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Abstract

In this study, micro-plasma discharge is produced by applying a high electric potential
between graphite and Pt electrodes in acetonitrile solvent. The electrons generated in
the micro-plasma discharge collide with acetonitrile and produce -H and -CH,CN
radicals. The radicalized graphene layer exfoliated from the graphite electrode reacts
with nascent hydrogen (-H) and acetonitrile (-CH,CN) radicals and partially restores
its aromaticity and conjugation. Raman spectra of the product confirm the synthesis of
nitrogen-functionalized graphene (N-FG), which has a marginal increase in
disorderness compared to that of pure graphite and remarkable dispersibility in both
hydrophilic and hydrophobic solvents. The excellent fluorescence property of N-FG
confirms the presence of fluorophores such as -NH and -N=C- at the radicalized
graphene sites, as supported by ultraviolet-visible spectroscopy and X-ray
photoelectron spectroscopy studies. The functional groups present in N-FG lead to
excellent electrochemical performance, with distinct redox peaks in cyclic
voltammetry and a high specific capacitance of 291 F/g at a scan rate of 5 mV/s.
N-FG exhibits excellent cycling stability, with a marginal reduction of specific

capacitance (<10% reduction) at the end of 1000 cycles.

Keywords: submerged liquid plasma, acetonitrile radical, functionalized graphene,
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1. Introduction

Graphene has been extensively studied due to its excellent properties for various
industrial applications.® Large-scale synthesis of single-layer graphene is being
constrained by its strong van der Waals force of attraction (n-n interactions) and leads
to irreversible agglomeration in solution.*® The functionalization of graphene is an
important route for enhancing its stability and dispersibility in solvents.” Graphene
oxide (GO) is an important functionalized product of graphene. However, high
content of sp® carbon restricts electron mobility and leads to poor electrical
properties.? The surface functionalization of graphene has been extensively carried out
with organic moieties such as pyrrol, porphyrin, polyaniline, conjugative polymers,
nafion, and o-phenylenediamine.®*® The chemically adsorbed or covalently bonded
organic moieties are more susceptible to reacting with external impurities. Their
long-term stability with graphene is thus highly questionable and requires further
investigation.®® Furthermore, organic polymer/graphene composites have low
electrical conductivity and poor cycling stability, limiting their practical
applications.'” For functionalized graphene, the stability of covalent bonds with sp?
carbon obtained with the insertion of heteroatoms such as nitrogen and boron is
higher than that of surface adsorbed graphene/organic moiety composites.’®
Nitrogen-doped graphene has been extensively studied due to its greater stability and
dispersibility and enhanced electrochemical properties.® Nitrogen insertion in
graphene forms pyridinic (sp>-hybridized) or pyrrolic (sp*-hybridized) bonding
configurations by donating one or two p electrons to the  system.*® The pyridinic and
pyrrolic nitrogen present in graphene displays remarkable capacitance property called
faradaic supercapacitors or pseudocapacitors.’® The formation of functionalized

graphene is complicated by the high temperature and toxic chemicals used in
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chemical vapor deposition, gas plasma or glow discharge plasma deposition,
segregation growth, thermal annealing, microwave plasma deposition, solvothermal
synthesis, arc discharge method, and thermal exfoliation, all of which require harsh
conditions (Fig. 1).'*2°%° The most important aspect of graphene functionalization is
to retain its aromaticity and enhance its dispersibility in solvents. Furthermore, the
large-scale synthesis of functionalized graphene should use a sustainable, economical,
and eco-friendly process. The present study thus applies the submerged liquid plasma
(SLP) process for the direct synthesis of functionalized graphene in acetonitrile
solvent. The electrocapacitive properties of as-prepared nitrogen-functionalized
graphene (N-FG) and its cyclic stability are evaluated using a three-electrode

electrochemical cell.

2. Experimental section

2.1 Experimental setup

All experiments were conducted using Pt and graphite rod (99.99%) electrodes. The
tip diameter of the graphite rod was maintained at 200-800 pum. Acetonitrile (99.95%)
and the graphite rod (diameter: 6.15 mm; length: 152 mm) (AGKSP grade, ultra “F”
purity) procured from Alfa Aesar were used as the target materials. A discharge
voltage of 2.9 kV was applied with a repetition rate of 10 kHz, a pulse delay of 500 ps,
and a pulse width of 5 ms across the electrodes using a pulse generator (AVTECH
AV-1022-C) connected to a high-voltage amplifier (TREK Model 609E-6), which can
generate 0.1 to 5 kV. To get the maximum plasma intensity, the distance between the
graphite and Pt electrodes was maintained at ~75 pm by using a moving stage
assembly (Translation Stage Triple-Divide Series 9064 and 9065) operated by a

computer. A submerged plasma reaction in acetonitrile was carried out for a fixed
3
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reaction time of 30 min. The final N-FG solution was centrifuged (8000 rpm) and the

residue was washed with acetonitrile solution several times.

2.2 Characterizations

The absorption spectrum of N-FG was collected using an ultraviolet-visible (UV-Vis)
spectrometer (SCINCO S-3100). Raman spectroscopy analysis was performed using a
confocal micro-Raman spectrometer (Renishaw inVia) with a 633-nm argon laser as
the excitation source. The microstructure and surface morphology of N-FG were
monitored using a high-resolution transmission electron microscope (HR-TEM, JEOL
JEM 2100F) operated at 200 kV. The fluorescence spectrum of N-FG was recorded
with a fluorescence spectrophotometer (Hitachi F-4500). The Fourier
transform-infrared (FT-IR) spectrum of N-FG was recorded using the KBr disk
method (Nicolet Nexus 470) with 30 scans for each sample at a 4 cm™ spectral
resolution. High-resolution X-ray photoelectron spectroscopy (HRXPS, PHI Quantera
SXM, ULVAC Inc) was used to analyze the binding energies of carbon and nitrogen

present in N-FG.

2.3 Cyclic voltammetry

The electrocapacitive property of N-FG was evaluated with cyclic voltammetry (CV)
in 6 M KOH at room temperature using a potentiostat (AUTOLAB PGSTAT 302).
The experiments were carried out with a conventional three-electrode system. The
working electrode was prepared using a 9:1 weight ratio of N-FG and
polytetrafluoroethylene (PTFE) coated on fluorine-doped tin oxide (FTO) conducting
glass. A Pt electrode was used as the counter electrode and a saturated calomel

electrode (SCE) was used as the reference electrode. The potential was scanned in a
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qa+qb
2mAV

range of 0 to 0.4 V. The average specific capacitance was calculated as Cs =

where ga and gb are the anodic and cathodic peak currents, respectively, m is the
weight (~ 1 mg) of the active material coated on FTO (coated area ~ 1 cm?), and AV is

the change in voltage.

3. Results and discussion

3.1 Formation of N-FG in submerged liquid plasma process

When a high potential difference is applied across the graphite and platinum
electrodes in acetonitrile solution, micro-plasma discharge occurs at the interface and
leads to the flow of electrons between the electrodes (Fig. $1).2°* The micro-plasma
discharge forms radicalized graphene sheets, which are exfoliated in the acetonitrile
solvent instantly. The non-polar acetonitrile has no affinity towards radicalized carbon
and prevents agglomeration, forming stable dispersion. The free electrons generated
during micro-plasma discharge collide with acetonitrile and initiate hydrogen
detachment, which results in highly reactive free radical monomers (-H and -CH,-C=
N).3*3 The nitrile group resists electron attack due to the high stability of -C=N (891
kd/mol) bond.* The C-H (413 kJ/mol) bond present in acetonitrile is more vulnerable
to electron attack due to its lower bond energy compared to that of -C=N.3* 3% %
Highly reactive nascent -H effectively reacts with radicalized graphene and partially
restores the sp® network. Similarly, the -CH,-C =N radical reacts with the radicalized
graphene layer and forms pyridinic and pyrrolic nitrogen. The pyridinic (-N=CH-) and
pyrrolic (-NH) nitrogen act as intermittent terminal groups and cause marginal

disorderness in the sp? carbon network. The pyridinic nitrogen is well inserted into the

sp® network and partially restores the aromaticity and conjugation of the graphene
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layers. The five-member pyrrolic nitrogen increases the sp® carbon content and brings
disorderness into the graphene layer. The -CH,-C=N radical present in the solution
may also initiate the formation of terminal-end aliphatic nitrogen or alkene
(CH2-CH,-CN or -CH=CH-CH=CH-) in the radicalized graphene layer. A schematic
representation of micro-plasma discharge and graphene acetonitrile radical reaction is

given in Fig. 2.

3.2 Chemical properties and structural elucidation of N-FG

The UV-Vis absorption spectrum of N-FG shows a plasmon peak near 214 nm, which
is attributed to the conjugative and electron (z-n*) shift of 1,3-diene present in the
terminal graphene layer (-CH=CH-CH=CH-).** The strong electron donating and
withdrawing (via resonance and inductive effects) properties of pyrrolic (-NH) and
pyridinic (-N=CH-) nitrogen in N-FG shows absorption peaks at 215, 225, 239, and
251 nm.* ¥ The absorption bands at 261 and 272 nm are attributed to electronic
conjugation within the N-FG layer.” 3 UV-Vis absorption spectra for acetonitrile and
N-FG are given in Fig. 3b. The fluorescence spectrum of N-FG exhibits a strong
fluorescence intensity at 558 nm due to the increase in n-n* electronic transition, and
confirms the presence of fluorophores such as -NH and -N=CH- within the reduced
graphene sheet.*>* The fluorescence spectrum of N-FG is given in the inset of Fig.
3b. The FT-IR spectrum of the N-FG composite is given in Fig. 3a. The CH in-plane
bending vibrations usually occur in the region of 1430-990 cm *.*> ** N-FG shows
bands at 986 and 1068 cm™, which are attributed to §(C-H) bending vibration. The
methyl-substituted carbon-carbon y(C=C) stretching vibration appears at 1425, 1462,
1631, and 1656 cm™ (=CH).** ** Peaks around 2854 and 2927 cm™ correspond to

asymmetric and symmetric -CH stretching modes, respectively. Bands corresponding
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to 1425 and 1462 cm™ are attributed to C-H bending vibration (aromatic C-H bending
vibration).** Bands corresponding to 2045, 2208, and 3468 cm™ are attributed to
-CH=N and -CH-NH groups, which are possible in a ring-like structure.®* * The
coexistence of pyridinic and pyrrolic nitrogen within N-FG shows the significant

dispersibility of N-FG in polar and non-polar solvents.

Raman spectroscopy was carried out to evaluate the degrees of structural distortion of
N-FG and graphite (Fig. 3c). The Raman spectra of graphite and N-FG show the
disordered sp® D band at 1332 and 1330 cm™, respectively.” Similarly, the Ey
vibrational mode in the sp? carbon (G band) appears at 1573 and 1580 cm™ for
graphite and N-FG, respectively.*® The increase in the D band intensity of N-FG
(breathing modes of A1 symmetry) is indicative of the degree of short-range disorder,
such as in-plane substitutional heteroatoms, vacancies, and grain boundaries. The
inset of Fig. 3c shows the ID/IG ratios of graphite and N-FG, which are 0.593 and
0.81, respectively. The higher ID/IG ratio of N-FG is a result of structural defects
caused by the nitrogen heteroatoms or groups implanted at the radicalized graphene
site. The insertion of nitrogen groups increases the sp> carbon in graphene and
changes the hybridization and symmetry of N-FG.*"**® The 2D band appears at 2683
and 2656 cm™ for graphite and N-FG, respectively. The 2D band is related to
disorder-induced defects, but it is seen even in non-disordered systems and its shape is
highly sensitive to the number of graphene layers.***° The 2D/G ratio is 1.2 for N-FG,
indicating the formation of a few layers of functionalized graphene in the SLP
process.”* Hence, the defects in the N-FG layers increase the D peak intensity and
exhibit the reduction trend to the 2D and G peak intensities. Hence, the distortion
caused by the insertion of nitrogen groups is confirmed by Raman analysis. HR-TEM

images show the presence of single to few-layer N-FG (Fig. S2) (n < 5) and small
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flakes stacked at the bottom (Figs. 4a and 4b). The defects caused by micro-plasma
discharge can be clearly observed in N-FG sp® domains (Fig. 4c). The formation of
single-layer N-FG in the SLP process is further confirmed by selected-area electron

diffraction (SAED) (Fig. 4d).

XPS measurements were carried out to determine the level of nitrogen introduced into
N-FG. The XPS spectra of graphite before and after the SLP process are given in Fig.
S2. The XPS spectrum of pure graphite shows peaks at binding energies of 284.5 and
533.1 eV, which are ascribed to C1s and O1s. Similarly, the spectrum of N-FG shows
peaks at binding energies of 284.4, 398.5, and 532.8 eV (Fig. S3). The O1s peak is
considered to be from adsorbed molecular oxygen on pure graphite.’> The XPS
spectrum shows 4.2% nitrogen in N-FG. The electronic 1s core levels of N and C for
graphite and N-FG were analyzed and numerically fitted with Gaussian functions. The
C 1s region of pure graphite consists of a well resolved binding energy configuration
at 284.7 eV, attributed to sp? carbon (Fig. 4e).*® %% Similarly, the C 1s region of
N-FG (Fig. 4f) has two well resolved binding energy configurations, namely at 284.3
and 285.0 eV, attributed to sp® carbon, and a new peak at 285.0 eV due to the
presence of distorted sp* carbon (-CH, and C-N) present in N-FG.>* ® The N 1s
region of N-FG (Fig. 4g) has two broad peaks at 398.1 and 399.3 eV, which can be
attributed to the C-N or -C-NH and -C=N- bonds, respectively.!** > The nitrogen
present in the form of -C=N- can exist only in the pyridine ring-like structure.**>

The binding energies of the above assigned groups are in good agreement with the

UV-Vis, fluorescence spectroscopy, and FT-IR analyses.

3.3 Electrochemical properties of N-FG

The electrochemical properties of N-FG were evaluated in a three-electrode system.
8
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The two sequential oxidation and reduction waves observed in CV (Fig. 5a) at scan
rates of 5, 25, 50, and 100 mV/s correspond to pyridinic and pyrrolic nitrogen,
respectively. The second oxidation and reduction peaks are small, and at high scan
rates (50 and 100 mV/s), the reduction peaks completely merge, producing a single
peak. The distinct redox peaks were observed even at high scan rates and are
attributed to the pyrrolic (-C-NH), and pyridinic (-C=N-) nitrogen present in N-FG.°

Possible oxidation and reduction reactions are:
(PyrrolicN) —CH—NH & N —-—FG—C=N* +e~ Q)
(PyridinicN) —C=N— & N —FG—C=N*— +e~ )

The difference between the potentials of anodic (Epa) and cathodic (Eyc) peak currents
was found to be (AEp) 78, 97, 105, and 123 mV at scan rates of 5, 25, 50, and 100
mV/s, respectively. The increase in AE, is due to the resistive effect of the N-FG
electrode and clearly indicates a marginal reduction in the electron transfer rates at
high scan rates. The pyridinic nitrogen present in N-FG undergoes a controlled
oxidation reduction reaction even at the high scan rates, whereas the highly
electronegative pyrrolic nitrogen reduces the electron transfer rate at high scan rates.'®
2! The marginal reduction in the electron transfer rate of N-FG clearly indicates that
the redox reaction is predominately controlled by pyridinic nitrogen.>” Furthermore,
electrochemical performance of N-FG is also influenced by the nitrogen content,
disorders or defects caused by sp® carbon, and electrode/electrolyte wettability.”* The
anodic and cathodic peak currents of N-FG at various scan rates show a linear
relationship with the square root of the scan rate (Fig. 5¢) and are in good agreement
with the Randles-Sevcik equation.®® The specific capacitance values of N-FG are 291,
177, 151, and 131 F/g for scan rates of 5, 25, 50, and 100 mV/s, respectively. The

decrease in specific capacitance values is due to the decrease in the electron transfer
9
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rate. Similar distinct redox peaks (faradic) have been observed for the graphene
oxide-polyaniline and graphene oxide-conjugated polymer
(poly-3,4-propylenedioxythiophene) composites, whose specific capacitances are 525
and 201 F/g, respectively.**** The N-FG electrode shows high cyclic stability and a
high degree of reversibility at a scan rare of 100 mV/s. The capacitive current
response remains unchanged at the end of 1000 cycles, and only a <10 % reduction of

the specific capacitance was observed (Fig. 5b).

4. Conclusion

The formation of N-FG via a solution process is a potential alternative to
high-temperature synthesis. Advantages of the SLP process include simple setup,
minimal surface damage due to fast moving electrons, no required further purification,
possible large-scale synthesis, low operating cost, and eco-friendliness. The -H
and -CH,-C =N radicals are highly selective and form covalent bonds at the
radicalized sites of carbon, restoring partial aromaticity by extending conjugation with
neighboring atoms. The insertion of pyridinic (-C=N-) and pyrrolic (-C-NH) nitrogen
enhances the dispersibility and electrocapacitive properties of N-FG. The nitrogen
groups present in N-FG lead to a high specific capacitance (291 F/g) and high cyclic
stability. N-FG could be further modified for high-performance supercapacitor,

energy storage, sensor, and solar cell applications.
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Figure Captions

Comparison of high-temperature synthesis methods of nitrogen-doped

graphene

Proposed mechanism for the formation of nitrogen-functionalized
graphene in SLP. (i) micro plasma discharge facilitates the exfoliation
of radicalized graphene layer in the acetonitrile solution (ii) electron
generated in micro plasma discharge collision with acetonitrile and
forms nascent hydrogen and acetonitrile radicals (iii) formation of
N-FG Dby the reaction of radicalized graphene layer with nascent

hydrogen and acetonitrile radicals

(@) FT-IR spectra of N-FG, (b) UV-Vis spectra of (i) acetonitrile and (ii)

N-FG, and (c) Raman spectra of (i) graphite and (ii) N-FG

(a-c) HR-TEM images of N-FG and XPS spectra of (d) SAED pattern
of N-FG (e) graphite C 1s region, (f) N-FG C 1s region, and (Q)

N-FG N 1s region

(a) Electrochemical CV curves of N-FG in 6 M KOH obtained at scan
rates of 5, 25, 50, and 100 mV/s. (b) Cycle stability of composite at
scan rate of 100 mV/s. (c) Peak current dependence on the square root

of scan rate. Note: C. density = Current density

16

Page 16 of 21



Page 17 of 21

SLP
MW
ST
TA
GP
TE
AD
CVvD

Fig. 1

Journal of Materials Chemistry A

Submerged Liquid Plasma ~ 35 'C

Microwave ~ 95 'C

Solvothermal ~ 350 'C

Thermal Annealing ~ 600 'C
Gas Plasma ~ 700 C

Arc Discharge ~ 800 'C

Thermal Exfoliation ~ 800 'C

Chemical Vapor Deposition ~ 900 'C

200

400 600
Temperature 'C

17

800

1000



Journal of Materials Chemistry A

¢ ¢ ¢

(ii)  Radicalized graphene

Acetonitrile
- \ 3
C

Acetonitrile radical

(iii) "
Hydrogen radical

Pyrrolic Nitrogen Nitrogen doped graphene
Fig. 2
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