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Abstract: Today, resistance gas sensors which are mainly realized from metal oxides are among the
most used sensing devices. However, generally, their sensing temperature is high and other materials
with a lower operating temperature can be an alternative to them. Graphene and its derivatives
with a 2D structure are among the most encouraging materials for gas-sensing purposes, because a
2D lattice with high surface area can maximize the interaction between the surface and gas, and a
small variation in the carrier concentration of graphene can cause a notable modulation of electrical
conductivity in graphene. However, they show weak sensing performance in pristine form. Hence,
doping, and in particular N doping, can be one of the most promising strategies to enhance the
gas-sensing features of graphene-based sensors. Herein, we discuss the gas-sensing properties of
N-doped graphene and its derivatives. N doping can induce a band gap inside of graphene, generate
defects, and enhance the conductivity of graphene, all factors which are beneficial for sensing studies.
Additionally, not only is experimental research reviewed in this review paper, but theoretical works
about N-doped graphene are also discussed.

Keywords: graphene; reduced graphene oxide; nitrogen; doping; DFT; gas sensor

1. Introduction

Gases are found everywhere and we cannot imagine life without them. However,
some gases and organic volatile compounds (VOCs) such as NO,, CO, C¢Hg, and C7Hg
are highly hazardous and their emission into the air leads to air pollution and subsequent
problems related to human health. Today, due to the presence of many industries and
plants and a large amount of car traffic, access to clean air is difficult; more than 90% of
people live in cities with air pollution and, inevitably, they suffer from polluted air. Indeed,
air pollution is one of the causes of premature death and sickness globally, and in total, it
causes 16% of deaths in the world [1]. While the presence of some gases contributes to air
pollution and health problems, some other gases such as H;S are considered biomarkers
for the diagnosis of some diseases such as halitosis and Down syndrome [2].

Humans have a sophisticated olfactory system which is constructed from millions
of receptor cells (Figure 1). When odorant molecules come into contact with olfactory
receptors through the glomerulus, mitral cells send a signal to the brain which will be
detected. Hence, we are able to sense hundreds of smells easily and instantly. We can even
instantaneously sense very low concentrations of odorants. For instance, we can detect
methanethiol in 1 in 2.5 billion units of air [3].
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Figure 1. Olfactory system. Reprinted with permission from Ref [4]. Copyright 2018, MDPIL.

However, in the case of odorless gases and substances such as CO, or extremely low
concentrations of gases, we are unable to detect them. Moreover, people cannot be present
everywhere. Standardized techniques for the detection of gases such as high-performance
gas chromatography and ion chromatography need complex preparation, expensive and
large equipment, and cannot provide fast results [5]. Hence, the realization of fast dynamics
and stable gas sensors to detect low amounts of gases is of importance [6]. Considering
these factors, various gas and humidity [7,8] sensors have been introduced which are
fabricated from different materials with different sensing principles.

In general, gas sensors are electronic devices which can sense the presence of a target
gas in their surrounding atmosphere and generate an electronic signal based on the nature
and concentration of the target gas. Resistance or resistive sensors are, nowadays, highly
well-liked thanks to their low cost, simple operation, ease of fabrication and measurement,
high response, high stability, ease of integration, etc. [9]. In [10], Bradeen and Bradeen were
the first to discover the effect of the surrounding atmosphere on the electrical properties
of germanium [11]. Later, gas explosions in Japan inspired scientists to develop high-
sensitivity gas sensors, and Seiyama et al. [12] introduced the first resistance gas sensor
using ZnO for the detection of CyHg, CO;, and propane gases. Additionally, Taguchi signif-
icantly worked on the development of resistive gas sensors and, finally, he commercialized
the first resistive gas sensor based on SnO5.

Mostly, resistive gas sensors are fabricated from semiconducting metal oxides. Nonethe-
less, they generally show unacceptable selectivity and should be heated to high temper-
atures to offer their best performance, especially when they are in pure form [13]. Thus,
other materials such as conducting polymers (CPs) [14], carbon-based materials [15], MX-
enes [16], and metal chalcogenides [17] have also been employed for the realization of
gas-sensing devices. Most of these materials can work at low or room temperature, which
is a great advantage as it can remarkably decrease the power consumption of fabricated gas
sensors. Generally, there are two common configurations for resistive gas sensors: planar
and tubular. In both configurations, the sensing layer is deposited on the sensor substrate
which is an insulating material, such as alumina equipped with conductive electrodes such
as Au and Pt. Additionally, to provide temperature to the gas sensor, a heater is attached on
back of the sensor for planar gas sensors (Figure 2), while for tubular gas sensors, generally,
heater wire is put inside of the tube and by applying voltage to it, heat is generated via the
Joule heating effect.
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Figure 2. (a) Front side and (b) back side of alumina substrate equipped with electrodes and heater.
(c) sensor holder. Reprinted with permission from Ref. [18]. Copyright 2016. Elsevier.

Thanks to the outstanding progress in the synthesis and discovery of new mate-
rials, nowadays, there are many engineering materials with unique features. Among
them, carbon-based materials have high potential for sensing studies thanks to their good
conductivity, high mechanical properties, relatively low prices, numerous varieties, and
high chemical stability [19]. Among the different carbon allotropes, graphene with a 2-
dimensional (2D) morphology, which was isolated from graphite in 2004 [20], is one of
the most fascinating materials. Graphene refers to a single layer of “C” atoms which are
arranged into a 2D honeycomb structure, and it is regarded as a basic building block for
graphite (3D), carbon nanotubes (1D), and fullerenes (0D) [21] (Figure 3).

2-D: Graphene,
2004

0-D: Bucky Ball, 3-D: Graphite,
1986 Nanotube, 1991 1500

Figure 3. Different structures of graphene. Reprinted with permission from Ref. [22]. Copyright
2022. MDPL

Nowadays, graphene can be easily synthesized; however, it is easily agglomerated
due to Van der Waals interactions. Unfortunately, graphene suffers from the lack of band
gap, which limits its application as a gas sensor, especially in pristine form. Furthermore,
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it has poor water solubility. Hence, it can be partially oxidized by powerful oxidants
and, in this way, graphene oxide (GO) is synthesized and different functional groups such
as epoxy groups on its surface lead to water solubility. Due to the presence of carboxyl,
carbonyl, and epoxide groups on the surface of GO, it is an electrical insulator because of
the disruption of its sp? bonding networks [23,24]. Therefore, it has limited potential for
gas-sensing purposes.

Reduced graphene oxide (rGO), a reduced from of graphene oxide (GO), can also be
considered as promising material for gas-sensing applications, mainly thanks to having
many functional groups and defects on it [25]. However, even though an exact comparison
between N-doped graphene and rGO is difficult, rGO has no band gap, whereas N-doped
graphene has a small band gap. Additionally, N-doped graphene has greater electron
mobility than rGO. Furthermore, N-doped graphene may provide more active sites for
gas molecules than rGO. In both materials, however, there are more defects than pristine
graphene [26,27].

Referring back to graphene, it has been considered for different applications (Figure 4)
thanks to its nontoxicity, high transparency, high mechanical properties, high electrical and
thermal conductance, and high carrier mobility at room temperature [28]. Accordingly, it
has been used in different areas such as gas sensors [29].
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Figure 4. Different applications of graphene. Reprinted with permission from Ref. [30] Copyright
2021, Elsevier.
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Generally, doping is a good technique to modify the features of different materi-
als [31]. There are two types of doping in graphene. Metallic-cluster-induced doping,
gate-controlled doping, or substrate-induced doping are known as electrical doping. In-
deed, this type of doping does not affect the composition of graphene. Another type of
doping, namely chemical doping, tunes the lattice structure via chemical routes such as
substitution with foreign atoms [32].

Chemical doping can be distinguished as: (i) surface transfer doping, which happens
when functionalized groups on the graphene surface are added; (ii) substitutional doping
where the “C’ atoms in graphene are replaced with another atom. N-type and p-type
conductivity in graphene can be realized by substitutions of the atoms with more and fewer
valence electrons than “C” atom, respectively. The presence of dopant leads to the opening
of a band gap, converting graphene into a semiconductor. Moreover, depending on the
type and amount of dopant, the position of Fermi level shifts, leads to a modulation of
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electrical conductivity [33]. Opening the band gap and changing the conductivity through
dopants are feasible strategies to control the electrical characteristics of graphene [34].

In particular, substitutional doping leads to the disruption of the sp? hybridization
of the “C” atoms, resulting in a remarkable modulation of electrical properties [32]. For
pristine graphene, since bonding (7r) and antibonding (7t*) orbitals touch at Brillouin zone
corners, no band gap is observed in it (Figure 5). In fact, delocalized 7 electrons contribute
to the conductivity of graphene; therefore, the dopant and defect sites will change its
electrical features. Through the addition of dopant atoms, its original lattice symmetry will
be broken, leading to the formation of a gap (Figure 5). The band gap is proportional to
the dopant concentration, and in this way, the band gap can be tuned. Pristine graphene
is chemically inert because its unpaired electrons are firmly bound and passivated in its
delocalized 7t system. Although, some weak interactions and adsorption via a 7-r, n-CH,
or m-cation interactions are possible. The introduction of a dopant atom can lead to the
generation of highly abundant active sites in graphene. Indeed, a dopant atom with a
different electronegativity than “C” breaks the electroneutrality in graphene and forms
unbalanced locally charged areas, where they play the role of active sites in graphene.
Additionally, unpaired electrons in dopants lead to a localized distribution of molecular
orbitals, inducing more chemical reactivity in graphene. Furthermore, active sites can be
viewed as structural defects, which are formed due to the size difference and resultant lattice
strain in graphene [33]. Therefore, doping in graphene can alter its electrical properties,
induce structural defects, and increase its reactivity. This has led to the application of doped
graphene in the gas-sensing area [35,36].

Fermi level
——

ermi level

Figure 5. Left: The 7t* and 7 band dispersion of pristine graphene in the Brillouin zone. Right: the
linear energy bands at the Dirac point and the Fermi level position as a function of doping. Reprinted
with permission from Ref. [33]. Copyright 2015, Elsevier.

The B and N atoms have similar sizes to the “C” atom and are the main dopants
in graphene. Their incorporation in graphene leads to hole acceptor and electron donor
characteristics, respectively [37]. In particular, the “N” atom has an atomic radius of
0.70 A, which is close to that of the “C” atom (0.77 A). Furthermore, “N” has a higher
electronegativity (3.04) than “C” (2.55). Moreover, “N” can form strong bonds with “C”
atoms [38,39]. In this way, a more stable structure can form [40]. N doping in graphene
not only enhances charge carrier mobility, but also makes it more hydrophilic as well as
generating more active sites [38]. Additionally, N doping can remarkably improve the
conductivity [41] and can enhance the biocompatibility of graphene [42]. Accordingly,
N-doped graphene or its derivatives are used in electromagnetic wave absorption [43],
electrochemical sensors [44], biosensors [45,46], gas sensors [47], electrocatalysts [48,49],
solar cells [50], supercapacitors [51], energy conversion [52], and energy storage [53].

Until now, many attempts have been conducted for the controllable synthesis of N-
doped graphene. In general, three N species as dopants can be discriminated in graphene.
Figure 6: (i) graphitic N in which N atoms are substituted in the hexagonal shape on the
internal parts of graphene, and (ii) pyridinic (iii) and pyrrolic, in which both types exist at
edge defects [54].
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Figure 6. Three configurations of N atom in graphene. Reprinted with permission from Ref. [55].
Copyright 2020, MDPL

To achieve the improved electrical properties, the “N” atom should be in the graphitic
state. Anyway, other configurations of “N” as a dopant are also almost always present.
Therefore, their presence and concentrations can also affect the physicochemical properties
of doped graphene. Thereby, during the synthesis of N-doped graphene, the goal is having
more graphitic “N” and less pyridinic and pyrrolic “N”. When “N” is in the graphitic
position, n-type doping is observed, while pyridinic and pyrrolic configurations will result
in the p-type doping of graphene [55].

In the graphitic configuration, graphitic N is bonded to three other adjacent C atoms
in the hexagonal ring and the excess valence electrons of N is delocalized, thus leading to
an n-type doping effect. In the pyridinic N, two electrons fill o-bonds with “C” neighbors,
two electrons form a lone pair in the graphene plane, and the remaining electron occupies
the N 7-state. Hence, it has the equivalent occupation of a nominal “C” in graphene, but
a m-electron is missing because of the vacancy site so the system is p-doped. In a similar
way, pyrrolic N forms one o-bond with its “C” neighbor and also forms o-bonds to two H
atoms. Two electrons go into the -network, but similar to the pyridinic N case, the missing
mi-electrons from the divacancy sites accommodate this type of dopant, resulting in overall
p-type doping [56,57].

There are various synthesis methods for the preparation of graphene (Figure 7) and
most of them can be applied to synthesising N-doped graphene and its derivatives.

Graphene
synthesis
techniques

Top down
1
— ‘
Mechanical Chemical Chemical : Epitaxial
exfoliation L exfoliation synthesis ! Byrolysis Growth Other
\ J
F—_L‘—l
Adhesive Reduced
tape AFM tips Sonication graphene Thermal Plasma

oxide

Figure 7. Some of the most common approaches for synthesis of graphene. Reprinted with permission
from Ref. [58]. Copyright 2016, Springer.
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Arc discharge [59], chemical vapor deposition (CVD) [60], the hydrothermal route [61],
sonochemistry [62], ball milling [63], plasma treatment [64], thermal annealing [65], py-
rolysis [66], and the hydrazine hydrate (N;H4) method [67] are among the most widely
used approaches. These methods produce N-doped graphene with different configurations
and different numbers of graphene sheets. The costs of the precursors, the thickness of the
graphene sheets, the amounts and types of defects, ease of fabrication in terms of synthesis
temperature and time, reproducibility, and production scale [68] are the main factors for the
selection of a synthesis method. For example, CVD is one of the most promising methods
for the fabrication of high-quality and large-scale graphene. Nonetheless, the required
temperature for growth is high (~1000 °C) [69]. Details of the synthesis methods are beyond
this review paper and interested readers can refer to a recent review by Yadav et al. [70]
about the synthesis methods of N-doped graphene. Additionally, the characterization
techniques for graphene and N-doped graphene are presented in detail in [40,71,72].

2. N-Doped Graphene and Its Derivatives as Resistive Gas Sensors: Theoretical Studies

With the progressive advancement of computational power and the availability of
better supercomputers, theoretical studies of materials have become more feasible. Since
gas sensor reactions include chemical reactions in which bonds are formed or broken and
often result in a transfer of charge, the first principle (ab initio) or a quantum approach is
preferred over a classical mechanics method. Quantum approach methods are useful for
studying gas—surface interactions owing to their ability to model the adsorption mecha-
nisms, the adsorption energy, charge transfer, electronic modification after gas adsorption,
the structural changes, and the electronic properties involved. In this regard, density
functional theory (DFT) calculations are considered a powerful technique to carry out
many simulations, including the gas-sensing capability of different materials, without any
side effects. DFT calculations are required for understanding experimental results at the
molecular level, or as a predictive tool for the design of new sensing materials [73-75].

The adsorption of some gases, namely CO, NO, O,, and NO,, on defective graphene
and N-doped graphene was investigated through DFT calculations. It was theoretically
revealed that all CO, NO, and O, gases were chemisorbed on the defective graphene with
large charge transfers. This can lead to the poor selectivity of CO in the presence of other
gases. In contrast, only CO molecule with a large charge transfer was chemisorbed on the
N-doped graphene, while other gases were only weakly adsorbed on it, reflecting good
selectivity for CO gas sensing. Hence, through DFT calculations, it was shown that with a
simple doping of “N” in a graphene lattice, it is possible to improve the selectivity to CO
gas [76].

Based on DFT studies, the adsorption of CO molecules on pristine, N-doped, as well
as Al-doped graphene was studied. The results showed that the most stable adsorption
configuration was on top of a carbon (N or Al) atom of graphene sheets. The adsorption
energies of CO molecules on pristine, N-doped, and Al-doped graphene were —0.01 eV,
—0.03 eV, and —2.69 eV, respectively. In fact, the adsorption of CO molecules on pristine
and N-doped graphene was physical adsorption, while it was chemisorbed on the Al-
doped graphene. Moreover, calculations on band structure, density of states (DOS), and
differential charge density showed that the adsorption of CO on Al-doped graphene
was remarkably different from other materials in their study [77]. In another work, the
adsorption of HCHO on Si-, Al-, Cr-, B-, N-, Au-, and Mn-doped graphene was studied
using DFT calculations. It was reported that the HCHO molecule was weakly adsorbed on
B- and N-doped graphene, while HCHO chemisorption was predicted on Si-, Al-, Cr-, Mn-,
and Au-doped graphene. Additionally, based on adsorption geometries, charge transfers,
adsorption energies, and density of states, it was found that Al and Mn dopants are the best
ones for sensing enhancement towards HCHO gas [78]. The next work was related to an
adsorption study of CO; on the P-, N-, B-, and Al- doped monovacancy graphene through
DFT calculations. The band gap was changed from 0.004 to 0.478 eV and the electrical
conductivity was changed from metallic to semiconducting when a monovacancy was
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created in graphene. Furthermore, the doped graphene had a larger band gap relative to its
undoped counterpart. The authors reported that Al-doped monovacancy graphene was
better than other gas sensors for CO, gas sensing due to the suitable adsorption strength
and band gap. Before the adsorption of CO, gas, the band gaps of N-doped monovacancy
graphene and P-doped monovacancy graphene had no change, but those of B-doped
monovacancy graphene and Al-doped monovacancy graphene changed. The band gap
of Al-doped monovacancy graphene changed from almost 0 to 0.229 eV [79]. Hence, the
electrical features were significantly changed, showing the high potential of Al-doped
monovacancy graphene for CO, gas-sensing application.

BF3 and BCl; are colorless gases and useful reagents in organic synthesis [80]. The
energetic and electronic properties of pristine and N-doped graphene upon the adsorption
of BC13, B(OCH3)3, and BF3 gases were studied using DFT calculations. The computed
dipole moment revealed that the amount of change in dielectric of the sensing material
depends on the type of molecule. Furthermore, it was reported that N-doped graphene
had much higher adsorption energy and higher net charge transfer relative to pristine
graphene thanks to Lewis acid-base interactions between these gases and the sensing
material. Additionally, the Lewis acidity increased as follows: BF; < BC13 < B(OCH3)3
with adsorption energies of —8.7, —18.3, and —26.5 kJ/mol, respectively, revealing better
adsorption of the B(OCH3)3 on the N-doped graphene. Furthermore, very low adsorption
energies were calculated on pristine graphene, suggesting a poor sensing response of
pristine graphene to these gases [81].

The interactions of graphene and H; gas molecules can be controlled by adding
dopant atoms. In this regard, Zhang et al. [82] explored the effect of Ti, Zn, Zr, Al, and N
dopant atoms on the H; molecule adsorption of graphene through DFT calculations. It
was indicated that the Ti-doped graphene had the highest interaction energy with the Hj
molecules (—0.299 eV), while those for Zn-doped and Al-doped graphene were —0.294 eV
and —0.13 eV, respectively. However, the adsorption energy of H, molecules on N-doped
graphene was much lower, namely —0.074 eV. Therefore, the N dopant did not enhance
the hydrogen molecule response. Additionally, the comparison of the isosurface of the
total electron density of the samples (Figure 8a—f) indicated that the interaction of the Hp
molecule with Ti-doped graphene had the largest isosurface area. Interestingly, the doped
N atom did not affect the electronic features of graphene. Indeed, no electron accumulation
was seen on the N-doped graphene, while the Ti-doped one exhibited the highest electron
loss upon interaction with Hy gas (Figure 9a—f).

In an interesting work, Zhang et al. [83] reported the effects of doped Ti or N atoms on
the interaction of CO, NO, SO,, and HCHO gases with graphene through DFT calculations.
The adsorption energy, electron density difference, and density of state studies exhibited
that the Ti dopant could improve the interaction of gases with graphene. By contrast, the in-
teraction energy between the gas molecules and the N-doped graphene was weaker relative
to the Ti-doped graphene. Additionally, the Ti-doped one showed a stronger interaction
with SO, gas and the weakest interaction with CO gas, suggesting good potential for Ti
dopant in graphene for SO;-sensing studies. Wang et al. [84] studied the adsorption of NO,,
NO, and NHj3; molecules on B-doped and N-doped graphene through a DFT study. They
built their models by putting these gases on three different high-symmetry adsorption sites.
It was indicated that NO/NO, gases had more stability on B-doped graphene than those
on N-doped graphene. Additionally, the detection of a NH3; molecule on B- or N-doped
graphene was rather weak, suggesting that this gas cannot effectively adsorb on the surface
of these sensing materials. As a pollutant, chloroform (CHCl3) has strong volatility and
is carcinogenic. Furthermore, it can lead to water pollution [85]. Tian et al. investigated
the adsorption of chloroform on N-doped and Al-doped graphene using DFT studies [86].
The configurations of pristine and N-doped graphene did not change, while the adsorption
of CHCl; caused a structure change in Al-doped graphene. It was revealed that there is
more charge transfer, a smaller adsorption distance, and larger adsorption energy upon the
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adsorption of CHCl3 on Al-doped graphene relative to adsorptions on pristine graphene
and N-doped graphene.

(a) Tidoped (b) Zn doped

(¢) Zrdoped (d) Al doped

e
(€) N doped (f) Intrinsic

Figure 8. Isosurface of electron density of H, adsorption on doped (a—e) and (f) pristine graphene.

Reprinted with permission from Ref. [82]. Copyright 2013, Elsevier.

(a) Tidoped (b) Zn doped

(¢) Zrdoped

(€) N doped

(f) Intrinsic

Figure 9. Electron density difference of H, adsorption on doped (a—e) and (f) pristine graphene.

Reprinted with permission from Ref. [82]. Copyright 2013, Elsevier.
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Shokuhi Rad et al. [87] investigated the adsorption of SO, and SO3 gases on graphene
and N-doped graphene by means of DFT calculations. SO, and SO3 molecules were
physically and chemically adsorbed on the surface of N-doped graphene, respectively,
whereas almost no adsorption was generated on the pristine graphene. This suggests the
possibility of using N-doped graphene for SO3 sensing in real applications. Zhang et al. [88]
investigated the adsorption of NO;,, NO, and O, gases on Ti- or N-doped graphene using
the DFT method. The results revealed that the interactions between the above gases and Ti-
or N-doped graphene were unaffected by the size of the graphene. The Ti doping improved
the interactions between the gases, while the N doping had no significant effect on the
interactions. In particular, the Ti doping of graphene significantly enhanced the adsorption
of NO, gas relative to pristine graphene. Additionally, the role of noble metal decoration
on the adsorption of gases on graphene was investigated. Pd is a noble metal with good
catalytic activity and a lower price than Pt [89]. Tang et al. [90] investigated the formation
geometries and gas adsorption of a single Pd atom supported on divacancy graphene
(555-777-graphene-Pd) and Ny-doped graphene (Nx-graphene-Pd, x = 1, 2, 3) through
DFT calculations. The Ny graphene-Pd configurations had the smallest formation energies
and among them, the N3-graphene-Pd was easily formed. Additionally, the N3-graphene-
Pd exhibited better adsorption properties for NO, gas relative to 555-777-graphene-Pd.
Additionally, the adsorption energy of NO, gas was larger than CO and O, gases.

Using vibrational spectroscopy, Carraro et al. [91] demonstrated that, upon “N” doping
in graphene on Ni (111), two CO adsorptions are possible. The dominant one had a CO
stretch frequency (256 meV) close to that (260 meV) for the pristine graphene/Ni (111)
sample, while it had the same desorption energy. In contrast, the second species had a
CO stretch frequency of 238 meV and ~50% larger desorption energy. It was related to
CO-adsorbed molecules close to the N-doped sites of pyridinic and/or pyrrolic nature.
Their work demonstrated the potential of N doping for the adsorption of CO with graphene
on Ni (111).

Based on the DFT calculation results, it can be concluded that, overall, N doping can
enhance the adsorption of gas molecules on graphene or rGO, relative to pristine (undoped)
graphene or rGO. However, it should be also mentioned that, in comparison to metallic
dopants such as Al, Ti, or even B dopant, generally, N-doped graphene shows weaker
adsorption of the target gas molecules. However, the adsorption behavior of codoped
graphene such as Ti/N, and codoping in graphene in general, need to be further explored
using DFT calculations.

3. N-Doped Graphene and Its Derivatives as Resistive Gas Sensors: Experimental Studies

Graphene quantum dots (GQDs) have lateral dimensions smaller than 10 nm and
the combination of QDs and graphene characteristics in these materials leads to revealing
enhanced features such as low toxicity, chemical stability, high strength, tunable energy
band gaps, outstanding optical properties, and excellent microelectronic properties [92]. In
this regard, Masemola et al. [87] prepared a N-doped GQDs/PANI composite for ethanol-
sensing studies (Figure 10).

The NGQDs/PANI sensor revealed a better response compared to that of pristine
PANI (Figure 11) along with a faster response time and recovery time of 85 s and 62 s,
respectively, to 100 ppm ethanol vapor at 25 °C. The enhanced response of the composite
sensor was related to the incorporation of N in the GQDs. It was related to the enhanced
conductive pathways between the PANI and N-doped GQDs, which induced conductive
pathways created by strong synergetic effects through interchain 7 interactions between
the NGQDs and PANI. Furthermore, the surface area of the composite sensor (41.0 m? g~ 1)
was higher than that of bare PANI (31.2 m? g~ !), leading to higher adsorption of ethanol
molecules on the composite sensor.
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Figure 10. TEM images of (a) N-doped GQDs, (b) particle size distribution, TEM images of (c) PANI
and (d) N-doped GQDs/PANI composite. Reprinted with permission from Ref. [93]. Copyright
2022, Elsevier.
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Figure 11. Dynamic resistance curves of PANI and N-doped GQDs/PANI sensors to ethanol at room
temperature. Reprinted with permission from Ref. [93]. Copyright 2022, Elsevier.

CPs are used in gas sensors due their tunable properties, low cost, and room-temperature
operation [94]. In another study, Gavgani et al. [95] realized VOC gas sensors based
on pristine N-doped GQDs, poly (3,4 ethylenedioxythiophene)-poly(styrenesulfonate)
(PEDOT-PSS), and N-doped GQDs/PEDOT-PSS nanocomposites. The fabricated sensors at
room temperature were exposed to 100 ppm acetone, toluene, propanol, chlorobenzene,
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methanol, ethanol, and water. It was reported that the N-doped GQDs/PEDOT-PSS
nanocomposite gas sensor showed a good response to methanol, whereas it revealed
almost no response to other gases. The response of the optimal sensor to 100 ppm methanol
was 154.4%, which was 12 times as high as that of the PEDOT-PSS sensor. The sensing
mechanism of the optimal sensor was described using the following reasons: (i) The
swelling of CPs due to the diffusion of methanol into the CPs. In this case, the interchain
distance of CPs increases and the electron hopping process becomes more difficult. (ii) N-
doped GQDs integrated into the CP matrix acted as conductive paths, favoring the electron
hopping. Therefore, a combination of the above two processes leads to the modulation of
the electrical resistance in the presence of methanol gas.

Nitrogen dioxide (NO,), with a highly toxic nature, emits from fossil fuels and can
damage the human respiratory system [96]. In this regard, a series of N-doped GQD
3-dimensional ordered macroporous (3DOM) In,O3 composites were synthesized for NO,
gas-sensing studies. The results showed that the sensor exhibited a better response to
NO; gas with fast and recovery times and a low working temperature (100 °C), relative to
pristine In,O3 and rGO/3DOM In;, O3 sensors. Furthermore, it showed good selectivity and
high long-term stability. The conductivity enhancement due to the presence of N-doped
GQDs and the generation of heterojunctions between In,O3; and N-GQDs, as well as the
presence of macrospores, accounted for the enhanced response to NO; gas [97].

P-type rGO and N-doped rGO were explored for NO gas detection at 25 °C. The
response of the N-rGO sensor to 1000 ppb NO (1.7) was higher than that of the rGO sensor
(0.012) and it was even able to detect 0.4 ppm NO gas. The increase in the NO gas-sensing
performance was related to N doping. First, the N doping produced polarization in the
sp? carbon network and further affected the physical and the electrical properties of the
sensor. Second, the improved gas response was related to the improved active sites of
pyridinic N and/or pyrrolic N. In particular, pyridinic N, where the N atom is bonded
to two C atoms and donates one p-electron to the aromatic 7t system, modified the band
structure of carbon and lowered the work function. Additionally, the electron density on
the neighboring C atom decreased, which resulted in the transfer of electrons from the C to
N atoms, and N back-donate electrons to the neighboring C pz orbitals. These processes
facilitated the dissociation of oxygen molecules on the C atoms and helped to form a strong
bond between O and C atoms [98].

TiO; is an n-type semiconductor which offers high chemical stability and excellent
electronic properties. Yan et al. [99] investigated the sensing properties of C- and N-doped
rGO/TiO; composites with special exposed facets synthesized via a hydrothermal method
at 180 °C using HF. The gas-sensing performance of the N-doped rGO/TiO, sensor was
better than that of the C-doped rGO/TiO,. The N-doped rGO/TiO; sensor exhibited
the highest response to isopropanol, ethanol, and acetone gases at 210, 240, and 270 °C,
respectively. The N-doped rGO/TiO, sensor exhibited the highest response to 100 ppm
acetone with a response of 14.12, while its responses to ethanol and isopropanol were
5.85 and 3.47, respectively. Figure 12a—d present the sensing performance of the sensors
towards isopropanol. The N dopant led to a narrowing of the band gap of the composite
and an improvement in the binding between N-doped rGO and TiO,, which was useful
for charge separation, more carrier concentration, and electron mobility. The TiO; in the
composite generated electron-hole pairs, and the N-doped rGO inhibited the electron-hole
pair recombination owing to the 2D planar n-conjugation. Hence, a prolonged lifetime of
the charge carriers occurred and generated electron-hole pairs, which reduced oxygen to
form radicals with a strong oxidation capability to react with gases. Additionally, rGO,
with good electrical properties, led to the fast diffusion, capture, and release of electrons.
Moreover, the presence of defects and functional groups in the N-doped rGO facilitated the
gas adsorption.
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Figure 12. (a) Responses of different sensors to 300 ppm isopropanol versus temperature. (b) Calibra-
tion curves of different sensors to isopropanol at 210 °C. (c¢,d) Dynamic current curves of N-doped
rGO/TiO, and C-doped rGO/TiO, sensors to isopropanol at 210 °C. Insets: Enlarged part of the
(a) N-doped rGO/TiO; and (b) C-doped rGO/TiO; plots to 100 ppm isopropanol at 210 °C. Reprinted
with permission from Ref. [99]. Copyright 2016, Elsevier.

Lin et al. [100] fabricated mesoporous p-type Coz04/N-doped rGO nanocomposites
via a metal-organic framework (MOF) template. Elemental mapping revealed the uniform
distribution of Co, O, C, and N elements in the sample (Figure 13). The effect of initial rGO
concentration on the gas-sensing characteristics of the composite sensor was studied. It
was found the Co304/N-doped rGO-0.5 (rGO mass = 0.5 mg) nanocomposite sensor had a
better response to ethanol than other sensors, and a response of 44.5 to 200 ppm ethanol
at 200 °C was obtained (Figure 14). The enhanced sensing response was related to the
presence of rGO with high electron mobility, which facilitated the migration of carriers in
the sensing process, leading to improved sensing performance. Furthermore, the coupling
effect between Coz04 and N-doped rGO enhanced the oxygen reduction ability in the
gas-sensing process and increased the transfer rate of charge carriers. In addition, the
sensor had a high specific surface area, and so provided more effective active sites during
ethanol adsorption than the other samples. The N atoms were mainly bonded with rGO as
pyridine-N. They were bonded with the “C” atoms of the rGO sheets, which provided lone
pair electrons to increase the electronic partial density of states near the Fermi level. The
higher density of states facilitated the electron flow during the sensing reactions.
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Figure 13. (a) STEM image and elemental mapping of Co304/N-doped rGO-0.5 (b) Co, (c) O, (d) C,
(e) N. Reprinted with permission from Ref. [100]. Copyright 2020, Elsevier.
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Figure 14. Response transients of different gas sensors to various concentrations of ethanol at 200 °C.
Reprinted with permission from Ref. [100]. Copyright 2020, Elsevier.

Modak et al. [101] introduced NO, gas sensors using a SnO;-N-doped rGO composite
for NO; sensing. SnO,-rGO composites with three amounts of SnO, (low, medium, and
high) were synthesized via a hydrothermal reaction. The samples were coded as SR1, SR2,
and SR3. For N-doped rGO, urea was used as a source of N atoms. They were coded as
SRN1, SRN2, and SRN3 based on 0.09, 0.18, and 0.27 mg of urea, respectively. Figure 15
presents the responses of different sensors at different temperatures to 0.5 ppm NO, gas,
where the SRN2 sensor revealed the highest response to NO; gas at 120 °C. Additionally,
the doping of N atoms into rGO increased the sensor response to NO,. However, high
doping led to a decrease in the sensor response.

N doping led to the generation of more active sites which were beneficial for NO,
adsorption. Additionally, the higher surface area and higher pore volume of the SRN2
sensor facilitated a higher response to NO, gas. Furthermore, the large number of defects
and oxygen vacancies in SRN2 enhanced the gas response. Indeed, N-doped rGO had a
greater number of defects in the rGO sheets, which acted as adsorption sites for the NO,
gas. Additionally, the SRN2 sensor had higher conductivity compared to SR sensors, owing
to the presence of a lone pair of electrons on the N atom.
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Figure 15. Response of different sensors to NO, gas versus temperature. Reprinted with permission
from Ref. [101]. Copyright 2022, Elsevier.

As shown in Figure 16, due to the work function difference between SnO, (3.6 eV) and
rGO (4.56 eV), the electrons moved from SnO; to N-doped rGO; thus, potential barriers
were formed at the interfaces between SnO; and rGO in air (Figure 16a). rGO provided an
electron conduction path owing to its high mobility of charge carriers. In NO, atmosphere,
due to the abstraction of electrons by NO; gas, the height of the potential barrier increased
(Figure 16b), contributing to the resistance change and appearance of a sensing signal.

In Air (b) In NO,

Figure 16. Sensing mechanism of SnO, /N-doped rGO to NO, gas (a) after contact in air (b) after
contact in NO, atmosphere. Reprinted with permission from Ref. [101]. Copyright 2022, Elsevier.

Nie et al. [102] synthesized N- and Si-codoped (N /Si-doped) graphene. The N atoms
acted as the active sites for the NO, adsorption, whereas the Si atoms remarkably modified
the electronic features of the graphene. The N/Si-doped graphene exhibited p-type con-
ductivity, indicating that the hole doping from Si atoms overcame the electron doping from
N atoms. The sensor was able to detect NO; gas at 25 °C.
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NH3, as a toxic gas, is an irritant to the eyes, skin, and respiratory system [103]. Among
different CPs, PANI is popular thanks to merits such as the ease of synthesis, low cost,
stability, and good response to NH3. Nevertheless, in pristine form, it has a response [104].
Therefore, it is often used in composite form. In this regard, Gavgani and coworkers [105]
introduced a flexible NH3 sensor using a S/N-codoped GQDs/PANI composite. The
response of the S/N-codoped GQDs/PANI sensor to 100 ppm NH3 was 5-fold higher than
that of the PANI sensor, with a faster response time and recovery time. Additionally, the
S/N-doped GQDs/PANI hybrid gas sensor showed better selectivity to NHj gas relative
to the PANI sensor (Figure 17).

®Pure PANI mS,N: GQDs/PANI

a5
i) 40
35
30
25
20

15
10

AR/Ry (%)

Gaseous species <&

Figure 17. Selectivity patterns of pristine PANI and S/N-codoped GQDs/PANI sensors. Reprinted
with permission from Ref. [105]. Copyright 2016, Elsevier.

The increased NH3-sensing features were attributed to the swelling of the PANI in
the presence of NHj3, as well as the reversible acid-base doping/dedoping of the PANI in
the presence of NHj gas, which changed it from a conductive state to an insulating state,
leading to an increase in the resistance and formation of heterojunctions between the PANI
and the S/N-codoped GQDs.

In another study, an NH3 gas sensor based on a combination of PANI and different
amounts of N-doped GQDs was fabricated and Ag or Al was used for the electrodes. The
sensor with Ag and Al contact showed Ohmic and Schottky behaviors, respectively. The
sensor with a Ag electrode had a much higher response to NHj3 than that of the sensor with
an Al electrode. The (50 wt%) N-GQDs/PANI sensor with a Ag electrode displayed a high
response of 110.92 to 1500 ppm NHj3 at room temperature, which was around 30% higher
than that of the Al electrode [106].

In another study, the sensing response of a PEDOT-PSS sensor to 1500 ppm NHj3
at room temperature increased from 30.13% to 212.32% with 50 wt% N-doped GQDs.
Furthermore, the sensor with N-GQD showed faster dynamics and higher stability [107].
Purbia et al. reported N-doped GQDs/SnO; nanocomposites for the detection of NO,
gas at 150 °C. The response to 100 ppb NO, gas was 292 with a response time of ~3 min.
Furthermore, it revealed good selectivity to NO, gas. The formation of SnO,-N-doped
GQDs, the presence of defects, and the high surface area of the gas sensor led to a better
response in the composite sensor relative to the bare SnO; gas sensor [108].
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As far as we know, unfortunately, no paper discussing the effect of humidity on the
gas-sensing properties of N-doped graphene has been published. However, for resistive
gas sensors, it is generally accepted that the presence of water vapor decreases the sensing
performance. In fact, since the sensor signal depends on the adsorption of the gases on the
surface of the sensor, in a humid environment, some of the adsorption sites are occupied by
water molecules, leading to a decrease in the sensing performance. However, specifically
for N-doped graphene and its derivations, some studies on this aspect are necessary.

In Table 1, we summarize the gas-sensing properties of N-doped-graphene-based gas
sensors. N-doped graphene or N-doped rGO, mostly in composites with metal oxides and
CPs, have been used for sensing studies. Additionally, mostly NH3; and NO, gases and
VOCs such as ethanol, methanol, and isopropanol have been used as the target gases. With
some exceptions, generally, the sensing temperature is low or at room temperature, and
in comparison with other resistive-based gas sensors such as metal-oxide-based sensors,
this is an advantage. However, the response time and recovery times are relatively long.
In comparison with metal oxide gas sensors, the response values are generally lower.
However, in some cases, very high responses have been reported.

Table 1. Gas-sensing performance of N-doped graphene and its derived gas sensors.

Conc Response
Sensing Material Target Gas . Response * T (°C) Time (s)/Recovery Ref.
(ppm) .
Time (s)
N-doped GQDs/PANI 0.7%
composite Ethanol 100 [(Ra — Rg)/Ra] x 100 25 85/62 [93]
N-GQDs/PEDOT-PSS 140%
nanocomposite Methanol 50 [AR/R,] x 100 2 12/32 [95]
N-doped GQD- 82
(3DOM)-In, O3 NO, 1 100 ~95/~36 [97]
. Rg/Ra
composite
N-doped rGO NO;, 1000 17 25 ~100/~20 [98]
Ry /Ry
N-doped rGO/TiO;  p o anal 300 6 210 ~100/120 [99]
nanocomposite Ig /1
C0304/N-doped rGO Ethanol 100 245 100 ~20/~50 [100]
nanocomposite Rg/Ra
85%
SnO,-N-doped rGO NO, 0.5 [AR/R,] x 100 120 22/125 [101]
S/N-codoped 42.3%
GQDs,/PANI NHj3; 100 [AR/R,] x 100 25 115/44 [105]
N-doped GQDs/PANI NH; 1500 1o 25 ~900/940 [106]
composite Rg/Ra
212.32%
N-doped GQDs NH3; 1500 [AR/R,] x 100 25 900/910 [107]
N-doped GQDs/SnO, 292
nanocomposttes NO, 100 ppb Ry/R, 150 181/81 [108]

* Note: R,: resistance in air; Rg: resistance in the presence of target gas. I,: current in air; I: current in the presence
of target gas.

Additionally, in Figure 18, we schematically represent the main features of N-doped
graphene and N-doped rGO as gas sensors.
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Figure 18. Main features of N-doped graphene and N-doped rGO as gas sensors.

4. Conclusions and Outlooks

We reviewed the gas-sensing characteristics of N-doped graphene and rGO resistance
gas sensors. There are various methods to fabricate N-doped graphene or rGO. N doping
in graphene and rGO can not only induce defects, but can also increase the electrical
conductivity and induce n-type conductivity in graphene. Through N doping, it is feasible
to tune the band gap of graphene and rGO. Furthermore, N dopants are cheaper than noble
metals such as Au, Pt, and Pd.

Generally, N doping causes an enhanced gas response relative to pristine graphene and
rGO. However, it seems that more studies are necessary in this context. Even though there
are good examples from the literature of DFT calculation studies of N-doped graphene,
they need parallel experiments to be verified. Additionally, as far as we know, no or only a
few studies have been devoted to N doping in GO for sensing studies, and in this aspect,
more experimental works are needed.

There are some experimental works that have studied N-doped graphene or rGO in
composite form for gas-sensing studies. However, often, no optimization of the amount
of N doping is reported and this aspect should also be considered. Additionally, there are
only a few studies related to noble metal decoration on N-doped graphene or rGO. For
example, Au or Pd loading on N-doped graphene or its derivatives is expected to improve
the gas-sensing performance. It seems that the synergetic effect of N doping and noble
metal decoration can significantly promote the sensing performance. In future studies, it
seems that the following directions in this area are necessary:

(i) Optimization of the amount of N doping in graphene and rGO: Only a few papers
mentioned the optimization of N doping in rGO. Generally, there is a volcano-shape
dependency of the sensing response with respect to the amount of N doping. There-
fore, at very low and very high amounts of doping, the sensing performance decreases.
Hence, it is important to find the optimal value of N doping, where the maximum
sensing response can be achieved.

(ii) The study of N-doping effect in GO for gas-sensing studies: As far as we know, there
is no study about the effect of N doping on the gas response of GO gas sensors. Hence,
we think that this aspect needs some studies. In fact, N doping will increase the
conductivity of GO, and in this way, it is expected that the gas-sensing performance
will be increased after N doping in GO.
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(iii) Noble metal decoration on N-doped graphene and rGO: Noble metals such as

(iv)

v)

(vi)

Au [109], Pt [110], Pd [111], Ag [112], and Rh [113] are commonly used for the deco-
ration of metal oxide gas sensors. They have catalytic activity towards some gases
and can facilitate the adsorption and dissociation of gases on the surface of N-doped
graphene. Furthermore, due to having a different work function than N-doped
graphene or N-doped rGO, upon intimate contact, they will form heterojunctions
with N-doped graphene or N-doped rGO with potential barriers to the flow of charge
carriers. In the presence of target gases, due to related reactions and the release of
abstraction of electrons on the sensor surface, the height of potential barriers changes,
leading to a resistance modulation of the gas senor. In this way, it is expected that the
overall response of the sensor will increase after noble metal decoration.
Investigation of the effect of high-energy irradiation on the sensing properties of N-
doped graphene or rGO: Generally, high-energy ion beams such as electron beams [114],
laser irradiation [115], and gamma rays [116] cause the breaking of bonds and the
formation of structural defects within the regions near the surface of the host material.
These formed defects are favorable sites for the adsorption of gases, and it is expected
that more gases will be adsorbed on the sensor after high-energy irradiation. However,
it should be noted that, generally, there is an optimal dosage of irradiation where the
maximum response is observed [117]. Hence, the effect of high-energy irradiation on
the response of N-doped graphene or N-doped rGO should be investigated.
Hybrids of CPs with N-doped graphene for gas-sensing studies: Even though some
works in this aspect have been reported, it seems that more studies are necessary.
Generally, CPs such as graphene can work at low or room temperature, and some of them
have a good sensing response to some gases such as NHz [118]. Hence, hybrids of CPs
with N-doped graphene or N-doped rGO can enhance the overall sensing performance.
Hybrids of MXenes with N-doped graphene for gas-sensing studies: MXenes are a new
family of 2D materials. They are synthesized via the etching of the MAX phase, and
the resultant accordion-like morphology with open channels is very promising for the
diffusion of gases [119]. Furthermore, they can work at low or room temperature [120].
Hence, hybrids of MXenes with N-doped graphene or N-doped rGO can work at
room temperature; with a high surface area and good conductivity, all are beneficial
for sensing applications.
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