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We report the development of a simple, one-pot solution-processing synthesis of

nitrogen (N) and boron (B) co-doped in few-layered graphene by submerged liquid

plasma exfoliation (SLPE). Simultaneous graphite exfoliation and N, and B co-doping in

few layered graphene nanosheets (NB-GNs) were produced by micro-plasma discharge

at the graphite tip immersed in the acetonitrile (ACN) solvent containing sodium

tetraphenylborate. Higher boron contents led to an amorphous nano-carbon, while

a few-layered NB-GNs was obtained at low boron content in the ACN reaction

mixture. To analyze the structural defect, nanosheet morphology, N and B co-doping

in a few-layered graphene, X-ray diffraction (XRD), Raman spectroscopy, transmission

electron microscopy coupled with energy-dispersive X-ray spectroscopy (TEM-EDS) and

X-ray photoelectron spectroscopy (XPS) were used. This solution-processing strategy

will be useful for the practical option of exploring a large family of two-dimensional

(2D) materials.

Keywords: graphene, exfoliation, boron—containing compounds, nitrogen, solution processing

INTRODUCTION

Chemically functionalized graphene-based hybrid materials with specific morphology emerged as
an attractive material for the various applications due to the specific surface area of graphene,
electrical, thermal, optical properties (Kuila et al., 2012). Covalent bonds with specific functional
groups and chemical doping are the simplest way for modification of graphene that involves the
chemical modification of the carbon sp2 lattice, by introducing heteroatoms, such as S, P, Se, Si,
N, and B (Panchakarla et al., 2009; Lazar et al., 2014; Agnoli and Favaro, 2016). Such modified
graphene demonstrates the enhanced chemical and electrochemical catalytic activity in the oxygen
reduction reaction (ORR), sensors, biomedicine, and photovoltaics applications (Usachov et al.,
2011; Kuila et al., 2012; Agnoli and Favaro, 2016).

It has been reported that B-doped graphene (BG) and N-doped graphene (NG) can be
synthesized to exhibit p- and n-type semiconducting electronic properties that can be systematically
tuned with the concentration of B and N for the various applications (Panchakarla et al., 2009;
Muhammad et al., 2017, 2018; Rafique et al., 2019). The NG and BG hybrids are synthesized from
themolecular carbon and boron/nitrogen as a starting precursor. Though, the graphene oxide (GO)
has been used as a common precursor for the chemical functionalization/doping (Panchakarla
et al., 2009; Wang et al., 2012; Agnoli and Favaro, 2016). In post-synthesis, hetero-atoms doping
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GRAPHICAL ABSTRACT | The graphical representation on in situ, one-pot solution-processing synthesis of nitrogen (N) and boron (B) co-doped in few-layered

graphene via submerged liquid plasma exfoliation (SLPE) approach.

in graphene has been performed by two-step modification;
(1) GO/reduced-GO synthesized by chemical, electrochemical
and liquid phase exfoliation, and (2) doping step by solid-
state reaction, hydrothermal/solvothermal, electrochemical and
chemical vapor deposition method (Agnoli and Favaro, 2016).
Although, there have been numerous reports on the synthesizing
of NGs and BGs (Usachov et al., 2011; Wang et al., 2012;
Senthilnathan et al., 2013, 2014a,b,c, 2015; Lazar et al., 2014;
Sanjeeva Rao et al., 2014), the simultaneous exfoliated graphite
and multiple-heteroatom doping (N and B) into the graphene
framework could be practically challenged at one-pot synthesis.

Herein, we propose a simple strategy on simultaneous
graphite exfoliation, and N and B co-doping into a few-
layered GNs by SLPE, as a proof of concept proposed by
Yoshimura et al. (Senthilnathan et al., 2013, 2014a,b,c, 2015;
Sanjeeva Rao et al., 2014). Therefore, the strategy presented here
will be practically a useful option for exploring the multiple-
heteroatom doping into a large family of two-dimensional (2D)
material manufacturing such as, transition metal carbides and
nitrides (MXenes), transition metal dichalcogenides (TMDs),
h-BN and borophene (Gogotsi, 2015; Satheeshkumar et al.,
2016a,b; Anasori et al., 2017; Sarycheva et al., 2017) by the
non-conventional method.

EXPERIMENTAL SECTION

In submerged liquid plasma exfoliation (SLPE), different
amounts of sodium tetraphenylborate-NaBPh4 (99.5%) was
added into the anhydrous acetonitrile (ACN, 99.95%) solvent;
both are purchased from the Sigma-Aldrich. The concentration
of ACN was fixed in 0.77mol (40mL), as a nitrogen source
and 10min of the graphite exfoliation for all experiments.
To study the effect of the addition of boron concentration
on graphite exfoliation by SLPE, the sodium tetraphenylborate
is 0.1, 1, 2.5, and 5mM were added into the ACN solvent,
before the exfoliation. The distance between cathode and anode
is ∼2.0mm kept as constant for all experiments by using a

moving stage assembly (Translation Stage Triple-Divide Series
9064 and 9065) operated by a computer. A discharge voltage
was applied between the two electrodes with respect to the
concentration of boron in the solvents (the applied discharge
voltage of 300–400V, 275–350V, 245–320V, and 208–300V for
the reaction mixtures containing the concentration of 5, 2.5, 1.0,
and 0.1mM boron in 0.77mol of ACN solvent, respectively), a
pulse delay of 250 µs, and a pulse width of 10 µs using a pulse
generator (AVTECH AV-1022-C) connected to a high-voltage
amplifier (TREK Model 609E-6), which can generate 0.1–5 kV
(Senthilnathan et al., 2013, 2014a,b,c, 2015; Sanjeeva Rao et al.,
2014). The powder X-ray diffraction (Bruker new D8 ADVANCE
instrument equipped with a monochromatic Cu Kα radiation
with a wavelength of 1.5418 Å, which is operated at 40 kV and
40mA measurement.

Characterization
The morphology of NB-GNs was examined using transmission
electron microscopy (TEM) (HT7700, Hitachi, Tokyo, Japan).
The Raman spectra were measured on a RamanScope
SENTERRA II (Bruker) with 532 nm excitation wavelength
laser. For Raman measurements, the samples were deposited
onto the glass substrate and recorded using a thermoelectric-
cooled CCD array detector (Andor, DU420A-OE-152). The
Raman signal was transferred through a 50µm slit of a
spectrometer and the spectral resolution of the spectrograph at 4
cm−1 across the Raman data acquired. The spectral acquisition
time was 5 s for all the samples with the 2 accumulations
averaged with a laser-power of 3 mW, 20× objective lens.
The high-resolution X-ray photoelectron spectroscopy (XPS)
measurements were carried out on a PHI Quantera SXM
spectrometer (ULVAC Inc., Kanagawa, Japan), and PF4
software was used for the deconvolution of the narrow-scan
XPS spectra. XPS was performed with a monochromatic
Al Ka source (25W, hυ = 1486.6 eV) and an energy
resolution of 1 eV.
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FIGURE 1 | (A) The systematic representation of graphite exfoliation in ACN by SLEP setup. (B) The powder XRD pattern of pristine graphite (a), Exfoliated graphite

obtained by SLPE in the presence of various concentration ranging from 5mM (b), 2.5mM (c), 1mM (d), and (e) 0.1mM sodium tetraphenylborate-NaBPh4 in 0.77

mol ACN.

RESULTS AND DISCUSSION

In the SLPE experiment, graphite rod was used as a point high-
voltage electrode and a Pt sheet was used as a planar ground
electrode, as shown in Figure 1A. The powder XRD pattern of
graphite and exfoliated graphite as shown in Figure 1B. The
exfoliated amorphous nano-carbon (Figure 1B, spectrum b-d)
shows the increasing the 2θ value of (002) with contraction of
the interlayer space when compared with that of pristine graphite
(Figure 1B spectrum a). This contraction of the interlayer
spacing was observed only for the amorphous nano-carbon
samples (Figure 1B, spectrum b-d) because of the high plasma
voltage (refer experimental section) were applied during the
exfoliation. The plasma was produced only at this high discharge
voltage due to the presence of high boron concentration in
the precursor mixture solution, which certainly increases the
conductivity of the reaction mixture (Gupta, 1981; Sokolov
et al., 1984; Ka and Oh, 2008). Such a high-applied discharge
plasma voltage could cause the contraction in the interlayer of
as produced amorphous nano-carbon. The XRD peak at around
26.4 (2θ) is due to (002) lattice plane of graphite structure it
goes lattice contraction with decreasing intensity of (002) plane
as the concentration of boron decreased from 5 to 1mM in
0.77mol ACN (Figure 1B spectrum b to d). Also, the full width
at a half maximum of 002 peak decreases with the decreasing
concentration of boron in the ACN mixtures, as a result the
intensity of 002 planes at 26.9 (2θ) gradually diminished and,
in turn, showed a broad XRD feature between the 20-30 (2θ)
where the graphitic peak at 26.9 (2θ) was absent, suggesting that
a few-layered NB-NGs were produced, as the concentration of
boron was 0.1 mM.

TEM analysis on the morphology of few-layered NB-NGs
studied in the presence of a various concentration of boron in

ACN by SLPE (Figure 2). The low and high-resolution images
revealed the amorphous-like nano-carbons are produced, as the
concentration of boron was 5mM (Figures 2A–C). In contrast,
multilayers, sponge-like graphene-network (Figures 2D–F) and
few-layered graphene nanosheets (Figures 2G–I) were obtained
upon the use of 1 and 0.1mM boron, respectively. The SAED
pattern analysis on few layered NB-GNs (Figure 2I), which
reveal the graphitic-like honey-comb lattice nanostructure and
the EDX mapping analysis showed the presence of nitrogen
(green), boron (red) and carbon (blue) in few layered NB-GNs
(Figure 2). Note that, the concentration of boron plays a vital
role in the graphite exfoliation in ACN by SLPE and concluded
that lower boron-content in the precursor mixture would keep
the nanosheets morphology.

Raman spectroscopy analysis was carried out to evaluate the
degrees of boron doping (as co-doping) in a structural distortion
of graphene (Figure 3A). In graphite, the two Raman peaks at
1,578 and 2,667 cm−1 for the G and 2D peak, respectively, while
the weak Raman peak shown at 1,342 cm−1 is attributed to D
peak due to the breathingmodes of sp2 rings (A1g symmetry). The
position of a D peak in all exfoliated graphite was blue-shifted
to 1,334 cm−1 when compared to that of graphite (1,342 cm−1),
as the concentration of boron decreased from 5 to 0.1mM. This
peak shifting occurs due to the sp3 carbon content in graphene
and the increasing D peak intensity (from red to jade color)
due to the degree of short-range disorder, such as in-plane
substitutional heteroatoms, vacancies, and grain boundaries
(Lazar et al., 2014). Note that the G peak position for exfoliated
graphite showing red-shifted at 1,586 cm−1 (Dresselhaus et al.,
2008; Panchakarla et al., 2009) reveals the doping of N and B-
atom into graphene framework, since the G peak of graphene
responds to doping results in phonon stiffening (Dresselhaus
et al., 2008; Panchakarla et al., 2009). Besides, the exfoliated
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FIGURE 2 | The low and corresponding high-resolution TEM images of few-layered NB-GNs synthesized by SLPE in the presence of 5mM (A–C), 2.5mM (D–F), and

0.1mM sodium tetraphenylborate-NaBPh4 (G–I) in 0.77mol ACN. The EDX mapping analysis showing the presence of N, B, and C in NB-GNs by SLPE, with a

precursor containing 0.1mM NaBPh4 in 0.77mol ACN.

graphite (exclude graphite) has exhibit the RamanD’-band which
represent the intravalley double resonance scattering processes
due to the N-doping in grapheme (Dresselhaus et al., 2008;
Ferrari and Basko, 2013).

It is interesting to note that the Raman 2D peak has
shown red-shifted from at 2,667 to 2,671 cm−1 for graphite
and exfoliated graphite, respectively, indeed became a more
symmetric 2D band. From these results, the red-shifted 2D
peak can be explained by the enlarged graphite interlayer upon
exfoliation and N, and B-doping in the graphene framework
(Panchakarla et al., 2009; Ferrari and Basko, 2013). The intensity
ID/IG ratio can be used as an indication of the degree of disorder
in a carbon structure. Thus, the ID/IG ratios of graphite were

compared to that of the exfoliated graphite (1mM boron), ID/IG
are 0.593 and 0.812, respectively. The higher ID/IG ratio is a result
of structural defects caused by both, the N and B-heteroatoms
were implanted at the radicalized graphene site (Dresselhaus
et al., 2008; Panchakarla et al., 2009; Ferrari and Basko,
2013). The insertion of N and B-groups increases the sp3 carbon
character in the synthesized graphene, resulting in changes in the
hybridization and symmetry of few-layered NB-GNs.

Interestingly, the G peak is the usual response upon doping in
the graphene, results in the phonon stiffening occurs due to the
high-hole doping, while phonon softening caused high-electron
doping in the grapheme (Panchakarla et al., 2009). Since the G
peak always stiffens, the 2D peak responds differently to holes
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FIGURE 3 | (A) The Raman spectra of (a) pristine graphite and NB-GNs

synthesized by SLPE in the presence of (b) 5mM, (c) 2.5mM, (d) 1mM, and (e)

0.1mM NaBPh4 in 0.77mol ACN. The high-resolution XPS analysis of

individual deconvolution core-level (B) wide-scan, (C) N 1 s, (D) C 1 s, and (E)

B 1s spectra of NB-GNs (0.1mM NaBPh4 in 0.77mol ACN). The insert (on

top) represents the ball-stick model of N and B co-doped graphene based on

Raman spectroscopy and XPS analysis.

and electron doping (Dresselhaus et al., 2008; Panchakarla et al.,
2009; Usachov et al., 2011; Wang et al., 2012; Lazar et al., 2014).
Based on the above facts, it is possible to estimate the doping level
by monitoring both the G and 2D peaks ratio. In principle, the
doping causes the decreasing the I2D/IG ratio value, accordingly,
we have estimated the I2D/IG ratio, they are 0.572 and 0.261 for
the graphite and NB-GNs (0.1mM boron), respectively.

To further investigate the doping of N and B in exfoliated
graphite, the XPS analysis was carried out to estimate the atom%
N and B species present in the exfoliated graphite. The wide-
scan XPS spectrum reveals the presence of B, C, N, and O
(Figure 3B). The deconvoluted N 1s spectrum indicates the
chemically distinguished two nitrogen components (Figure 3C)
which have shown the binding energy (BE) at 398.8 and 400.6 eV
for the pyridinic nitrogen (sp2 hybridization) and N-atom in the
exfoliated graphite, respectively (Gammon et al., 2003). The C 1s
spectrum (Figure 3D), which could be deconvoluted into C–C
and C–N with BE at 284.7 and 285.7 eV, respectively. In addition,
the B 1s spectra were deconvoluted into two peaks at 191.2 eV and
192.8 eV for N–B–C and B–O species, respectively (Figure 3E).

Note that strong BE at 191.2 eV peak suggests that B and N are
mainly bonding as B–N because the pure boron BE peak usually
appears at 188 eV (Panchakarla et al., 2009). This implies the
existence of anN atom neighboring with B in the carbon domains
and also suggesting that the B bonded to carbon in the sp2 carbon
network of graphene. Based on XPS analysis, the doping up to
12.4 atom% and 6.9 atom% for the N and B, respectively, in the
exfoliated graphite produced by SLPE in the presence of 0.1mM
of NaBPh4 in 0.77mol ACN. Herein, our proposed method could
be able to obtain the quality of exfoliated graphite-hybrid in a
very short time, paving the way for large scalable synthesis of
NB-GNs in high yield.

CONCLUSION

In conclusion, we have successfully demonstrated the
effectiveness of the presence of boron concentration in the
ACN precursor on scalable, one-pot production of few-layered
NB-GNs by SLPE at ambient temperature and pressure.
By combining XRD and TEM analysis, we found that the
morphology of NB-GNs depends on the concentration of
boron used in the precursor solution. The chemical doping
of N and B (as co-doped) in the few-layered of graphene
nanosheets was ideally monitored by Raman spectroscopy and
XPS analysis. The advantage of the reported method is in-situ
functionalization of N and B into the few-layered graphene, as
well as the rapid exfoliation by submerged liquid plasma process
in ACN. Moreover, the simplicity of this solution-processing
approach strategy offers new insight into SLPE not only graphite
exfoliation but also other graphene analogs of layered 2D
transition metal dichalcogenide including transition metal
carbides and nitrides (MXenes), h-BN and borophenes.
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