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Chemical vapor deposition-grown nitrogen-doped graphene’s
synthesis, characterization and applications

Geetanjali Deokar '™, Junjie Jin', Udo Schwingenschlogl

" and Pedro M. F. J. Costa@®'

The physical properties of carbon materials can be altered by doping. For instance, the electronic properties of graphene can be
modulated by controlling the substitutional doping of the carbon lattice with N. In addition, C-N bonding configurations with three ring
types are recognized: pyridinic-N, pyrrolic-N, and graphitic-N. Controlling the type and relative density of various types of substitutional
N is an important objective that requires an extremely high level of precision when the atomic lattice is constructed. This control can be
accomplished only via bottom-up methods, such as chemical vapor deposition (CVD). The number of reports on N-doped graphene
(NDG) grown via CVD has increased over the past decade, but a reliable wafer-scale production strategy that can realize the desired
atomic-precision growth of NDG is still lacking. To identify the most promising strategies and analyze the consistency of the results
published in the literature, we review the CVD growth and characterization of two-dimensional NDG and two of the most popular
applications of NDG films: field-effect transistors and energy storage devices.
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INTRODUCTION

Graphene is a two-dimensional (2D) structure in which sp?-
hybridized C atoms are densely packed into a benzene-ring
structure. Graphene exhibits ultrahigh mobility (~200,000 cm? V!
s~ "), broadband optical absorbance (2.3%) in the visible range, a
large Young's modulus of 1TPa, high thermal conductivity at
room temperature (~5000W/mK)?, and large surface area
(2630 m?/g)*. These extraordinary properties have sparked great
interest in using graphene in applications, such as sensors*”/,
conducting channels®®, nanoelectronics'®, flexible electronics'’,
electromagnetic interference shielding'?, and energy storage'>~'.

Nonetheless, the zero bandgap of graphene impedes the
development of graphene-based nanoelectronic devices and
battery applications'’=2'. Intrinsic graphene properties can be
extended via bandgap tuning; thus, researchers have doped pure
graphene with heteroatoms, molecules, nanoparticles, chemicals,
adsorbates, and impurities?>?3, Heteroatom dopants can be
electron donors (n-type) or electron acceptors (p-type). Among
the heteroatoms explored to date are the N (n-type)'’**%7, B (p-
type), P (n-type)?®, S (p- or n-type)?®, I*°, F3!, Si (p-type), and
Ge'92232-38 Flements with larger atomic radii than C, such as S, Si,
and Ge, can replace one or two C atoms'®?232-38  Moreover,
halogen atoms (F, Cl, Br, and I) form ionic or covalent bonds with
graphene, albeit with varying degrees of halogenation3'36:37:3940,
Both B and N, the neighboring elements of C on the periodic table,
easily substitute C in the graphene lattice, resulting in p- and
n-type doping, respectively???*2”, As a dopant, N is more popular
than B because it is more easily substituted into graphene®*. In
particular, N has five valence electrons in the 2s and 2p atomic
orbitals, which could form strong bonds with C atoms?*.

In addition, N-doped graphene (NDG) is widely applied in
electronic  devices?®4?, sensors**=**, solar cells*, enhanced
catalysis*®=2, energy conversion, and storage*®°3> (Fig. 1).
However, most NDG-related reports consider the effect of the
overall N-dopant concentration on device performance. Further,
detailed studies focusing on the role of each type of C-N bonding

configuration and N-dopant location are needed, as demonstrated
by a few researchers (e.g., Wei et al. demonstrated NDG with
graphitic-N configuration use for application in field-effect
transistors (FETs)*%). In NDG, the N-dopant bonding configurations
are of three types: graphitic-N (sp? hybridization), pyridinic-N (sp?
hybridization), and pyrrolic-N (sp® hybridization)?6-32-3556-58 Each
type of N-doping configuration affects the device performance in
a specific way*°. Therefore, an appropriate synthesis approach that
controls the N-doping configuration and N content for a specific
device is in high demand.

Several NDG synthesis methods have been developed to date®°.
These methods produce NDG with varied configurations, such as a
different number of graphene layers and the type/distribution of
N atoms. Moreover, they have distinct advantages and disadvan-
tages regarding precursor costs, the overall process, thickness
control, shape, defect size, reproducibility, and production scale.
Some NDG synthesis methods use graphene flakes or graphene
derivatives (graphene oxide, GO, or reduced GO) for scalable NDG
production (Table 1). Although defects in graphene derivatives
facilitate the doping process'®, the end product is primarily
synthesized in powdered form'. Controlling the defect sites (and
hence the doping) in batch-to-batch samples of graphene
derivatives is a challenging task®®. Direct thermal annealing of
graphene derivatives during N doping causes irreversible stacking
of the graphene sheets due to strong m-m interactions. To
circumvent these problems, NDG can be grown using the
chemical vapor deposition (CVD) process. To balance the cost-
quality tradeoff of 2D NDG synthesis, the CVD method is more
suitable than annealing'®, physical vapor deposition®', pyroly-
sis®293, arc discharge?”54%5, hydrothermal®'%%%7, and solvother-
mal?16852 syntheses (Table 1).

In FETs or battery applications, NDG is usually synthesized as a
3D network of 2D materials functionalized by additional moieties,
such as metal nanoparticles’®, or post-processing using solvents,
plasma, heat, or another physical process. A few excellent reviews
on NDG have been published in the last decade??323357:59.71.72,
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Structure and applications of NDG. The gray hexagon in the center displays a molecular model of the N-doping configurations in a

graphene lattice (gray and blue denote C and N atoms, respectively). Surrounding the NDG model expresses the properties of NDG needed in
applications. The outermost circles enclose typical NDG applications with representative images (e.g., the field-effect transistor, etc.).

However, to our knowledge, a comprehensive review of CVD-
grown 2D NDG is currently lacking. Recently, Ullah et al. reviewed
the process and applications of 3D graphene modified with
several dopants via CVD’2. Focusing on graphene synthesis
processes, lkram et al. compared the uses of various carbon
nanomaterials (3D networks) in battery applications?°. Wang et al.
summarized various doping methods and applications of the
resulting products®3, Still, the many challenges associated with
controlling the N location and concentration in the graphene
lattice, necessary for specific applications, have been overlooked.

We review the growth processes and characterization of CVD-
based NDG, along with the quality consistency of the as-produced
2D material. The significance of controlling the N-doping
configuration and using a straightforward CVD method is
emphasized. Finally, we survey the current experimental and
theoretical insight into FETs and energy storage applications
based on as-grown NDG.

CHEMICAL VAPOR DEPOSITION OF N-DOPED GRAPHENE
FILMS

Although CVD promises a reproducible and controlled high-
quality synthesis of graphite/graphene thin films, at a large scale
and low cost*''3773-75 fabricating reproducible wafer-scale 2D
NDG with controlled properties remains challenging (Table 2)'8. In
addition, NDG synthesis via the CVD approach (Fig. 2) can employ
a wide range of C- or N-containing precursors, either during
graphene growth (in the same system, i.e., in situ) or afterward
(i.e, ex situ treatment)>*3>°>3, The N-dopant content of NDG,
synthesized in or ex situ, ranges from 0.2 to 16 at.%32735465¢ The
ex situ synthesis properly controls the C-N bonding configura-
tion’® and is sometimes preferred due to its lower cost, higher
reliability, and increased throughput'”.

The CVD approach for N doping can occur via surface-charge
transfer or, more commonly, via substitutional doping'®?%37 |n
surface-charge transfer doping, metal atoms and gas molecules
are adsorbed to the substrate;*'”'87°> however, the electronic
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properties of the resulting materials are unstable in the long
term3’. Substitutional doping, which incorporates covalently
bonded heteroatoms into the graphene lattice, stabilizes the
material but degrades the extraordinary properties of gra-
phene3*3>. Ideally, the performance enhancement should not
disturb the intrinsic properties of graphene.

To study and control N doping in graphene, 2D NDG grown via
CVD is eminently suitable, along with zero-dimensional’” and 3D-
NDG forms®*’® which are commonly produced using other
synthesis methods. The CVD routes include thermal CVD?3265,
plasma-enhanced CVD**79#°, radio-frequency (RF) or microwave
(MW) plasma CVD?®', and electron cyclotron resonance CVD. Direct
growth via plasma CVD on a dielectric substrate (e.g., glass or
SiO,/Si) has been reported, but the as-produced NDG crystals are
small with a high density of defects (N-O and C-O bonds) and low
electron mobilities3#7°782, Thermal CVD produces NDG with
significantly fewer defects and high electron mobilities?>2°,
Recently, NDG with few defects and high charge carrier mobility
has been obtained via the combination of plasma and thermal
CVD®3. Table 2 compares the NDG growth methods developed in
the most recent decade. Overall, the CVD NDG growth can be
classified into two broad categories (see Fig. 2)!%20:32:334681,84.85

1. In situ growth: N-containing gas/plasma treatment during
the graphene growth or immediately after.
2. Ex situ growth: Post-growth N-doping treatment of as-made

graphene.

In the in situ CVD approach, the NDG is usually grown on a
transition metal catalyst (e.g., Cu or Ni). Similar to CVD graphene
growth*”>, a reactive mixture containing the C and N precursors is
introduced at the growth temperature (~700-1000 °C)?6:354453,5686
These precursors dissociate on the surface of the catalyst, and NDG
forms via the organization/precipitation of the C and N atoms.
When the precursors are gases (e.g., CH, or C;H, as the C source;
NHs or N; as the N source), the amount of N dopant is varied by
adjusting the flow rate, the ratio of the C and N precursor gases,
and processing time*®°68%8> The N content is usually low (0.2-6 at.
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Fig.2 Tree diagram of NDG growth via different CVD approaches categorized by type. (1) activation source (thermal, plasma, or both), (2)
type of process (in situ or ex situ), and (3) source material type (solid, liquid, or gas).

%) but a few reports have claimed otherwise (9-16 at.% sourced
from NHs; see Table 2).

NDG has also been grown using solid/liquid organic precursors,
such as pyridine26465887 acetonitrile®3, CH;CN®, dimethylforma-
mide®*, melamine, and monoethanolamine®®. However, in most of
these reports, the quantity of liquid precursor was not mentioned
or is vaguely stated. Therefore, their reproducibility is uncertain. In
addition, solid/liquid N precursors®” yield a high O content in the
form of C=0 and C-O or N-O bonds (as detected via x-ray
photoelectron spectroscopy [XPS])®8, which lowers the quality of
the resulting NDG material. Among the solid/liquid precursors, the
sublimation point of melamine is too high (343°C), and
acrylonitrile (containing C—C, C=C, and C=N bonds) cannot form
graphitic-N-type when heated to a temperature of >500°C*’. In
contrast, pyridine has bond energies similar to graphitic-N-type,
inducing the formation of NDG with dominant graphitic-N-type
bonds that do not significantly degrade the graphene lattice?®.
However, pyridine is highly flammable (with a flashpoint of
—21°C) and toxic. Therefore, its use requires extreme care and the
CVD growth must proceed in well-regulated conditions.

Thus far, catalytic Cu foils (rather than Ni) are preferred to obtain
controlled 2D NDG, a trend that follows the CVD graphene
processes®®, As the solubility of C in Ni is high® (C solubility in Cu
is 0.03 at.% at 1000°C°", while in Ni is 0.29at% at 700°C and
0.9 at.% at 900 °C°293), C atoms diffuse in the Ni substrate during
the growth step. Knowingly, these C atoms out-diffuse and form
multilayer graphene during the cooling step*%°. Similarly, if N is
implanted in the Ni lattice (the diffusion coefficient of N in Ni is
4.46 x 1073 m?/5)%, the N atoms out-diffuse to the Ni surface and
N atoms can become trapped in the graphene lattice, forming

Published in partnership with FCT NOVA with the support of E-MRS

NDG during the cooling step. This hypothesis was experimentally
confirmed in the ultrahigh-vacuum growth of NDG on a Ni (111)
single-crystal substrate, which extended over a few square
nanometers’®. Interestingly, these authors pretreated the sub-
strate under a porphyrin flux prior to graphene growth, achieving
precise control of the C and N quantities. Similarly, Zhang et al.
performed vacuum annealing on a Ni/B/SiO,/Si substrate with
trace elements (C, N, etc.) present in the reactor. Upon cooling, an
analog of NDG was formed (N = 0.6-2.3 at.%). The C atoms were
trapped in Ni while N was trapped in the B films, thus segregating
the C and N, It would be pertinent to test these experiments at
wafer-scale and under thermal CVD conditions (low-to-high
pressure and elevated temperatures).

Ex situ CVD processes include the post-treatment of previously
grown graphene layers'* or flakes'”7981%8, The ex situ treatments
are similar to those of thermal annealing (Table 1). Note that, in
the literature, thermal annealing often refers to the processing of
powdered graphene derivatives (3D networks)®’; these are outside
the scope of this review. The ex situ growth of NDG is uniquely
advantageous for simultaneous device production'””°,

We noticed a considerable variation among the N-doping
environment of CVD processes (Table 2). The variable parameters
include activation source (heat, plasma, or both), treatment time
(few seconds to a few hours), chamber pressure (from ultrahigh-
vacuum to atmospheric pressure), substrate temperature (450 to
1040°C), and catalyst material thickness (a few tens to a few
hundred micrometers). Such scattering offers little value as each
of these parameters can control the quality of the as-produced
NDG material. In fact, few teams have claimed dominant N-doping
configuration (graphitic-N, pyridinic-N, or pyrrolic-N-type) as a

npj 2D Materials and Applications (2022) 14
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Table 3.
e.g. - SEM).

Summary of various characterization techniques used for CVD-grown NDG (the abbreviated technique names are defined in the main text,

Characterization techniques Sub-technique (areas of information)

Type of information

SEM (cm?)

TEM (nm?)

AFM (um2-nm?)

KPFM (upm2-nm?)

STM (nm?, surface sensitive)

Microscopy

Scanning probe microscopy

Raman spectroscopy (um?)
XPS (um?, surface sensitive)

Spectroscopy

ARPES (nm?, surface sensitive)

larger area uniformity, surface defects (tears, folds, cracks, residues, etc.)
structure, contaminations, direct view of N inclusion

thickness, roughness

surface potential

atomic structure, direct view of N inclusion

structure and chemical composition

chemical composition, contaminations

band-structure

— single layer G band

— few layer

2D band

Raman Intensity

1200 1400 1600 1800 2000 2200 2400 2600 2800 3000
Raman Shift (cm™)

Fig. 3 Raman spectroscopy results. Raman spectra of NDG with
different numbers of layers. The inset is a zoomed-in view of the 2D
band (reproduced from®® with permission from the American
Chemical Society).

result of fine-tuning the CVD parameters (Table 2)?. For instance,
Li et al. obtained major pyrrolic-N-type NDG growth by setting a
high substrate temperature (1000 °C), which inhibits the pyridinic-
N-type configuration®.

To date, the areas of NDG films grown via CVD are on the scale
of square nanometers or square micrometers?532819%  Future
studies should target the growth of wafer-scale NDG with
structural and thickness uniformity®*°°. In particular, the NDG
growth process must be systematized to clarify the relationship
between the process parameters and the N lattice sites as well as
their bonding configuration?6:3233:56.7¢,

N-DOPED GRAPHENE CHARACTERIZATION

To characterize NDG, researchers employ various analytical
tools'®”1. Unlike the previous reviews?0323357.5971.72  \ye con-
strained the characteristics of CVD-grown NDG to the number of
layers, overall texture/structure, surface chemistry, and a few other
physicochemical attributes (summarized in Table 3).

Optical spectroscopy

Raman spectroscopy is a powerful nondestructive tool that
evaluates the crystalline quality, number of layers, and doping
level of NDG'%%'°"_Figure 3 presents a typical Raman spectrum of
an NDG sample. The spectrum exhibits four peaks in 1000 to
3000 cm~" range, one each in the D band (~1351cm™"), G band
(~1590cm~"), D’ band (~1629cm~"), and 2D band
(~2696 cm~1)3544.535681 5ome studies have reported a shoulder
peak in the D’ band, associated with defects in the graphene
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lattice®®>3, The NDG growth can be detected via Raman spectro-
scopy, as the G and D bands are sensitive to chemical doping'®".

The D band observed in graphitic C is a disorder-induced
feature. The heteroatoms disrupt the graphene lattice symmetry,
enhancing the intensity of the D band in NDG sam-
ples'43537:56.5788 compared with that of pristine graphene’. In
Raman mapping studies**, Luo et al. *¢ and Xu et al. '7 reported an
enhanced D peak resulting from increased defects in an NDG
lattice over large areas (6 x4 um). Using Raman mapping, they
revealed that the incorporated N formed a domain rather than a
uniform distribution through the lattice. This finding was endorsed
by time-of-flight secondary ion mass spectrometry scanned over a
few tens of square micrometers.

In the literature, the D band to G band intensity ratio (/5/ls) of
CVD-grown NDG ranges from 0.87 to 1.0 (Table 2), which is higher
than that in CVD-grown graphene or graphite thin films*”3=">, Ito
et al. demonstrated that the Ip//g ratio in NDG largely depends on
the selected C and N source gases with or without the use of H,%,
They found lower Ip/lg values at a relatively higher H, flow
(>100 standard cubic centimeter (minute)) or growth temperature
(>800 °C), which they attributed to fewer C-N bonds and a more
ordered graphene lattice. At low N-doping concentrations (<2 at.
%), the G and 2D bands of the NDG samples are narrow and
symmetric, similar to those of pristine graphene®?.

Upshifted G and 2D bands are a common feature of
substitutional N doping in graphene lattices*58'8>107 |n contrast,
adsorbed n-type-doped heteroatoms feature a downshifted G
band. This downshift was reported by several groups employing
ex situ graphene processing'’. Moreover, the full width at half
maximum of the D and G bands was greater in the spectrum of
pyrrolic-N NDG than in the spectra of graphitic-N>® and pyridinic-
N-type NDG*5>3, at the same doping concentration.

From the above studies, a higher-intensity D band is a valuable
fingerprint of NDG. However, as other defect types can increase
the D-band intensity, further confirmation of N doping via other
techniques is required. Several groups have claimed NDG growth
after measuring the Raman spectra at a few points on the sample,
which is insufficient. Other studies have supported NDG growth
using other characterization tools, which is highly recommended
for confirming the layer number, crystalline quality, and N-doping
content of NDG samples.

Other optical spectroscopic techniques, such as Fourier-
transform infrared spectroscopy®', ultraviolet (UV)-visible spectro-
scopy®', and THz time-domain spectroscopy®?, are seldom used in
NDG characterization; thus, these are not discussed in detail, here.

Surface analysis techniques

To understand the pathway of N doping, we probe the elemental
composition and chemical bonding of the doped N atoms in NDG.
The most powerful tool for this purpose is XPS, which provides a
surface-sensitive chemical analysis to depths of 1 to 10nm. A
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Fig. 4 X-ray photoelectron spectroscopy results. a Survey spectra and b, ¢ High-resolution core-level C1s and N1s spectra of NDG obtained
via thermal CVD (reprodcuced from®® with permission from the American Chemical Society), d N1s spectra of NDG samples treated with
microwave (MW) and radio-frequency (RF) plasmas. The numbers state the N at.% deduced from spectral analyses of graphitic-N and

pyridinic-N (reproduced from”? with permission from Elsevier).

typical XPS survey spectrum of an NDG sample is scanned over
the 200 to 450 eV range of binding energies. The N content in the
NDG is estimated from the intensity ratio of the N1s (~400 eV) and
Cls (~284eV) peaks. The N configurations can be determined
from high-resolution Cls and N1s spectra***6°37983  Different
C-N chemical bonding configurations manifest as several shoulder
peaks in the core-level spectra. The C1s peak of an NDG sample
can usually be deconvoluted into three components: (i) the major
peak at a binding energy of 284.4 eV (sp*-hybridized C atoms in
graphene/graphite)’®7>, (i) a peak at 285-285.5 eV (sp? C bonded
with N), and (i) a peak at 286.5eV (sp®> C atoms bonded

Published in partnership with FCT NOVA with the support of E-MRS

with N)#¢°3, However, many NDG reports do not present the C1s
core-level spectra®.

The N1s core-level spectrum also deconvolutes into several
component peaks. Three main types of N-doping configurations
are frequently reported”®. Pyridinic-N and pyrrolic-N may lie at the
edge of the lattice, and graphitic-N forms by replacing C in the
graphene lattice. The binding energies of these C-N bonding
configurations were found at 398.1-399.3, 399.8-401.2, and
400.5-402.7 eV, respectively>>’®,  Nitrillic-, pyrazole-, and
oxidized-N-type bonding have also been reported?®”®. Lin et al.
post-treated graphene/SiC samples in NH; plasma and found that

npj 2D Materials and Applications (2022) 14
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Fig. 5 Scanning electron microscopy results of N-doped graphene. SEM images of N-doped graphene grown on Cu substrates using
different precursor treatments (under an H; flow during growth). Scale bar in each image is 20 um: a CH,4, b pyridine, and ¢ nitroethane
(reproduced from® with permission from the American Chemical Society).

the insertion of N species depends on the graphene thickness
(Fig. 4b)’°. They reported that MW plasma yields a higher N
doping in bilayer NDG than RF plasma. In addition, graphitic-N
(3at.%) dominated pyridinic-N (0.2 at.%) in bilayer graphene,
whereas the pyridinic-N formation dominated in single-layer
graphene. Thus far, NDG with pure pyridinic-N, pure pyrrolic-N,
and pure graphitic-N doping configurations were reported by Luo
et al. %, Li et al. 8, and Wei et al. °%, respectively.

As a complementary technique to XPS, ultraviolet photoelec-
tron spectroscopy (UPS) probes the doping types in gra-
phene'’#68!  Molecules absorb UV light and emit
photoelectrons. The molecular orbital energies in the valence
band are determined by measuring the kinetic energies of the
released photoelectrons. Luo et al. probed the electronic structure
of NDG via UPS* and discovered that pyridinic-N effectively
modifies the valence band structure in graphene. The density of
the p-doping states increased near the Fermi level, and the work-
function increased by 0.2 eV from that of graphene. Xu et al. also
observed a work-function difference of ~0.2 eV between NDG and
pristine graphene from UPS measurements'’. They confirmed a
similar work-function difference between NDG and graphene
using Kelvin probe force microscopy (KPFM).

Angle-resolved photoemission spectroscopy (ARPES) probes the
electronic structure of graphene at the Fermi level near the K
point in the Brillouin zone'®”>, The band structure of graphene
can be determined from the energy dispersion as a function of
momentum along the high-symmetry directions measured via
ARPES’>°8, The Fermi level is located at zero binding energy, and
the Dirac point is located near the Fermi level in pristine or doped
graphene”®. For example, Lin et al. 7°. reported a 450 mV Fermi-
level shift in SiC n-type-doped NDG. Dopants (p- or n-type) in
graphene are introduced from the doping and graphene
substrate’ or polymer residues that remain after the transfer
process'%193 Because the spectral densities of states measured
via ARPES are extended in real space, this technique is insensitive
to local resonances but determines the resonant behavior of N
doping®8.

The above studies confirm that XPS reveals the doping content
and N-doping configuration type, whereas UPS and ARPES detect
the Fermi-level shift due to N doping. Other characterization
techniques are necessary to confirm the N-doping levels and their
effect on the local structural and electronic properties of NDG.
These techniques are discussed in the following subsection.

Electron microscopy

Scanning electron microscopy (SEM) is routinely used to examine
the morphology of various materials, including NDG. A beam of
highly energetic electrons (with a few keV of kinetic energy) is
scanned over the sample surface, and the secondary electrons
(~50 eV) emitted from the sample produce an SEM image. Similar
to graphene or graphite films’3~7>, NDG is placed on a substrate
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(Cu, Ni, SiO,/Si, etc.) for SEM imaging. The number of NDG layers
can be qualitatively correlated to the image color contrast’#2,
Using SEM imaging, Ito et al. investigated the effects of different
C and N precursors on NDG growth (Fig. 5)%. The NDG grew over
a large area (a few cm?), similar to that of graphene; however, the
nitroethane-grown surface was severely damaged. This techni-
que is useful for global characterization, but the N-doping
content and locations must be confirmed using the previously
discussed techniques.

Local structural measurements (with areal coverages of squared
nanometers to squared micrometers) can be performed with
transmission electron microscopy (TEM). In preparation for TEM,
the NDG is transferred to an amorphous C-coated Cu or Au TEM
grid®*®, In analysing NDG, researchers have compared the
structural differences between pristine graphene and NDG
samples®%, Son et al. directly observed substitutionally-doped N
using atomically resolved high-resolution TEM (HR-TEM)?®. They
applied a bandpass filter to capture clear images of the N atoms in
the vicinity of C atoms. The substitutional N atoms were clearly
imaged as high-brightness points in the graphene plane (Fig. 6a).
The height profile of the HR-TEM image (dotted red line in Fig. 6a)
abruptly increased for N atoms (Fig. 6b). The selected area
electron diffraction (SAED) patterns of the same sample revealed
single-crystal graphene without lattice breakdown (Fig. 6c).

The intensity of the diffraction spots of NDG was similar to that
of pristine graphene, indicating that the crystalline quality was
maintained after doping?®. The low N content (<3at% in
graphene) yielded NDG with high crystalline quality?54487:97,
Techniques accompanying TEM imaging, usually elemental
mapping via electron energy loss spectroscopy (EELS), confirm
that N atoms are uniformly distributed in NDG samples (red spots
in Fig. 6d)>*3>. From the EELS data, the N-doping amount was
estimated as ~1.8 at.% (in a similarly grown sample, XPS yielded a
similar N content of 1.8 at.%).

Graphene and NDG grown with plasma CVD result in ring
patterns when examined by SAED, due to their polycrystalline
structure (originates several hexagonal sets of spots)**. The
diffraction rings of graphene correspond to (002), (111), and
(100) orientated nanocrystallites with interplanar spacings of 0.33,
0.26, and 0.21 nm, respectively**. In the diffraction pattern of NDG,
the absence of the ring corresponding to the (002) plane
correlates with the decreased interplanar spacing of NDG3*. More
structural TEM analyses of NDG produced with precisely controlled
N-doping levels are required.

Scanning probe methods

Atomic force microscopy (AFM) can confirm the thickness
(number of layers) of an NDG sample, similarly to graphene
samples®’. The UPS results have rarely been supported by KPFM,
as discussed'’. This subsection focuses on scanning tunneling
microscopy (STM) and scanning tunneling spectroscopy (STS),
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which provide significant information on the quality of an NDG
material.

The local atomic structure of graphene around the N dopants
can be scanned using STM”68498_ This method also controls and
locates substitutional N-doping sites**®*, Joucken et al. elucidated
the electronic structure of NDG in a combined XPS, ARPES, and
STM/STS analyses (Fig. 7a-e)®®. As the doping concentration
increased from 0 to 1.1 at. %, the Fermi-level shift increased from 0
to 450 eV.

Recently, Lv et al. reported the topography of individually
doped N atoms in a highly resolved STM image of graphene
treated in situ using NH5 in a two-step process (Fig. 7f)3%. They
performed STM observations of samples transferred onto SiO,/Si
with unique double-substitutional N-doping sites (N,**). In density
functional theory (DFT) calculations, they further confirmed the
occurrence of localized states in the conduction band induced by
N,"” type doping. Thus with the use of STM technique, N-doping
at atomic scale was evidenced.

STM locates the N doping with an atomic resolution over a
sample surface scanned over areas in square nanometers’®,
However, this technique not suitable to confirm whether the
dopant is uniformly dispersed over large areas (approximately
centimeters squars).

MODELING

DFT simulations are another critical tool for studying the proper-
ties of NDG, particularly the geometry and electronic properties.
According to various theoretical studies, N doping can effectively
increase the electron density of graphene while adjusting the

Published in partnership with FCT NOVA with the support of E-MRS

Fermi energy (Ef) level. Moreover, chemical properties can be
adjusted via N doping®°.

The semiconducting behavior of NDG depends on the
configuration type of N doping. Pyridinic-N and pyrrolic-N mainly
form at the defects and edges of NDG, whereas graphitic-N forms
at the replacement sites of C atoms. Therefore, NDG maintains
high electron mobility similar to that of graphene'®. As the bond
lengths of C-N and C-C are similar (1.41 and 1.42 A, respectively),
the pyridinic-N and graphitic-N doping types have little effect on
the graphene structure, but the pyrrolic-N doping type undergoes
a structural change from the original hexagonal lattice. Pyridinic-N
is the most stable type for monovacancy, whereas pyridinic-N and
graphitic-N  energetically favor Stone-Wales and divacancy
defects'®. In graphitic-N-type NDG, three o-bonds form between
N and its neighboring C atoms; one is involved in the formation of
the m bond, and the last bond is partially involved in the n* state
of the conduction band. The resultant doping in graphene is
n-type'%. In contrast, pyridinic-N and pyrrolic-N-type NDG form
defect sites that withdraw electrons from graphene, inducing
p-type doping'?’.

APPLICATIONS

Among the many possible applications of NDG (Fig. 1), we focus
on FET and battery technologies, which directly use CVD-grown
NDG for nanoelectronics and storage, respectively. Both applica-
tions require further improvements in capacity and performance.
Other applications require growth scaling and architectural
modifications of CVD-grown graphene. These fields are excluded
because listing all these would be excessively exhaustive. 2D NDG
has been used in several studies on FETs'” and battery devices
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Fig.7 Scanning tunneling microscopy and angle-resolved photoemission spectroscopy results. a—e ARPES spectra of samples treated for 0,
7.5, 15, 30, and 90 min. The Fermi-level shift (u = Er — Ep) is stated on each spectrum. Insets present typical (10 nm x 10 nm) STM images of the
corresponding samples. The N dopants appear as red protrusions, and the N concentration (c) is given on each image (reproduced from®®
with permission from Springer Nature). f Low-temperature STM image acquired at 77 K. Several surface defects appear. Inset displays the three
most abundant types of defects. Scale bars =2 nm, /=2.0nA, V=0.2V (reproduced from”® with permission from Elsevier).

(Table 2)°3. The FETs require proper N-doping locations and low N
content to avoid a drastic decrease in electron mobility and open
a suitable bandgap, whereas battery applications benefit from a
specific type of N-doping configuration, as detailed below'?>3,

Field-effect transistors

In reciprocal space, the valence and conduction bands of
graphene intersect at two inequivalent points, providing a unique
electric field effect and high conductivity. Graphene exhibits an
ambipolar behavior where both the hole and electron carriers are
transported perpendicular to its surface®'''317. The first high-
speed FET based on graphene was prepared via the micromecha-
nical cleavage of pyrolytic graphite'®. Since then, graphene and
doped graphene-based nanoelectronics have been extensively
researched. The effects of doping on the electrical properties of
graphene can be investigated via electrical measurements in FET
geometry (Fig. 8)%>°”. The NDG-based FET devices have a bandgap
and exhibit a larger on/off current ratio and lower turn-on fields
than pristine graphene3>38°7,
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The FETs are usually fabricated from CVD-grown NDG graphene
transferred onto a SiO,/Si substrate’”2>3>83 The Cu or Au
electrodes are deposited onto the patterned NDG film via thermal
or e-beam evaporation®'’. The NDG provides a conducting
channel between the source and drain electrodes®. Xu et al.
reported high mobility and a Dirac point shift of —140V in NDG
grown via an ex situ treatment of CVD graphene (surface-charge
transfer type doping)'’, whereas NDG grown using
substitutionally-doped N exhibited lower mobility values®®°%,
Wei et al. prepared bottom-gated FETs from NDG (with a
significant graphitic-N configuration) and pristine graphene®®.
They reported relatively lower mobility and a higher on/off ratio in
NDG than in graphene®®. The lower mobility in NDG can be
attributed to the disrupted symmetry of the graphene lattice due
to the incorporated N atoms. The generated defects behave as
scattering centers, reducing mobility and conductivity®®. The
mobilities of NDG have reached values of 200 to 450 cm?/V's,
which are lower than the commonly reported mobilities of CVD-
formed graphene (1000 to 5000 cm?/V 5)°7>192110 (Table 3). The
mobility of NDG exceeds that of graphene doped with other
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Fig. 8 Electrical properties. a, b Schematic of a field-effect transistor (FET) device and /I-V, characteristics of a NDG-based FET (reproduced
from?® with permission from Elsevier); ¢, d Iy4s versus Vg, plots of graphene and NDG FET devices for various Vg where Vg, Iy, and Vys denote
the gate voltage, source-drain current, and source-drain voltage, respectively. Insets at the upper left of panels c and d are the presumed band
structures of graphene and NDG FET devices, respectively (reproduced from>® with permission from the American Chemical Society).

heteroatoms via CVD methods. For example, the mobility of
graphene doped with 4 at.% of S is 270 cm?/V s%°.

Pyrrolic-N and pyridinic-N configurations generally have high
defect densities, resulting in a lower graphene carrier conductivity
and mobility than those of the graphitic-N configuration*®83,
Recently, Xu et al. developed a higher-mobility (1150 cm?/V's) FET
device in which the N dopants were adsorbed on bilayer
graphene'’. They postulated that the low defect densities in
NDG substantially weaken the short-range scattering and improve
mobility.

The bandgap in the semiconductor channel of conventional
FETs should be at least 0.4eV'"". The NDG band structure has
been calculated in DFT and ab initio simulations. Mukherjee et al.
showed that 12.5 at.% N doping in graphene reduces the Dirac
cone shift below the E; by 1.5 eV with finite splitting''2 Below E;,
the 7, and 7* bands are contributed by the p, orbitals of C and N,
respectively (Fig. 9a). By increasing the N-doping concentration
from 3.13 to 12.5 at.%, Olaniyan et al. increased the bandgap of
NDG from 0.21 to 0.6eV''3, meeting the requirements of FET
channel materials (Fig. 9b, c). As N atoms are more electron-rich
than the resident C atoms, the Fermi level moves significantly
above the Dirac point, resulting in n-type semiconductor
materials.

A significant scope remains for enhancing FET results by
controlling the percentage and configuration of the N dopant. In
future studies, the uniformity of N doping must be confirmed in
large-area mobility mapping of NDG samples’®. Moreover, most
experimental NDG FET results have been overshadowed by
several additional effects, such as NDG growth and transfer and
post-processing during the device fabrication and measurements.
More studies employing both experimental and theoretical
approaches would help validate these results.
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Energy storage: batteries

Renewable energy generation and electric vehicles require high-
capacity, fast-charging batteries. Since discovering monolayer
graphene in 2004, 2D materials and their 3D networks have
attracted broad interest as alternatives to bulk graphite or
graphitic carbon-based hybrid flakes/sheets'%. However, the
current research/applications of battery applications are domi-
nated by powdered-form graphene/graphene derivatives and
other carbon-based nanomaterials (e.g., carbon nanotubes, carbon
fibers, and carbon black) and hybrids and composites based on
these materials®®3. As a battery material, 2D graphene has been
overshadowed by other materials with different shapes, sizes,
defects, and impurities>357:72114,

According to some reports, pristine graphene cannot be applied
as the anode in magnesium- or potassium-ion batteries because it
has poor adsorption ability®®''5, The hexagonal carbon sheet of
graphene presents a high-energy barrier to the solid diffusion
process required in battery processes because graphene sheets
are closely stacked, and their performance is limited at high
voltages. Conversely, N doping alters the electronic structure of
graphene and produces active sites in the graphene/graphite
lattice while increasing the interlayer distance'®#811¢, Thus, NDG
as the anode material enhances the battery capacity by improving
the adsorption, substitution, and intercalation capabilities'®>>%8,

Batteries based on CVD-grown NDG are rarely reported>'"”.
Reddy et al. studied the reversible Li-ion intercalation properties in
a Li-ion battery (LIB) assembly using directly grown NDG (N =9 at.
%) or graphene on a Cu current collector (Fig. 10)>>. The reversible
discharge capacity of the NDG-based LIB was almost double that
of the graphene-based LIB. They emphasized that the higher
capacity resulted from the surface defects introduced via N
doping. Moreover, the direct growth process ensured good
electrical contact between the NDG electrode and the current
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collector. This assembly reduced the electronic resistance and
enhanced the electrode rate capability®>.

Because Li is neither abundant nor well distributed in the Earth’s
crust, it is considerably more expensive than other Earth-abundant
alkali metals (Na and K) and Al. Moreover, the demand for
batteries is expected to increase in the future. Accordingly, the
research focus in the past decade has shifted to Na, K, and Al
batteries''®1"°, Share et al. demonstrated high K-ion storage
capacity in K-ion batteries (KIBs) with few-layer NDG as the anode
material®®, More specifically, the maximum theoretical storage
capacity increased from 278 mA h/g in the graphite-based KIB to
350 mA h/g in the KIB based on N-doped few-layered graphene.
The higher capacity of N-doped few-layer graphene than that of
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113 with permission from Elsevier).

pristine few-layer graphene was attributed to the defective
N-doping sites and formation of the first-stage intercalation
compound (KCg). The pyridinic-N configuration imposes a local
electron deficiency that draws electrons from nearby K atoms,
enhancing KIB storage properties'®.

Thus, N doping can overcome the anode limitations in batteries
by providing additional active sites and increasing the storage
capacity®®'1°, The NDG with pyrrolic-N and pyridinic-N configura-
tions is suitable for LIBs and KIBs'®3, but precisely controlling the
configuration, distribution, and doping content of N over large
areas is a difficult task. In addition, defects and distortions are
inevitably introduced by the NDG synthesis process>*3>. Although
these defects decrease the mobility of NDG, they are beneficial for
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Fig. 10 Electrochemical performance. a Cyclic Li-ion battery voltammograms of the NDG/Cu foil electrode and b charge/discharge voltage
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of graphene, NDG, and graphite in battery cells, with a schematic of the staging and defect storage mechanism in few-layer NDG (reproduced

from® with permission from the American Chemical Society).

the catalytic reaction in LIBs>3. Controlled NDG growth on porous
substrates (catalytic or noncatalytic) could be the way forward for
large-scale battery applications’2.

The electrode materials of alkali-metal-ion batteries can be
evaluated via DFT simulations. The insertion voltage of alkali-metal
atoms in electrode materials and the diffusion barrier and
diffusion path of alkali-metal atoms on the structure can be
investigated through the DFT. Moreover, the theoretical capacity
of the electrode material can be determined by studying the
maximum number of alkali-metal atoms adsorbed on the
structure. Cao et al. '%°. theoretically investigated the adsorption
mechanisms of Li atoms on pyridinic-N, pyrrolic-N, and graphitic-
N-type NDG. The adsorption energy of Li atoms was the highest
for pyridinic-N (~40% higher than that for pristine graphene). In
this configuration, the formation of Li clusters was limited, and the
storage capacity was boosted to 1262 mA h/g.

Yu et al. also studied different NDG configurations as the
electrode material for LIBs (Fig. 11a)'%. Their results indicate that
not all N-doping configurations can increase the capacity of LIBs.
On N-substituted graphene, the adsorption energy of a Li atom is
positive, meaning that this NDG configuration is an unsuitable
electrode material for LIBs. In contrast, N-modified single- or
double-vacancy defects, especially pyridinic-N,V, defects, can
significantly increase the reversible battery capacity. Therefore,
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pyridinic-N and pyrrolic-N-doped configurations are promising
electrode materials for LIBs and can improve the performance of
Na-ion batteries. Kimal et al. '?". investigated the performance of
different types of NDG as the Na-ion battery. They found that after
adsorbing six Na atoms, all NDG configurations and pristine
graphene become asymmetric, and the adsorption configurations
significantly change (Fig. 11b). Furthermore, the Na storage
capacity in pyridinic-N or pyrrolic-N-doped graphene is improved
by the electron effect originating from the vacancy sites or
electron-deficient dopants (Fig. 11b).

Overall, this review can guide performance improvement in
CVD-grown NDG in FET and battery applications. For example,
graphitic-N can maintain high carrier mobility in FET devices,
whereas pyridinic-N and pyrrolic-N types of NDG are essential in
batteries.

SUMMARY AND PERSPECTIVES

A good number of articles on the growth and application of NDG
have been published in recent years. In addition, several synthesis
and characterization techniques have been investigated. However,
the literature reveals considerable differences in the properties
and device efficiencies of NDG films. Many recent studies have
been performed on 3D networks of 2D-doped graphene flakes,
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E N Al

APPLICATIONS

Fig. 12 Schematic illustration. Two-dimensional N-doped graphene (2D NDG) system that can be used as a model to control the N-doping at.
%, location, and device performance effects (field-effect transistor). The results could be applied to control N-doping processes and device
performance of 3D-NDG materials (e.g., electrochemistry applications).

which contain a variety of undetermined defects and doping sites.
As reviewed, well-defined doping configurations N at.% quantities
are difficult to obtain, explaining the widely disparate results in
the field. Ideally, before proceeding to 3D, the NDG materials
should be thoroughly studied in their 2D form in order to
understand the underlying formation mechanisms and role of
each N-doping configuration and their useful concentration
threshold for a given application. However, a method to produce
a wafer-scale with a controlled number of NDG layers and uniform
N doping is lacking. Among the possible options, CVD is the most
promising to overcome this challenge.

The key advantages of the 2D form of NDG are as follows: (i)
easy and reliable control of N doping; (i) unambiguous
characterization of C-N bonding types using either XPS or TEM
techniques; and (i) avoidance of the effect of N inclusion at the
interlayer (intercalation) or voids or at functional/defect sites, such
as that of 2D networks of 3D graphene. In future work, we

npj 2D Materials and Applications (2022) 14

recommend CVD-grown 2D NDG as a model system (Fig. 12) for
controlling the N-doping level and configuration, to understand
and engineer the doping effects in target applications. Moreover,
these studies could be highly beneficial when implementing 3D
networks of 2D NDG (Fig. 12) for particular applications (e.g.,
electrochemistry) and interpreting device performance.

We recommend the following critical pathways for CVD-based
NDG growth:

® Growth

The development of a standard growth process would help
achieve controlled growth of high-quality NDG at the wafer-
scale. Thus far, the process parameters and activation sources of
NDG growth in the literature are widely variable.

Pretreated catalytic substrates (e.g., Cu, Ni, or Cu/Ni alloy) under
a proper C or N source prior to graphene growth to precisely
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control the C and N quantities need to be researched in greater
detail.

Limited substrates (catalytic and dielectric) for NDG growth
have been explored thus far. Various other substrates (e.g., GaN
for photodetector applications) must be studied.

The vacancies created via doping, especially those in pyridinic-
and pyrrolic-N, must be controlled, and their effects on
applications must be studied and modeled simultaneously.
Once NDG growth over squared centimeter samples with
controlled quality is achieved, large-area graphene growth CVD
systems (e.g., roll-to-roll CVD systems) could be adapted to
achieve wafer-scale NDG growth.

Characterization

Both global and local characterization techniques are required
to determine the quality of the as-produced NDG material. In
some reports, this complementarity is overlooked compromis-
ing the quality of the analytical study and subsequent
conclusions.

Experimental and theoretical studies of each type of N-doping
configuration and its effect on target applications are required.
For example, in FET applications, whether 2at% of N,
predominantly of graphitic-N-type, opens a suitable bandgap
while retaining the requisite of high charge carrier mobility
must be determined.

Applications

To achieve reliable and reproducible results for 3D constructs,
first, the properties (e.g., electrical, optical, and mechanical) and
applications (e.g., FET, battery, sensing, and catalysis) of NDG in
the 2D form must be explored in greater detail.

The N-dopant location (substitutional or intercalated) in multi-
layer NDG and its effect on the performance of a specific
application (e.g., battery) must also be explored in greater
detail.

These studies would facilitate the adoption of NDG as an active

material for nanoelectronics, energy storage devices, and many
other technologies. Then, and thinking beyond this, 3D networks
of NDG could be assembled with better control and reproducible
responses.
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