, halogens (F, Cl, and Br) tend to be covalently doped into 
graphene and transform the sp2 carbon into sp3 hybridization 
(tetrahedral symmetry). Iodine, however, tends to form a charge 
transfer complex (ionic bond) rather than covalent bond with 
graphene, and this leaves the sp2 symmetry intact. Previous 
studies demonstrated that graphene doped with F and Cl are 
direct bandgap semiconductors, whereas brominated graphene 
is an indirect bandgap semiconductor.[49,68] Additionally, smaller 
dopant atoms (such as B and N) induce less structural deforma-
tion, while bigger atoms (such as Br, S, and Fe) promote larger 
structural defects. These transformations may be deliberately 
utilized to modify graphene.[22,40,69] In the case of codoping, B/N 
is of special interest. Graphene, with h-BN patches, behaves like 
pristine graphene, because B and N have opposing effects—
N creates conducting electrons, while B create holes upon 
doping into graphene. Furthermore, B/N codoped graphene is 
thermally less stable than N-doped graphene but more stable 
than B-doped graphene. Unlike the B/N system, other codoped 
atoms, such as N/S and N/P tend to be distributed randomly 
in the material. On the other hand, one of the doped species 
may favor a particular bonding configuration in the presence 
of another specific dopant. For example, P and S promote pyri-
dinic and graphitic nitrogen configurations, respectively.[41] It 
is worth noting that, when one of the codopants is strong (i.e., 
more tightly bound with carbon, such as nitrogen) and another 
is weak (especially heavy atoms like aluminum), the codoping 
system is more robust than doping with a single weak dopant. 

An example is the N/Al codoping structure, which is more 
stable than the Al-doped structure[70–72] because of a reduced 
formation energy in the codoped system.[73]

3. Analytical Approaches

To exploit the potential of graphene doping to the maximum, 
it is critical to understand the different attributes of doped gra-
phene in detail, such as the topography, morphology, quality, 
number of layers, and the doping system (such as doping 
chemical state, doping level, and distribution), because these 
characteristics strongly impact the material’s properties.[41,69,74] 
Thus, various spectroscopic and microscopic techniques have 
been used to comprehensively examine the chemical deriva-
tives of graphene, and some of them are reviewed below.

Raman analysis is an efficient and simple spectroscopic 
technique for inspecting the structural features (e.g., number 
of graphene layers, layer stacking order, structural disor-
ders, details about the quality and crystallinity, and evidence 
of doping).[60,75,76] The intensity ratio of the 2D and G peaks 
(I2D/IG) is generally used to estimate the number of layers.[77] 
For monolayer graphene, the 2D peak is narrow and symmetric 
in shape, with a higher intensity than that of the G mode. In 
single layer graphene, I2D/IG is often around ≥1.5 (without being 
rigorous), and this ratio decreases with additional layers[78–80] as 
shown in Figure 2a. The full width at half maximum (FWHM) 

Figure 2.  a) Raman spectra of pristine graphene with different thicknesses. 1L (pristine graphene), 2L, and few-L stand for mono-, bi-, few-layers of 
graphene, respectively. Adapted with permission.[79] Copyright 2010, Springer Nature. b) TEM micrograph of double and trilayer boron/nitrogen dual-
doped graphene. Adapted with permission.[57] Copyright 2010, Springer Nature. c) AFM image of single layer B-doped graphene. Adapted with permis-
sion.[88] Copyright 2013, Wiley-VCH. d) SEM image showing the various thicknesses in graphene (1L: single layer, MLRs: multilayer graphene regions). 
Adapted with permission.[199] Copyright 2017, Elsevier. e) Broadview XPS spectrum of N 1s and the different states. Adapted under the terms of the 
Creative Commons Attribution 4.0 License.[42] Copyright 2018, The Authors, published by Springer Nature. f) EELS spectrum of B-doped graphene. Inset: 
magnified view of the dashed square region. Adapted with permission.[13] Copyright 2012, American Chemical Society. g) EDS results of pristine and 
halogenated graphene (Cl, Br, and I). Adapted with permission.[92] Copyright 2013, Springer Nature. h) FTIR spectra of different samples of B-doped 
graphene. Adapted with permission.[94] Copyright 2018, Elsevier.
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of the 2D peak also reflects the number of layers. Monolayer 
graphene often has a FWHM value below 40 cm−1 (again, this 
value is changeable).[46,81] Raman mapping can be used to eval-
uate the uniformity and homogeneity of graphene thickness, 
as well as the distribution of defects and/or doping within the 
measured sample region.[82] Moreover, Raman analysis helps 
confirm doping by the emergence of D (which might originate 
from either intentional doping or other structural disorders) 
and D΄ shoulder peaks near the G mode. The position, shape, 
and shift of Raman peaks can also provide information about 
the doping and the number of graphene layers.[38] A blueshift 
and/or relative reduction in intensity of the 2D peak with 
respect to pristine graphene can be attributed to the doping and 
an enhanced number of layers, respectively.[12,46,77]

In contrast, transmission electron microscopy (TEM) can 
precisely identify the number of graphene layers by counting 
the folds at the graphene edge in micrographs (Figure  2b), 
which is also backed by fast Fourier transform of the micro-
graph.[33,83] High-resolution TEM (HRTEM) can assess the 
material quality and crystalline hexagonal symmetry with 
atomic resolution.[57,84,85] In addition, selective area electron 
diffraction (SAED) analysis is useful for determining the lat-
tice parameters, crystal orientation, stacking order, number of 
graphene layers, and more importantly the sample crystallinity 
over a small region. A single set of hexagonal spots obtained 
from the sample suggests better crystal symmetry, whereas 
continuous circles or diffuse spots indicate an amorphous 
region.[86] The atomic force microscopy (AFM) technique can 
reveal accurate details about the sample topography, such as 
film continuity, cracks, wrinkles, folds, smoothness, and con-
taminants on the surface.[87,88] AFM provides 3D imaging of the 
surface up to the nanoscale, and the number of graphene layers 
can be determined from the height profile. The commonly 
reported AFM intensity profile height for single layer graphene 
is <1 nm (Figure 2c), and the height increases when there are 
more layers.[13] Both conductive and nonconductive surfaces can 
be measured by this technique. Similar to AFM, scanning elec-
tron microscopy (SEM) uses an incident/primary electron beam 
to strike the sample, creating secondary electrons and several 
other signals that provide different types of information. By cre-
ating a 3D micrograph of the sample, SEM can be a supportive 
characterization technique for graphitic materials at low resolu-
tion and large areas, primarily providing the topographical and 
morphological information (such as, grain shape, grain bounda-
ries, patches, contaminations, and number of layers). This tech-
nique is also applicable to both conductive and nonconductive 
surfaces: the former is measured directly, while the latter needs 
special treatment such as gold coating (Figure 2d).[75,89]

Various aspects of heterodoped graphene can be evaluated, 
such as the doping agent/s-induced bonding configurations, 
degree of doping, and elemental distribution/s. Several tech-
niques exist to measure these characteristics, with pros and cons 
for each. X-ray photoelectron spectroscopy (XPS) uses X-rays to 
eject core level electrons, whose binding energy is specific to the 
elemental atom and the bonding state. It is a sensitive way to 
measure the surface doping configurations, oxidation states, as 
well as the amount of doping agent present (Figure 2e). Electron 
energy loss spectroscopy (EELS), which is integrated with TEM 
and scanning TEM (STEM), is based on the kinetic energy loss 

of electrons upon inelastic collision with atoms in the sample. 
EELS is also sensitive to the chemical composition, bonding con-
figuration, and electronic structure in thin samples because of its 
transmission-based mechanism. Thus, it is usually considered 
the best tool for establishing the chemical identities and bonding 
at the atomic level (Figure 2f).[15,90,91] Moreover, EELS mapping 
can reveal the elemental distribution even at trace amounts.[13] 
For analysis of the chemical composition inside the sample to 
a depth of a few micrometers and mapping the elements over 
a broader region, the energy dispersive X-ray (EDS) technique 
can be used, which measures the characteristic X-ray emitted by 
each atom in the sample under an electron beam. EDS can be 
integrated with both SEM and TEM (see Figure 2g).[92] On the 
other hand, unlike XPS and EELS, EDS is not appropriate for 
detecting the bonding states.[93] Another sensitive, simple, fast, 
and universal analytical approach is Fourier transform infrared 
(FTIR) analysis, which is able to recognize chemical bonds, 
chemical reactions, contamination in the specimens, and even 
chemical structure of the analyte (Figure 2h).[94,95] FTIR is, how-
ever, unsuitable for detecting monoatomic moieties (e.g., H* 
radical or Na+ ion), homoatomic molecules (e.g., N2 and Cl2), 
and the chemical states, as compared to XPS and EELS. Besides 
those mentioned above, many other analytical methods could be 
exploited for various purposes. Overall, careful characterization 
helps to reveal the growth mechanism and screen for desired 
characteristics in the materials, thus contributing to the develop-
ment of scale-up practical applications.

More significantly, the joint use of atomic resolution micro
scopy and spectroscopy has made it possible to directly spot 
impurity atoms in the graphene lattice together with their pre-
cise chemical nature, even in the presence of camouflage con-
taminations. A usual problem with heteroatom-doped graphene 
structures is contamination comprised of carbon-based struc-
tures, whose bonding environment is analogous to that expected 
for atomic dopants inside the graphene lattice (Figure 3a,b).[15] 
Even detecting the atomic bonding environment is not enough 
to resolve this, as the contaminant atoms can easily be mistaken 
for doping agents. In most cases, successful doping is evalu-
ated indirectly from nonlocal spectroscopic signatures, e.g., by 
comparing XPS data with existing literature. This was reported 
by Susi et  al. for phosphorous-implanted graphene, where sil-
icon impurities cause identical signals.[96] Since the contamina-
tion hinders adequate assessment of heterographene as well 
as reducing the sample quality, advanced atomic-scale charac-
terization methods would provide significant in-depth insight 
into heterographene and its application in various devices. For 
instance, scanning tunneling microscopy is a powerful tool for 
local characterization.[97] Although lacing direct chemical sen-
sitivity, it has been used to confirm the local bonding of light 
impurities (e.g., N and B) in graphene. Recent advances in aber-
ration corrected STEM have similarly enabled the direct visuali-
zation of individual atoms in low-dimensional heterographene 
materials.[98] When atomic resolution STEM is used for EELS, 
even the precise nature of atomic bonding can now be resolved. 
For instance, researchers have directly observed nitrogen and 
oxygen atoms in N-doped graphene lattice and graphene oxide, 
respectively, along with their chemical forms via atomic resolu-
tion imaging (Figure 3c,d).[99] (Surprisingly, oxygen bound with 
three carbon atoms was also visualized, which had been rarely 
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reported before.) In addition to that, EELS can provide adequate 
electronic structural information down to the single atom 
scale, as presented by Kepaptsoglou et al. for boron-implanted 
graphene.[44,100] Finally, thanks to recent progresses in electron 
beam manipulation, it is possible to controllably create and heal 
defects in graphene and to move them.[98,101–103] This concept 
was presented by Tripathi et al. (who attempted to displace Ge 
atoms in graphene lattice) and other researchers.[15,66,104,105] 
Atomic resolution study has further advanced noncarbon ele-
mental doping of graphene (either singly or as a codopant), 
which is important for understanding the novel attributes of 
heterographene and developing related applications.

4. Synthesis

4.1. N-Doped Graphene

Because of its comparable atomic size with carbon and greater 
electron affinity (3.04), nitrogen is highly suited to substi-
tute carbon in graphene without causing serious structural 
effects.[40,41] As a result, it is the most comprehensively investi-
gated dopant from both theoretical[14,106] and experimental per-
spectives. The reported synthetic methodologies range from 
chemical vapor deposition (CVD)[33,107] to hydrothermal[108–111] 
and ion implantation[112] methods. Different synthesis para
meters can be adjusted to tailor the N-doped graphene, e.g., the  

number of layers, quality, doping content, and doping configu-
rations. Recently, Jia et al. produced continuous single layer 
N-doped graphene by the CVD approach at several growth tem-
peratures (230–600 °C), as illustrated in Figure 4a. This approach 
uses a single solid precursor (pentachloropyridine) that simul-
taneously supplies both carbon and nitrogen. When there are 
two or more precursors, the mechanism for controlled growth 
becomes complicated due to the different properties of carbon 
and doping agent, such as the thermal properties, decomposi-
tion rate, and chemical compatibility of decomposed moieties 
with each other as well as with the growth substrate. In contrast, 
a sole precursor containing both carbon and doping elements 
can simultaneously introduce the different chemical species in 
a controlled manner for the large-scale growth of uniform and 
high-quality doped graphene.[88] Jia et al. found that the quality 
of the grown material is degraded when raising the growth 
temperature, as can be observed in Figure  4b–f. The proposed 
reason is that the chlorine radical drastically etches the copper 
surface, and the resultant coarse surface is not conductive to the 
deposition of high-quality graphene. They also showed that the 
growth temperature can be used to produce single layer N-doped 
graphene (Figure  4g,h) with a particular doping configuration. 
For instance, dominant graphitic and pyrrolic N-doped gra-
phene was grown at low (230–300 °C) and at high (400–600 °C)  
temperatures, respectively.[38] Similarly, another group conducted 
CVD at ambient pressure using gaseous precursors (ammonia 
as the N source and methane as the C source), and reported 

Figure 3.  a,b) Two and one Ge atoms (bright spots) bound to graphitized contaminations and graphene lattice, respectively. c,d) Atomic resolution 
STEM image, the corresponding filtered and simulated images, and model structures of Ge implanted in graphene and bound by three and four carbon 
atoms, respectively. These images suggest the potential of atomic resolution STEM for the direct observation of doping atoms along with the bonding 
configurations in graphene, as well as the ability to distinguish dopant in the graphene lattice from that in graphitized contaminations. Adapted with 
permission.[15] Copyright 2018, American Chemical Society.
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that the growth temperature as well as growth time could be 
exploited for controlled N doping.[33] Maddi et al. implemented a 
laser-assisted strategy, by depositing a Ni thin film (60 nm) onto 
a SiO2 substrate followed by the deposition of an amorphous 
carbon nitride thin film (a-C:N, 10 nm). Afterward, the a-C: N/
Ni/SiO2 hybrid film was thermally treated to grow N-doped gra-
phene. The prepared sample consisted of a few layers with dom-
inant pyridinic doping structure, as can be viewed in Figure 2e. 
The doping content (2–3 at%) was shown to be reproducible and 
stable, being independent of the N concentration in the a-C: N 
film.[42] While N-doped graphene with minor defects are not 
common, it was produced by Sarau et  al. via ex situ doping of 
pristine graphene. In this two-step method, CVD-grown pris-
tine graphene was treated with NH3 after transfer to a sapphire 
substrate. According to the Raman study, the produced sam-
ples were predominantly monolayers. XPS analysis revealed the  
coexistence of pyrrolic and dominant pyridinic states (11 at% 
in total). This study points out that graphene doping can be 
achieved without causing significant defects following an ex situ 
route.[107]

Ion implantation is another important and mature technique 
for achieving adequate graphene doping, and it has shown great 
promise.[112–114] One research team had proposed that heter-
oatoms can be successfully incorporated in the graphene lattice 
by ion irradiation under the following conditions: i) the energy 
of incident ion should be enough to knock out the carbon(s); 
ii) kinetic energy remaining in the ion after collision with carbon 
should be small enough to allow it to be lodged in the graphene 
lattice; and iii) the implanted ion should form covalent bond with 
atoms of the vacancy to reach a stable configuration.[15] However, 
contradicting the above conditions, Bai et al. found that the ion 
incident angle is more important than ion energy for the pro-
ductivity and quality of doping. Particularly, compared to the 
perpendicular direction, ion bombardment tilted at an angle 
to the normal is more favorable. At the optimal angle of 70°, 
the productivity was boosted by more than 25%, together with 
enhanced quality of substitution.[27] This observation could lead 
to a deeper insight about the ion implantation mechanism that 
is useful for realizing controlled doping. Zhao et al. used such 
a method to obtain single-layer nitrogen-implanted graphene 

Figure 4.  a) Growth schematic of N-doped graphene at different temperatures. A low temperature (230–300 °C) leads to dominant graphitic nitrogen 
doping, while a high temperature (400–600 °C) mainly results in pyrrolic N-doping. b–f) The corresponding optical images over silicon substrates.  
g,h) HRTEM micrographs of monolayer N-doped graphene grown at 300 and 500 °C, respectively. Adapted under the terms of the Creative Commons 
Attribution 4.0 License.[38] Copyright 2016, The Authors, published by Springer Nature.
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with improved quality (Figure 5a–c). Notably, they used a multi-
layer substrate (Ni/Cu/amorphous-SiC/SiO2/Si) in which amor-
phous-SiC provided carbon feedstock, and control over nitrogen 
content was achieved by monitoring the N ion fluence.[115] The 
advantages of this method are the compatibility with microelec-
tronic industry and the feasibility for even heavy atomic dopants 
(e.g., germanium).[15,115,116] Scardamaglia and his colleagues 
came up with a similar implanting method. Unlike Zhao et al., 
these authors employed a two-step approach of CVD growth of 
graphene followed by nitrogen ion treatment (ion implantation), 
achieving a high nitrogen content (≈8 at%) without formation 
of graphene lattice defects. Furthermore, thermal annealing 
was used to tune the doping configuration, such as converting 
pyridinic to graphitic nitrogen. This investigation suggests that 
the ion implantation method can achieve a high doping content 
as well as thermal interconversion among different bonding 
configurations. It will facilitate the understanding of distinc-
tive properties of foreign atoms in a specific bonding form and 
relate them to the corresponding applications.[64] Recently, Hofer 
et al. demonstrated nitrogen doping by irradiating nitrogen ions 
onto graphene on a TEM grid, and atomic resolution imaging 
confirmed that the doped nitrogen prefers to bind with three 
carbon atoms (graphitic form).[99] Based on these observations 
from different research groups, high-quality tunable nitrogen 
doping of graphene is possible; and particular bonding configu-
rations, a large continuous area, and single-layer thickness can 
be achieved by controlling the synthesis parameters such as, the 
growth temperature, growth duration, precursor sublimation 
temperature (for solid precursors only), and even by laser depo-
sition and ion implantation methods.

4.2. Boron-Doped Graphene

Similar to nitrogen, B-doped graphene has been reported with 
different numbers of layers, doping content, and bonding 
configurations. The synthetic approaches include pyrolysis[117] 
and hydrothermal methods.[24,118] Wu et  al. used novel precur-
sors (9,10-dimesityl-9,10-diboraanthracene (DBA(Mes)2) as the 
boron source and toluene as the carbon source) to customize 
the quality of B-doped graphene using a bubbler-assisted CVD 
method. The resultant sample was of high quality and consisted 
of single layers with a significant B content up to 4.6 at%.[119] 
Solid precursors are generally preferred as the growth feedstock 
due to the large range of choices, their benign property, sta-
bility, and ease of handling.[120] Srivastava and colleagues used 
B powder as the boron source and liquid ethanol as the carbon 
source to produce B-doped graphene by low pressure CVD. The 
as-grown sample was few-layered according to Raman analysis, 
whereas the XPS result revealed two dominant bonding con-
figurations (BC3 (graphitic form) and BC4) with a doping con-
centration up to 4.9 at%.[39] Incorporation of boron into the 
graphene framework has also been achieved via a two-step CVD 
procedure. Pristine graphene is deposited by CVD, transferred 
to a target substrate, and then treated with a boron source solu-
tion. XPS analysis verified the presence of boron, and Raman 
mapping concluded that the as-grown sample was comprised of 
double layers on average.[81] Additionally, the novel route devel-
oped by Bleu and collaborators used a solid precursor to control 
the doping concentration. They used a laser deposition method 
identical to that for nitrogen doping (already described in  
Section 4.1,[42]). The growth schematic is depicted in Figure 6a. 

Figure 5.  Schematic illustration of ion implantation growth method for nitrogen heterographene (NG). b) Corresponding Raman spectra of pristine 
(PG) and nitrogen-doped graphene. c) HRTEM micrograph of monolayer NG. Adapted with permission.[115] Copyright 2018, Elsevier.
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In the as-prepared sample, up to 2 at% of boron was distributed 
in few layered graphene as demonstrated in Figure 6b,c.[121] This 
study demonstrates the versatility of the laser deposition route, 
which could be extended beyond boron and nitrogen doping. 
Dianat et al. reported an economical and simple way to integrate 
boron into graphene. In their ex situ doping approach, pristine 
monolayer graphene was grown by CVD and transferred to a 
silicon substrate predoped with boron. Finally, the substrate 
was heated at 400 K to allow boron integration into graphene. 
This route using a relatively low temperature may be applied to 
many other types of heterodoping.[122] In addition, argon flow 
can be used to control the growth, as recently established by 
Boukhvalov et  al. in a bubbler-assisted CVD procedure. Argon 
(as the buffer gas) at different flow rates (50 and 100 sccm) was 
passed through the bubbler containing boron source. In gen-
eral, different parameters in CVD can be optimized for tun-
able growth.[123] Romani et  al. used a single liquid precursor 
(isopropyl borate) and cracked it to grow B-doped graphene by 
the CVD route. At the optimal growth temperature (1000  °C), 
pressure (75 mTorr), and growth duration (5 min), single layer 
B-doped graphene can be achieved, and the presence of doping 
was shown by XPS and Raman analyses.[124] Significantly, this 
study demonstrates the usefulness of a single liquid precursor, 
whereas single solid precursors are commonly reported.[88]

4.3. Sulfur-Doped Graphene

Sulfur is a bulky dopant, and its low electronegativity means that 
it does not bind very strongly with graphitic carbon.[40] Among 
numerous recent studies, Guo et  al. employed a two-step CVD 
technique to grow S-doped graphene with excellent quality. First, 

pristine graphene was deposited via CVD and transferred to a 
substrate mediated by polymethyl methacrylate (PMMA). The 
graphene was then once again subjected to CVD in the presence 
of H2S as the S source under medium heating (500 °C). The goal 
was to preserve the quality of the grown film by limiting the 
number of transfer steps to one. The high quality of the product 
was confirmed by both SAED and Raman studies.[86] This study 
shows that, in addition to optimized synthesis parameters, the 
number of transfer steps should be reduced to ensure excellent 
quality and crystallinity in the doped graphene.

4.4. Phosphorous-Doped Graphene

Generally, preparing phosphorous-doped graphene is consid-
ered challenging because the large size of P hinders its incorpo-
ration into the graphene system. This is why the growth of such 
materials is rarely reported as compared to other dopants, such 
as nitrogen and boron.[11,40,125] However, we have already men-
tioned that ion implantation method is adequate for inserting 
large atoms into graphene. He et  al. successfully implanted 
phosphorous into graphene with minimal defects. First, they 
employed a gold coating on CVD graphene as protection layer 
against damage by the high-energy ions. Second, a subsequent 
posthealing step further restored the structural integrity of 
heterographene. The authors claimed a record phosphorous 
doping content of 4.22 at%.[126] It is challenging to correctly 
identify the dopants because of the identical signal produced by 
contaminations. Significantly, Susi et  al. effectively addressed 
this issue for phosphorous-doped graphene developed by the 
ion implantation route. They used atomic resolution imaging 
along with EELS to precisely confirm the integration of  

Figure 6.  a) Schematic illustration of B-doped graphene synthesis by pulse laser codeposition method. b,c) Histograms for the intensity ratio between 
the 2D and G peaks (I2D/IG) and the 2D peak width (FWHM), respectively. Both histograms indicate few-layer B-doped graphene. Adapted with permis-
sion.[121] Copyright 2020, Elsevier.
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phosphorous into graphene with a pyramidal overhang bonding 
configuration.[96] This approach also demonstrates the advance-
ment of inspection techniques down to the atomic scale.

4.5. Metal-Doped Graphene

Metal-doped graphene materials are rarely reported, despite 
their unique potential applications, such as single atom-pro-
moted catalysis. This is probably due to the low binding energy 
of metals with graphene, which sometimes makes it hard 
to overcome the cohesive force between the metal atoms. As 
a result, the metal tends to form clusters.[41] Among the lim-
ited reports, iron-doped graphene was prepared by a two-step 
CVD method. The corresponding chromium ex situ doping of 
graphene was presented by Ta et  al., and their HRTEM study 
revealed that chromium can be utilized as a catalyst for the 
growth of graphitic materials.[53,66,127] While gallium doping 
in the real world is not common either, Mach et  al. produced  
Ga-doped graphene using a two-step CVD method. Pristine gra-
phene was grown on copper foil and subsequently transferred 
to a silicon substrate. Afterward, it was subjected to thermally 
produced Ga vapors in an ultrahigh vacuum to introduce Ga 
into graphene. Notably, Ga doping up to a certain concentra-
tion was found to enhance the n-type behavior but adding more 
Ga had the opposite effect. This phenomenon can be explained 
theoretically as follows. At low doping levels, the Ga-graphene 
interaction (adhesive bond) is dominant; while at higher doping 
level, the Ga–Ga interaction becomes more prominent, and so 
Ga clusters are formed and inhibit the n-type behavior.[41,50]

4.6. Germanium-Doped Graphene

One advantage of ion implantation over other synthesis tech-
niques is the ability to insert heavy atoms (e.g., Ge) into the 
graphene lattice.[41,114] For instance, Tripathi and teammates 
recently realized germanium doping in graphene by a low-
energy ion implantation method. The atomic resolution assess-
ment (direct observation for impurities) revealed a pyramidal 
out-of-plane bonding configuration with monovacancy (Ge–C3). 
This study demonstrated that ion implantation can be carried 
out at an energy below the displacement threshold for gra-
phene, which can be extended to the controllable doping of 
other low-dimensional materials.[15]

4.7. Halogen-Doped Graphene

Early on, we mentioned that F, Cl, and Br could be incorpo-
rated into graphene with covalent bonding. This may explain 
why these three halogens are reported in the literature as true 
chemical doping, while iodine generally prefers ionic doping by 
forming a charge transfer complex.[49,78,128,129]

4.7.1. Fluorine Doping

Kovaříček et  al. reported a two-step CVD route for F-doped 
graphene. Pristine monolayer graphene was deposited by 

conventional cracking of a gaseous precursor (methane) and  
transferred to a silicon substrate. Then, it was treated with the 
vapors from a solid fluorine precursor (XeF2) for doping. This 
method was able to achieve a high fluorine doping level (up to  
10 at%). As discussed in Section 2.1, F forms single covalent bond 
with graphene with a high CF binding energy of 688.2 eV. Such 
a bonding state favors the conversion of sp2 carbon to sp3. Inter-
estingly, the Kovaříček group found the fluorinated graphene to 
be a useful intermediate for further synthesis, such as the grafting 
of thiol group.[130] Similarly, in another two-step CVD strategy, 
pure graphene is exposed to CF4 plasma as the F source at room 
temperature. XPS analysis revealed both ionic and covalent states 
of fluorine with the respective binding energies of 686.7 and 
688.9 eV. The coexistence of two states for fluorine is attributed to 
the extremely strong electron affinity of fluorine (3.98).[131]

4.7.2. Chlorine Doping

Cl-doped graphene has been synthesized using a few schemes.[132] 
Nevertheless, Copetti et  al. developed a two-step photochlorina-
tion method, in which pristine graphene is pregrown elsewhere 
(commercially available CVD-grown graphene on silicon was 
used in this case) and then exposed to Cl2 gas under ultraviolet 
radiation. The doping mainly occurs at the edges and defects of 
the graphene (Cl/C ratio ≈ 0.1). Notably, the doped Cl is sensi-
tive to the laser irradiation used during material characterization. 
Such a laser-based technique allows one to tune the doping level 
at the nanoscale, which can lead to interesting applications.[133]

4.7.3. Bromine Doping

Since the bromine atom has a large size and low electronega-
tivity (2.96), it also has a low binding energy to carbon. Yet 
many researchers managed to grow it by different routes.[93,134] 
Recently Br-doped graphene with a doping level of 1.8 at% was 
reported by some authors of the present review article. In their 
direct one-step CVD procedure (Figure 7a,b), the configuration 
of the inner reactor tube played a significant role in the con-
trolled growth. A single solid precursor (hexabromocyclodode-
cane) was decomposed to simultaneously provide carbon and 
bromine. The temperature of the substrate sublimation was 
optimized to promote growth of continuous monolayer gra-
phene with a large area and enhanced quality. Raman, SEM, 
and TEM studies evidenced single layer growth at the optimum 
precursor temperature of 200  °C (Figure  7c–f). The bromine 
was found to exist in both covalent and adsorbed forms.[46] In 
light of these observations, the parameters of precursor sub-
limation could be adjusted to efficiently prepare high-quality 
monolayer doped graphene. This work also highlights the 
importance of the vapor trapping CVD configuration.[135]

4.8. N/O Codoped Graphene

As a single dopant, N binds strongly with graphene. It has also 
been used as a codopant with B, S, Al, etc.[136–138] On the other 
hand, the combination of nitrogen with oxygen species is less 
reported, especially its direct synthesis by CVD. An adapted 
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vapor trapping CVD route (mentioned in Section  4.5 for bro-
mine doping),[46] can also produce synthetic graphene that 
incorporates both nitrogen and O moieties. Here, three growth 
parameters were optimized to grow high-quality graphene at a 
precursor mass of 0.5  mg, a precursor sublimation tempera-
ture of 380 °C, and a growth duration of 3 min. In terms of the 
chemical state, graphitic, pyridinic, pyrrolic, pyridinic oxides, 
and oxygen species directly bound to carbon were all present. 
This CVD approach using an internal tube configuration may 
be developed into an established scalable synthetic technique.[77]

4.9. Other Chemical Doping

In addition to the elemental doping of graphene reviewed above, 
there are many reports on modifying the properties of graphene 
by contacting it with chemically reactive agents. The graphene 
could be functionalized either covalently (e.g., hydroxyl group) 
or noncovalently (e.g., drugs). Noncovalent interactions is vital 
for the immobilization of DNA, proteins, and enzymes.[7,139–141] 
The interaction between the functional moieties and graphene 
tends to disrupt the regular electronic density of graphene, but 
the carbon in graphene is not expected to be substituted as gen-
erally observed in elemental doping. Shivananju et al. reported 
that biomolecules could be used similar to conventional func-
tional molecules to chemically modify graphene.[142]

Furthermore, graphene-based composite/hybrid mate-
rials have attracted great attention due to the 2D structure of 
graphene.[143–145] Particularly, semiconductor nanocrystals or 
quantum dots with blended graphene or heterographene are 
extensively realized, such as silica nanocrystal/graphene com-
posites.[146,147] Notably, although the carbon may not be replaced 
in these hybrid systems, disruption of the electron conjuga-
tion symmetry can lead to properties not observed in graphene 
itself, such as novel electromagnetic and photocatalytic charac-
teristics.[148,149] In plenty of reports, these graphitic derivatives 
have presented remarkable applications ranging from energy 
generation to sensing and magnetic purposes.[150–154]

5. Recent Progresses in Applications  
of Doped Graphene

5.1. Energy-Related Applications

5.1.1. Fuel Cells (ORR/Oxygen Evolution Reaction (OER)/Hydrogen 
EvolutionReaction (HER))

Economical, efficient, and durable metal-free catalysts are 
urgently needed in fuel cells to sustainably produce clean 
energy. A great amount of research (both experimentally[54] 
and theoretically[14,155,156]) has identified graphene, more pre-
cisely chemically doped graphene, as a candidate material for 
electrocatalysts. Doping breaks the inherently stable structure 
of pristine graphene to allow interaction with foreign species 
for catalysis. A high catalytic activity depends on the catalyst 
having a large accessible surface area, high electron mobility, 
suitable types of chemical dopants (mono- or codoping), doping 
level, chemical states, topological defects, and the creation of 
hybrid systems. Various strategies have been used to cus-
tomize these features. For instance, a sulfur doping system 
demonstrated superior ORR efficiency,[65] with good durability 
and greater immunity against the methanol crossover effect 
and carbon monoxide (CO) poisoning as compared to Pt/C 
(Figure  8a–d). Previous studies suggested, that pyridinic N is 
more active in promoting ORR activity.[157] Miao and colleagues 
also found that pyridinic N substantially improves the stability 
of heteromaterials, which can lead to ORR catalysts with high 
durability.[110] Doped graphene (with metallic elements) heter-
osystems have also been exploited as ORR catalysts. Cr-doped 
graphene showed outstanding ORR activity and excellent sta-
bility.[52] Kumatani et al. took advantage of the combined effect 
of N/P dual doping and large numbers of edge sites. The edges 
had a high concentration of dopants, which greatly favored the 
catalytic reduction reaction. Rivera et  al. experimentally tested 
N/S doping for ORR. The synergy between the two codopants 
led to better catalytic performance in alkaline than in acidic 
media. Also, the incorporation of N into the graphitic network 

Figure 7.  a) Schematic of CVD growth of Br-doped graphene. b) The corresponding stick-and-ball model of bromine-incorporated graphene.  
c–f) The respective Raman, HRTEM, SAED, and intensity profile of single-layer Br-doped graphene prepared at the optimal temperature (200 °C). 
Adapted with permission.[46] Copyright 2019, Royal Society of Chemistry.
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facilitated the reaction by enhancing the adsorption and bond 
cleavage of O2, favoring the direct four-electron pathway.[158] 
An Al/N dual doping system also demonstrated decent elec-
trocatalytic activity for ORR, with not only higher electrocata-
lytic activity than commercial Pt/C but also adequate durability. 
Theoretical calculations showed that an inhomogeneous charge 
distribution and the interaction between Al and N are mainly 
responsible for the markedly enhanced ORR activity.[138] Some 
hybrid systems (composite materials) have offered greater ORR 
activities.[108] Zhang et  al. demonstrated that Co3O4 anchored 
N-doped rGO is a strong bifunctional catalyst for ORR and 
the OER due to the synergy between the inorganic component 
(Co3O4) and the heterographitic N-rGO.[159] Because it is both 
cost-effective and efficient, this catalyst may replace the bench-
mark Pt/C catalyst in the near future.

On the other side, heterographene materials have also been 
considered as prospective OER catalysts from both theoretical 
and experimental perspectives.[160] Razmjooei and colleagues 
developed unique OER electrocatalysts by treating a range of 
heteroatom-doped graphene with iron (denoted as FeXG; 
G = graphene, X = S, N, B, and P). The FeSG system dem-
onstrated the best activity among all the prepared catalysts. 
Fe serves two functions in this system, namely increasing the 
number of active sites and enhancing the conductivity, allowing 

the FeSG to catalyze OER with high efficiency. It is also worth 
mentioning that the OER activity of FeSG is close to that of 
state-of-the-art IrO2/C catalyst, along with pronounced long-term 
stability.[32] Many other chemically modified graphene derivatives 
with bifunctional catalytic abilities have been reported, some 
even exhibited multifunctional catalysis.[108,159] As an example, Cr-
doped graphene is a very promising bifunctional catalyst, exhib-
iting outstanding OER and ORR activity and excellent stability.[52]

H2 is a green energy source that can be produced by elec-
trocatalytic water splitting. However, economical and efficient 
catalysts are still lacking for this reaction. Chemically doped 
graphene (singly doped, codoped, and even composite systems) 
have been researched using theoretical[161] and experimental 
means[117,162,163] to control their catalytic activities and compre-
hensively understand the catalytic mechanism. For instance, 
introducing chemical dopants and topological defects into the 
graphene framework is expected to synergistically promote 
the activity for HER over graphene. A highly active plasma-
etched S-doped graphene (SG) catalyst was prepared through 
solvothermal synthesis followed by plasma-etching in an Ar 
atmosphere. The plasma etching could effectively introduce 
a high level of topological defects, while the doping creates a 
large number of active sites. Together, these steps significantly 
enhanced the HER activity of graphene.[26] In addition to single 

Figure 8.  a) Steady-state chronoamperometric response of sulfur heterographene (S-rGO) as a catalyst at the polarizing potential of −0.3 V in O2-satu-
rated electrolyte. b) Methanol crossover test of S-rGO and Pt/C catalysts, conducted by introducing 1.0 mL methanol into the electrolyte after 250 s of 
steady-state chronoamperometric response. Heterographene-based catalyst is clearly unaffected by methanol while Pt/C-based catalyst showed drastic 
decrease in current which demonstrate the stability of heterographene-based catalyst over metal-based. c,d) Carbon monoxide (CO) poisoning tests of 
rGO and Pt/C, conducted by introducing CO into the electrolyte. Again, sulfur-based graphene displayed greater immunity toward CO poisoning than 
Pt/C counterpart. a–d) Adapted with permission.[65] Copyright 2017, Elsevier. e) Hydrogen production activity over GO; B–G; N–G; B,N–G; and BN–G 
in photocatalytic hydrogen evolution. The inset is a schematic mechanism for hydrogen evolution from water on the surface of BN–G. f) Stability of 
BN-G during photocatalytic hydrogen evolution. Adapted with permission.[164] Copyright 2017, American Chemical Society.
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doping and geometrical defects, some codoped systems also 
display a much enhanced catalytic performance. Li and co-
workers developed N/B codoped graphene with h-BN patterns, 
and the H2 evolution rate over this material was 10 times higher 
than that over the singly and codoped counterparts (Figure 7e). 
A photocatalyst based on h-BN displayed high stability in long-
term H2 production, as illustrated in Figure  7f.[164] Following 
the ideas of defect engineering and codoping, Kumatani et  al. 
deployed SiO2 nanoparticles (NPs) over the substrate to create 
holes when growing N/P dual-doped graphene. The purpose 
was to create more catalytic sites. As expected, the N/P codoped 
graphene had a large number of defects and also displayed 
remarkable HER activity.[157]

From these reports, it can be clearly seen that heteroatom 
doping and rational engineering of topological defects could 
produce graphene materials with superior catalytic perfor-
mance in all three major energy-related reactions (ORR, OER, 
and HER). These materials may eventually replace commercial 
noble metal-based catalysts.

5.1.2. Batteries

Heterographitic materials are strong candidates in secondary 
batteries (e.g., lithium-ion (LiBs), sodium-ion (SiBs), and lith-
ium-sulfur batteries (LiSs)) because of their large storage capaci-
ties, stability, light weight, and mechanical flexibility.[165] Chen 
et al. theoretically and experimentally examined the mechanism 
of lithiophilicity in various heterodoped graphene materials. 
They concluded, that the O-doped and O/B-doped systems exhib-
ited the best lithiophilicity among single and codoping systems, 
respectively.[166] Moreover, metal-doped graphene has also shown 
advantages in LiBs by having topographical defects, increased 
wettability (electrodes based on doped graphene favorably 
interact with the electrolyte, which is critical for superior elec-
trochemical energy conversion), and improved intersheet dis-
tances. In particular, Cr-doping in graphene allows rapid surface 
Li+ adsorption as well as ultrafast Li+ diffusion and electron 
transport, making the doped graphene superior to conventional 
bulk electrode materials that are based on Li intercalation and 

conversion reactions.[52] Some hybrid systems were also suc-
cessfully tested in LiBs resulting to excellent performances.[146] 
Xia and co-workers observed superior synergy in a composite 
of N-doped graphene and MoS2 sheets, which displayed a large 
capacity for reversible lithium storage (1025 mAh  g−1 at a cur-
rent density of 100  mA  g−1 for 100 cycles without any notable 
decrease). This good performance was ascribed to the strong 
interaction between the MoS2 and the graphitic part (N heterog-
raphene).[109] Moreover, SiBs are a promising alternative to LiBs 
for large-scale energy storage due to their inherent safety and 
the low cost of sodium.[25,167] Singly or codoped graphene mate-
rials have shown excellent performance in SiBs.[67] On the other 
hand, Xiong et al. developed a hybrid system (Sb2S3 on S-doped 
graphene) with a stable capacity retention of 83% for 900 cycles. 
Moreover, the Sb2S3/SG composite showed superior cycling per-
formance in SiBs compared to other reported Sb-based mate-
rials. A computational study attributed the outstanding cycling 
stability to a robust composite architecture, pointing out a fea-
sible and effective way to resolve the long-term cycling stability 
issue of SiBs.[168] Besides, F/N codoping of the graphene frame-
work simultaneously increases the structural defects, provides 
active sites, and expands the graphene interlayer distance, all 
of which help improve the sodium ion storage capability. More 
importantly, the greater performance of this electrode in the bent 
state suggests potential applications in adaptable and wearable 
devices (see Figure  9a,b).[167] The LiS battery is another prom-
ising type of battery, due to its high energy density (2500 Wh kg−1  
or 2800 Wh L−1), high theoretical capacity (1675 mAh g−1), excel-
lent cycling stability, low cost, environment friendliness, and 
natural abundance of sulfur sources. Heterographene is a top 
candidate electrode material for LiS batteries. According to Yuan 
et  al., cathodes based on pyridinic N-doped carbon displayed 
higher capacity and better cycling stability as compared to the 
pyrrolic and graphitic nitrogen configurations.[67]

5.1.3. Supercapacitors

Several intrinsic features of heterographene (large surface area, 
conductivity, adaptability, light weight, single-atom thickness, 

Figure 9.  a) Cycling performance of fluorine-nitrogen co-doped graphene paper (FNGP) based electrode (FNGP-90, FNGP-120, FNGP-150 and FNGP-
180, stands for FNGP treated at a range of solvothermal temperatures (90 °C, 120 °C, 150 °C and 180 °C respectively)) over a voltage range from  
0.001 to 3.0 V at a current density of 50 mA g–1. FNGP-120 showed higher cycling performance or stability than its counterparts. b) Galvanostatic 
discharge/charge profiles in adaptable form (bend/flat conditions) of the pouch cell at a current density of 50 mA g–1 (the inset is the  photograph of 
the pouch cell). This feature demonstrate its superior mechanical strength and performance stability which is significant for wearable uses. Adapted 
with permission.[167] Copyright 2017, Elsevier.
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and especially the chemical doping) have inspired scientists 
to explore their potential in supercapacitors and ultracapaci-
tors.[118] Graphene-based capacitors have exhibited high powder 
density, long durability, and flexibility. For instance, the boron 
monodoped system revealed a maximum specific capacitance 
retention of 93% through 10 000 cycles,[169] and the P/N codoped 
system demonstrated a capacity retention of 101% after 1000 
cycles.[170] The single doping systems were further extended to 
include nitrogen and halogen heterodoping arrangements and 
even hybrid systems and in each system, the reported capacitive 
efficiency was higher. For instance, Cl-doped graphene (rGO) 
with high specific capacitance and good cycling stability is a 
promising electrode material for high-performance supercapac-
itors.[132] A hybrid system of N-doped graphene and the ionic 
liquid urea choline chloride is also considered promising elec-
trode material for high-performance supercapacitors with good 
cycling stability and high specific capacitance.[171] In another 
case, the fluorine doping system was combined with amor-
phous carbon in a composite that showed better capacitance 
preservation (64%), and the capacitance was completely retained 
after 10 000 cycles in stability test. Such excellent supercapacitive 
performance suggests potentials use as electrode materials in 
energy storage devices.[172] Miao et al. employed the N/S codoping 
system as ultracapacitor electrode materials and demonstrated 
high performance. Those authors compared hydrothermally 
prepared and plasma-treated samples. As expected, the plasma-
treated system showed better performance (Figure  10a,b).[31] In 
another study, the N/S codoped sample demonstrated excellent 
long-term cyclic stability (95% capacitive retention after 10  000 
cycles) in capacitive performance. The excellent capacitive char-
acteristics coupled with its simple and economic preparation 
technique imply great potential for N/S heterostructures in the 
field of energy storage.[173] Similarly, a B/N codoping system was 
reported to have excellent cyclic stability, retaining 94.8% of its 
initial capacitance after 10 000 cycles.[174]

5.2. Sensing of Gas and Dyes

Graphene is exceptionally inert and has only minimal inter-
action with other substances. However, chemical doping can 

introduce active sensing sites into graphene. Many heterodoped 
graphene materials show great sensing capabilities. N-doped 
graphene has been employed to detecting dyes such as Rhoda-
mine B (RhB), crystal violet (CRV), and methylene blue (MB). 
Upon interaction with dye molecules, the N-doped graphene dis-
plays an enhanced Raman scattering effect (SE), and distinctive 
peaks could be used for detecting each kind of molecule.[33] 
This unique property should be exploited for the identification 
of other molecules.[12] Ammonia (NH3), a chemical widely used 
in various industries, is toxic and can injure the skin, eyes, and 
the respiratory system when it is present in air in trace amounts  
(> 25 ppm). For highly sensitive sensors of ammonia, Srivastava 
et  al. found that B-doped graphene exhibited speedy response 
(high sensitivity) to ammonia and immediate recovery.[39] The 
determination of hydrogen peroxide (H2O2) has significance 
in both the industry and biological reactions. Zhang et al. pro-
posed a composite system (Co3O4 decorated N-doped graphene) 
for fast, accurate, and reliable detection of H2O2.[159] Graphene 
has also been widely investigated for sensing nitrogen dioxide 
(NO2), which is a tremendously harmful gas that not only 
causes acid rain but also severely damages the human res-
piratory system, even at levels of 1 ppb in air. So, it is impera-
tive to develop ultrasensitive sensors to detect NO2 at the ppb 
level or lower. Previous graphene-based sensors showed poor 
selectivity, as they responded to several other gases including 
water vapor.[62] Guo et al. developed S-doped graphene (SG) as 
NO2 sensor, which exhibited high sensitivity to NO2 in a wide 
range from 500 ppt to 100 ppm at room temperature. Using the 
heater integrated system (micro-hot-platform), the signal from 
the SG sensors speedily recovered to the baseline within 5 min. 
Furthermore, the SG sensor exhibited excellent selectivity for 
NO2 and minimal humidity effect, which is another require-
ment for practical applications (see Figure 11a–c).[86]

5.3. Optical and Optoelectronic Applications

Doped graphene tends to be sensitive to light in different ways, 
which enable their use in optoelectronic devices to generate, 
control, and detect lights.[175,176] Examples include light emit-
ting diodes, laser diodes, photodiodes, and solar cells.[177,178] 

Figure 10.  a) Ragone plot of plasma-treated and hydrothermally produced N/S codoped reduced graphene oxides (denoted by P-NS-RGO and H-NS-
RGO, respectively). The former displayed a higher energy density. b) Cycling stability at the current density of 4 Ag−1. Adapted with permission.[31] 
Copyright 2019, American Chemical Society.
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The advantages offered by graphitic materials include improved 
photo-responses, as well as the fabrication of adaptable devices 
that are imperative for light-based and wearable technology. 
It has been predicted that singly doped heterographene (e.g., 
boron, nitrogen, silicon, aluminum, and phosphorous) and 
codoping systems (nitrogen-beryllium, N/Be) display useful 
light-matter interactions.[71,179–181] Interestingly, Wu et  al. real-
ized such photo-response in boron-doped graphene, exhib-
iting significant performance in organic light emitting diodes 
(OLEDs) with a record external quantum efficiency of 24.6% 
(Figure  12a–c). Thus, it may become an alternative material 
in adaptable OLEDs.[119] Correspondingly, Gan et  al. employed 
a combined film of polymeric carbon nitride and N-doped 
graphene. The as-fabricated device with heterographitic active 
material showed fast and stable photo-responses.[182] These 
properties have been extended to additional graphitic deriva-
tives, e.g. hybrid materials[183,184] and GQDs.[185,186]

5.4. Bio-Related Applications

Recently, graphene with integrated heteroatoms has shown 
great promise in various bio-inspired applications. Single 
doped graphene (S-doping) was employed for detecting the bio-
marker 8-hydroxy-2-deoxyguanosine (8-OHdG), as illustrated 
in Figure 13a. The research-scale device with a doping level of 
2.28 at% showed excellent sensitivity, high stability, and supe-
rior durability (Figure  13b,c). The thiophenic sulfur configu-
ration was found to be the chemical state mainly responsible 
for 8-OHdG detection.[35] This approach strongly suggests that 
heterographene with bio-related potentials are economical, 

efficient, and have commercial potential. Graphitic heteroma-
terials are efficient contenders for probing DNAs and their 
structural dynamics.[187,188] Recently, Shivananju and team-
mates used doped graphene to probe DNA molecules. Unlike 
the conventional probing techniques, the developed method 
was ultrafast, highly sensitive, cost-effective, and required min-
imal sample consumption for potential applications in treating 
DNA-related diseases such as cancer.[142]

The human body has to carefully control glucose levels, and 
so efficient systems for glucose detection are always in great 
demand. Recently, Singh et  al. applied Br-doped graphene to 
detect glucose in human blood serum. The detection limit was 
determined to be 28.41 × 10−3 m at a Br doping level of 3 at%. In 
the same work, Br-doped graphene was also found to recognize 
H2O2, which is both an important molecule in biology and an 
active pollutant in the environment.[134] Kotal et al. examined the 
synergistic effects in heterodoped systems such as S/N codoped 
graphene, and utilized it as artificial actuators (artificial muscles 
that generate movement). The obtained material was cost effec-
tive, pliable, and highly durable for commercial use in bio-related 
adaptable devices, wearable electronics, and other applications 
requiring elastic materials.[58] Dopamine (DA) and uric acid 
(UA) play significant roles in the central nervous and hormonal 
systems. Abnormal levels of DA can be an indicator of certain 
neurodegenerative diseases like Alzheimer’s and Parkinson’s, 
whereas an elevated level of UA in the body fluid might precede 
out attacks. Zhang et al. developed a composite of bimetallic NPs 
and double-doped graphene (such as AuPt NPs incorporated in 
N/S codoped graphene) for the recognition of DA and UA. Due to 
the synergetic effects between the codoped system and bimetallic 
NPs, the modified electrode exhibited excellent electrocatalytic 

Figure 11.  a) Expanded view of the micro-hotplatform (MHP) based sulfur doped graphene sensor displaying the parts. IDEs stands for interdigital 
electrodes. b) Response of Sulfur integrated graphene sensor to different gases. The sensor has good selectivity for NO2. c) Repeated response of sulfur 
doped and pristine graphene based sensor to H2O (humidity: 67% at 25 °C). Doped graphene is unaffected by humidity unlike the pristine graphene 
counterpart. Adapted with permission.[86] Copyright 2018, Elsevier.
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properties toward the oxidation of DA and UA, and the respec-
tive detection limits were 0.006 and 0.038 × 10−6 m. With its excel-
lent stability and reproducibility, this electrode could satisfacto-
rily detect DA and UA in samples.[189]

5.5. Synthetic Uses

Chemical doping of carbon nanomaterials is a useful route to 
obtain reactive species that function as a secondary precursor 
for the post synthesis of useful grafted graphene derivatives. 
Halogenated graphene has attracted massive attention for this 

reason. Covalently bound bromine, for instance, is an attractive 
synthetic handle and has been used to prepare PMMA grafted 
graphene. In addition, treatment with water and poly(ethylene 
glycol) methyl ether (mPEG) can functionalize bromine-doped 
graphene with hydroxyl (OH) and PEG groups (the as-grown 
materials are referred to as BrG-OH and BrG-PEG), respec-
tively. This approach provides an easy way to access modified 
few layer graphene with improved and tunable dispersibility. 
Such modification is critical in bulk applications that require 
compatibility with common organic solvents, polymer matrices, 
and more importantly biocompatibility.[190] In addition, fluorine-
incorporated graphene has shown comparable performance 

Figure 13.  a) Schematic of sulfur-based sensor for 8-OHdG detection. b) Differential pulse voltammetry (DPV) responses of the sensor at different 
8-OHdG concentrations. The inset is the expanded form of the square region in the DPV plot. c) Calibration curve for 8-OHdG concentrations between 
0.002 and 20 × 10−6 m. Both plots indicate high sensitivity of the as-fabricated sensor. Adapted with permission.[35] Copyright 2016, Elsevier.

Figure 12.  a) Schematic of OLED fabrication process. b) External quantum efficiency versus luminance for the boron-doped graphene OLED, ITO, 
and pristine graphene. Inset is the optical image of the OLED device. c) Sheet resistance ratio versus bending cycle of boron-doped graphene on PET. 
Inset: optical image of the test samples after different cycles of bending. Adapted with permission.[76] Copyright 2017, American Chemical Society.
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in the nucleophilic exchange of fluorine with aromatic thiol 
group. This approach could be used to modify the gapless elec-
tronic structure of graphene for electronic applications.[130] Ye 
et  al. successfully modified fluorine-doped graphene (FG) by 
treatment with urea. The FG stayed on top of water when it 
is dispersed in accordance with its hydrophobic nature. On the 
other hand, the urea-functionalized FG became hydrophilic 
and could be properly dissolved in water. This suggests poten-
tial use in lubrication.[28] In light of this study, the authors con-
cluded that heterodoped graphene (more precisely, halogenated 
graphene) materials are suitable secondary precursors for the 
synthesis of many useful graphene derivatives.

Ammonia, which is used in synthetic chemistry, agriculture, 
food industry, etc., is conventionally prepared using harsh condi-
tions. To develop feasible, inexpensive, clean, and eco-friendly syn-
thetic routes of ammonia, Yu et al. used graphene with covalently 
incorporated boron as electrocatalyst to promote the conversion of 
N2 to NH3, as demonstrated in Figure 14a. The heterodoped gra-
phene catalyst was highly efficient, with fivefold higher NH3 yield 
and superior stability compared to pure graphene (Figure 13b,c).[94] 
Heterodoped graphene composited with other materials has also 
presented tremendous potential as catalysts for producing useful 
chemicals. Cobalt-decorated N-doped graphene turned out to be 
unparalleled and robust for reducing quinoline compounds to 
the corresponding hydroquinoline derivatives, which are essential 
chemicals in agriculture and pharmaceuticals.[191]

5.6. Other Common Applications

Doped graphene has shown significant potential for many 
applications including in environmental, health, water, and 

energy sectors. For example, due to its comparable size to 
carbon and reasonable electronegativity, boron has been used 
as a dopant in graphene for a wide range of applications. In 
particular, it was used for the photocatalytic degradation of 
organic pollutants such as methyl orange (MO) and methylene 
blue (MB). The heterosystem displayed the highest degrada-
tion potential, with complete degradation of MO and MB in 
100 and 50 min, respectively. A theoretical study also empha-
sized the potential of boron-modified graphene as a catalyst 
in photodegradation, and this property can be exploited for 
other photocatalytic-based applications.[24] The applications of 
doped graphene continues to grow in number, attracting more 
and more attention from researchers. Recently, Arihanan 
et  al. exploited the large surface area and storage capacity of 
nitrogen heterodoped graphene as a hydrogen (H2) storage 
material. At the N doping concentration of 7.5 at%, the H2 
storage capacity at room temperature and 90  bar of pressure 
was 1.5 wt%.[192]

6. Future Outlook and Perspectives

Chemically doped heterographene has been studied in count-
less applications including electronics, catalysis, energy sci-
ence, synthesis, sensing, and biorelated applications. Despite 
the significant advances, there remain questions in their syn-
thesis and analysis. The conducting behavior and electronic 
characteristics also require further explanation (Figure 15a–c).

In terms of synthesis, a great deal of research effort was 
dedicated to growing continuous monolayer graphene with 
good quality and large area.[77] However, previous studies tend 
to be limited in scale and the results are often unsatisfactory. 

Figure 14.  a) Schematic of the working mechanism for the electrocatalytic reduction of N2 to NH3. b) NH3 production rates over BG-1, BOG, BG-2, 
and G at different potentials. c) Stability test of the optimal catalyst (BG-1) versus RHE. The boron-doped graphene was synthesized by mixing H3BO3 
and graphene oxides in different mass ratios (5:1, 1:10, and 0:1), and the respective samples were assigned as BG-1, BG-2, and G. Another BG catalyst 
grown under a high oxygen content is referred to as BOG. Adapted with permission.[94] Copyright 2018, Elsevier.
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Specifically, no researcher has demonstrated the continuous 
growth of defectless monolayer graphene over a large area. The 
quality and thickness of graphene also strongly influence its 
conductivity, which in turn impacts the electrical and catalytic 
properties.[46,77] The ability to continuous grow graphene with 
a large area is helpful toward governing its conducting proper-
ties. In addition, the as-formed sample often contains a large 
amount of contamination and impurities from the growth 
and cleaning.[15,193] Therefore, it remains difficult to establish 
a reproducible synthetic route for a particular structure with a 
particular property.[41]

For instance, reports demonstrated that the catalytic func-
tions can be promoted by chemical dopants, topographical 
defects, and/or other impurities, such as metal residues. Thus, 
a single characteristic is affected by several factors, and it is dif-
ficult to establish a one-to-one relationship between them.[40] 
Similarly, the introduction of doping agents causes inevitable 
defects that usually lower the conductivity and also destabilize 
the graphene. In other words, we need the ability to control a 

target property in graphene by doping while preserving other 
intrinsic characteristics.

Other urgent issues in synthesis include controlling the 
doping mechanism and achieving a particular doping configu-
ration, a degree of doping, and a tailored dopant distribution. 
To establish logical doping, various routes and the associated 
growth parameters have been optimized. However, many 
groups claimed controlled doping but none has been able to 
truly monitor these characteristics in the doped graphene. In 
the case of codoping, the scenario becomes even more complex 
due to the combined and synergistic/antagonistic effects from 
cobonding configurations.[18,57,160] There is great interest in 
developing viable and clean synthesis systems that are capable 
of such control and with high reproducibility.[41]

Many analytical techniques with high sensitivity are avail-
able to effectively evaluate the sample from various aspects. 
However, a thorough understanding of the structural informa-
tion, specific doping features, and the corresponding properties 
remains elusive. In some cases, the instrument failed to detect 

Figure 15.  a–d) Further research question in synthesis: a) Growth pathway for nitrogen doped graphene at high and low temperatures in CVD mecha-
nism. Adapted with permission.[200] Copyright 2014, American Chemical Society. b) HRTEM of single layer of nitrogen doped graphene. Adapted with 
permission.[201] Copyright 2015, American Chemical Society. c) AFM image of single layer nitrogen heterographene. Adapted with permission.[87] 
Copyright 2011, American Chemical Society. d) XPS spectrum of nitrogen incorporated graphene, showing the coexistence of graphitic and pyridinic 
N with the corresponding concentration. Control of the growth mechanism toward high-quality, large area, and single layer doped graphene with a 
particular doping configuration is critical for large-scale and reproducible applications, so, this area need the major focus from research communi-
ties. e,f) Further research question in analysis: e) Aberration-corrected TEM (AC-TEM) of iron doped graphene and, f) Corresponding DFT image. 
Adapted with permission.[127] Copyright 2013, American Chemical Society. Effective and more sensitive characterization methods up to the atomic scale 
(e.g., atomic resolution microscopy (STEM) and spectroscopy (EELS)) are extremely useful for obtaining accurate information about the structure, 
topographical features, and doping. g,h) Questions about conduction and charge redistribution: g) This plot highlight the change in resistance with 
respect to temperature of boron-based graphitic material. Adapted with permission.[195] Copyright 2012, Wiley-VCH. h) This figure indicates the band 
structure and corresponding bandgap (≈0.2 eV) generated upon nitrogen integration to graphene. d,h) Adapted with permission.[59] Copyright 2011, 
American Chemical Society. These two properties significantly depend on the quality of graphene and the doping agent. Fundamental insight about 
them is necessary for developing the corresponding applications.
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trace amounts of doped content, even though such a small 
amount would still affect the microelectronic properties.[59] 
Therefore, critical progresses are needed to enhance the sen-
sitivity and precision of the analysis down to the atomic scale.

The third question regarding heterographene is under-
standing their conductive and electronic attributes in detail 
(Figure  15c). Despite extensive theoretical and experimental 
studies, the dependence of electron mobility and bandgap on 
the structural and doping attributes is still not fully known. 
In fact, multiple factors (such as the number of layers and the 
doping) jointly determine the conductivity,[194,195] whereas the 
electronic band structure is affected by the degree of doping and 
the different bonding configurations. Thus, the exact relation-
ships are difficult to extract.[50] The rational design and repro-
ducible production of given electronic structures should greatly 
facilitate the commercialization of heterographene materials.

We believe that the research of chemically doped graphene 
will continue to prosper, as a result of new opportunities pre-
sented by heteroatom doping. Besides the advancement of syn-
thetic and analytical techniques, artificial intelligence (AI) can 
integrate self-rationality and automate graphene technology at 
the synthetic, characterization, and fabrication levels. Specifi-
cally, AI systems can automatically carry out/monitor heterog-
raphene growth and asses/correct the faults in order to produce 
high-quality graphene materials. While such incorporation of 
AI in graphene technology is still at its infancy, Leong et  al. 
and Mendes et al. have suggested using AI in Raman and TEM 
studies, respectively.[91,196]

7. Conclusions

During chemical doping, noncarbon atoms are deliberately 
introduced into graphene. With their different electronegativity 
and size, the dopants cause rearrangement of the electronic 
band structure and activate the naturally inert graphene, 
resulting in the generation of a bandgap and a reactive struc-
ture that are key for the diverse applications of doped graphene. 
This article reviews various aspects of doped graphene, 
including the common analytical techniques and finally recent 
reported applications. Many doping agents could form multiple 
bonding configurations, each with unique properties. In terms 
of synthesis, the CVD method can produce continuous single 
layer doped graphene with excellent quality and large area, as 
well as exerting some control over the bonding configuration 
and rational design of the topographical defects. Similarly, ion 
implantation method could successfully introduce noncarbon 
atoms into the graphene lattice. For characterization purposes, 
atomic resolution microscopic (STEM) and spectroscopic 
studies (EELS) are favorable for assessment of graphene hetero-
structures by revealing information down to the atomic scale 
and even the electronic structure. Nevertheless, many questions 
about heterographene remain to be resolved, probably through 
the combination of theoretical, experimental, and analytical 
studies as well as artificial intelligence. The application pros-
pects of heterographene will be greatly advanced if doped gra-
phene with optimal structural and doping characteristics could 
be cheaply and reliably grown, and their structure–property 
relationships in the in situ state become firmly established.
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