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ABSTRACT: We have developed a facile, scale up, and
efficient method for the preparation of graphitic-C;N,
nanofibers (GCNNFs) as electrodes for supercapacitors and
photocatalysts. The as-synthesized GCNNFs have 1D
structure with higher concentration of nitrogen that is
favorable for higher conductivity and electrochemical perform-
ance. Secondly, the high surface area of GCNNEF provides a
large electrode—electrolyte contact area, sufficient light
harvesting and mass transfer, as well as increased redox
potential. Thus, the GCNNF supercapacitor electrode shows
high capacitance of 263.75 F ¢! and excellent cyclic stability

|

in 0.1 M Na,SO, aqueous electrolyte with the capacitance retention of 93.6% after 2000 cycles at 1 A g~' current density.
GCNNFs exhibit high capacitance of 208 F ¢! even at 10 A g™, with the appreciable capacitance retention of 89.5%, which
proves its better rate capability. Moreover, the GCNNF shows enhanced photocatalytic activity in the photodegradation of RhB
in comparison to the bulk graphitic-C;N, (GCN). The degradation rate constant of GCNNF photocatalyst is almost 4 times
higher than GCN. The enhanced photocatalytic activity of GCNNF is mainly due to the higher surface area, appropriate
bandgap, and fewer defects in GCNNF as compared to GCN. As an economical precursor (melamine) and harmless, facile, and
template-free synthesis method with excellent performance both in supercapacitors and in photodegradation, GCNNF is a strong
candidate for energy storage and environment protection applications.
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Bl INTRODUCTION

One-dimensional (1D) nanostructures (wires, tubes, rods,
belts, fibers, etc.) received vast interest after the discovery of
carbon nanotubes due to their number of applications in the
fields of microelectronics and optoelectronic devices, such as
optical waveguides, field-effect transistors, and photodetectors."
1D nanostructures exhibit excellent properties like field
emission, gas sensing, photoconductivity, and phonon and
electron transport properties since they possess a high surface-
to-volume ratio and more active sites. 1D growth can also play
an important role in improving the thermal, electrical, and
mechanical properties of the materials.”®> The most familiar
methods in which 1D nanostructures can be fabricated include
X-ray lithography, proximal probe patterning, the direct and
indirect vapor phase method, the chemical vapor deposition
(CVD) method, strong 7z—z self-assembly stacking, and
electron beam.* However, fabrication of 1D graphitic carbon
nitride (GCN) is still very difficult as its self-assembly process is
very complicated.*

GCN is one of the most fascinating materials with excellent
mechanical strength, thermal conductivity, water resistivity, and
reliable chemical inertness, with major applications as a catalyst
for organic synthesis, photoelectric converter, gas and
fluorescent sensors, field emitters, electrode for fuel cells, and
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hydrogen storage material*"® Different methods have been
adopted to fabricate GCN like sol—gel, CVD, shock-wave
compression, solvothermal method, polymer precursor’s
condensation, and pyrolysis.*"'® There are few reports on
fabrication of GCN 1D nanostructures like nanofibers,
nanobelts, nanorods, nanotubes, and nanowires.* '° The
aforesaid morphologies were obtained by using catalysts or
via introduction of toxic and expensive chemicals. However,
hard or soft templates were also used by a few groups to
synthesize 1D GCN. Furthermore, the growth requires high
temperature with a low yield of the product which is the major
bottleneck to use GCN for real technological applications.*”*°
Therefore, it is necessary to develop a new template-free
synthesis method which could produce a 1D nanostructure of
GCN at the large scale and low temperature for its potential
applications in diverse fields.

Supercapacitors, a class of energy storage devices, have
fascinated the scientific community nowadays because of their
long cycle life, rapid charge—discharge rate, low maintenance
cost, and high power capability."’ Supercapacitors are widely
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Scheme 1. Schematic Representation of Chemical Reaction for the Synthesis of GCNNF
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used in consumer electronics, electric vehicles, memory backup,
industrial power management, and uninterrupted power
sources, etc.'" Furthermore, supercapacitors have less environ-
mental impact and are safer than batteries.">"> The specific
capacitance of supercapacitors basically depends on electrode
material, thus the role of electrode materials is extremely
important. There are arrays of electrode materials for
supercapacitors, but carbon materials are most commonly
used as electrode material due to their high conductivity, large
surface area, stable physicochemical properties, varieties of
forms, and plentiful sources.'* However, their performance is
not very good due to their low specific energy. Moreover, the
inert surface of carbon materials makes it difficult for electrolyte
to further penetrate into the internal layers of carbon. Different
techniques have been used to overcome these problems like
introduction of metal oxides, hetero atoms, and oxygen in
carbon materials, but nitrogen doping seems to be the best way
to deal with these issues.'” The existence of nitrogen in
carbonaceous materials improves capacity while maintaining
excellent cyclability of supercapacitors, and it enhances the
wettability and in consequence improves efficient utilization of
the surface. However, doping of nitrogen is toxic and complex,
and concentration of nitrogen is very low; also, special
instruments and harsh conditions are required.'>'® Therefore,
a facile fabrication technique to assemble nitrogen-containing
carbon materials for supercapacitors as electrodes with good
performance is highly desirable. GCN is a potentially suitable
candidate in this regard because of its high nitrogen content,
easily tailorable structure, and low cost.'”

Photocatalysts can separate harmful materials from water
using solar energy. These photocatalysts needed to be easily
separable, facile to fabricate, nontoxic in nature, low in cost,
environmentally benign, and stable in water solutions.® A
covalent GCN organic semiconductor with small bandgap,
proper band positions, and controllable surface has been widely
used as a metal-free energy transducer, in water splitting, in
organic photosynthesis, and in environmental remediation.®'
However, there are some issues with GCN, which include: (1)
high recombination rate of photogenerated electron—hole pair,
(2) low surface area, and (3) poor mass diffusion that makes
GCN less efficient for practical applications. Hence, it is
essential to develop a physical or chemical procedure to modify
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GCN'’s optical, electronic, and textural properties to endorse
photochemical reactions of GCN photocatalysis. Different
methods have been adopted to resolve these issues, but
morphological control of the GCN nanostructure seems to be
the best way to deal with the aforesaid issues."®™>' Nano-
structured materials show better performance as compared to
their corresponding bulk counterparts when functioning as a
photocatalyst since it is an efficient way to promote charge
movement and separation as well as mass diffusion through
photoredox reactions .'® Therefore, we fabricated nanofibers of
GCN to take advantage of this size dependency in photo-
catalysts.

We have designed a safe and facile chemical route to fabricate
nanofiber (NF)-like structures of GCN. These GCNNFs can
scale-up with ease. These GCNNFs were for the first time used
for the electrodes of supercapacitors in Na,SO, electrolytes.
The specific capacitance of the GCNNF supercapacitor
electrode is 263.75 F g™ at a current density of 1 A g~'. The
specific capacitance of GCNNF is much higher than other
carbon-based materials. Photodegradation of RhB is also
performed by using GCNNF and GCN. As-synthesized
GCNNF exhibits high surface area, suitable bandgap, and less
crystal defects which are useful for photodegradation of RhB.
Moreover, the used catalyst is successfully recovered and reused
three times without apparent loss of selectivity that confirmed
the extraordinary high reproducibility of the GCNNF.

B EXPERIMENTAL SECTION

Fabrication of GCNNF. An amount of 1 g of melamine was
dissolved in 20 mL of ethanol to make a saturated solution. Then 60
mL of 0.2 M HNO; was added to the above solution, and after stirring
for 10 mins it was washed with ethanol and dried at 60 °C for 12 h. A
white color powder was obtained which was annealed at 450 °C for 2
h in the CVD furnace in an alumina tube at a ramp rate of 10 °C
min~". The bulk was prepared by polymerization of melamine at high
temperature. In short, 1 g of melamine was taken in an alumina
crucible and heated at 550 °C for 2 h with a ramp rate of 3 °C min™".
The obtained yellow products were bulk g-C;N, (GCN).

Samples were characterized by scanning electron microscopy (SEM,
Hitachi S-4800), X-ray diffraction (XRD Philips X’Pert Pro MPD), X-
ray photoelectron spectra (XPS, Thermo Scientific, Escalab 250Xi),
Fourier transform infrared (FTIR) spectroscopy (EXCALIBUR
FTS3100), UV absorption spectroscopy (Hitachi FL-4500 spectro-
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Figure 2. (a) XRD patterns of GCNNF and GCN. (b) XPS survey spectrum of GCNNF. (c) High-resolution C 1s of GCNNF. (d) High-resolution

N Is of GCNNF.

fluorometer), and photoluminescence (PL) absorption spectroscopy
(Hitachi U-4100 spectrofluorometer).

Preparation of Electrodes. The GCNNF 85%, activated carbon
10%, and polytetrafluoroethylene (PTFE) 5% were mixed with
ethanol, then pasted on nickel foam (S cm X 1 cm) and dried at 60
°C for 12 h. Ag/AgCl (saturated KCl solution) electrode and platinum
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wires were used as the counter and reference electrodes, respectively.
The electrochemical behavior of the working electrode was analyzed in
0.1 M Na,SO, electrolytes in a three-electrode cell.

Photocatalytic Test. The photocatalytic activities of GCN and
GCNNEF were evaluated by the degradation of RhB under visible light.
A 500 W Xenon lamp was used as a visible light source. To study the
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Figure 3. (a) Elemental mapping of GCNNF, (b) carbon, (c) nitrogen, and (d) oxygen.

concentration of RhB in solution, an UV—vis—NIR (Hitachi U-4100)
spectrophotometer was used. For photocatalytic tests, 0.40 L of 0.01
M RhB was taken in a glass beaker, and 0.1 g of samples was dissolved
in this solution. Prior to irradiation, the solution was magnetically
stirred in the dark for 50 mins to obtain the saturated absorption of
RhB onto the catalysts, and then this solution was brought into visible
light. At irradiation time intervals of every 15 mins, the suspensions
were collected and then centrifuged to remove the photocatalyst
particles. The initial concentration (C,) was the maximum absorption
peak of the RhB at 554 nm. For stability measurement the same
material was evolved from the solution, and the above-mentioned
steps were repeated for second and third time.

B RESULTS AND DISCUSSION

Characterization of the GCNNF. The synthesis reaction
of the GCNNEF is described in Scheme 1, which clearly depicts
that reaction is a combination of poly addition and poly
condensation. In the first step, nitric acid activates the
melamine to form the heptazine or cyamelurine through the
elimination of ammonia. Furthermore, the condensation of
these units develops a polymeric network to produce GCNNF
at higher temperature. Here, the basic units are strongly bonded
with each other through the covalent bonds that solve the
major hurdle of melamine used to produce carbon nitride as
melamine is prone to sublimation at comparatively higher
temperature. Here nitric acid activates the melamine to form a
bigger unit of heptazine, which further polymerizes to form
melon and melon sheets in the presence of polar solvents which
tend to make the fibrous structure with unique properties.
These sheets are held together through the hydrogen bonding
or weak van der Waals attractions.

A scanning electron microscope (SEM) is used to investigate
the textural structure and morphology of GCNNF as shown in
Figure 1. Figure 1(a,b) shows the typical SEM images of the
sample at low magnification. From these SEM images it is clear
that GCNNF grew in fibrous morphology having very dense

1261

and uniform structure with an average diameter of 100 nm and
20 pum in length. To further confirm the fibrous morphology of
as-synthesized GCNNF, high-magnification SEM studies were
carried out. It is obvious from Figure 1(c,d) that the entire
sample consists of uniform and distinctive nanofibers with a
smooth surface.

X-ray diffraction (XRD) was conducted to identify phase and
structural characterizations of GCN and GCNNF as shown in
Figure 2(a). There are two distinct diffraction peaks for GCN
at 13.1° and 27.3°. The low-angle reflection peak at 13.1° was
identified as (100) corresponding to d = 0.676 nm resulting
from the trigonal nitrogen linkage of tri-s-triazine units. A
strong peak at 27.3° corresponds to d = 0.326 nm due to long-
range interplanar stacking of aromatic systems recognized as
(002). These two XRD peaks are in good agreement with
reported GCN.*® There is only one peak for GCNNF at 27.3°
that corresponds to a distance d = 0.326 nm due to long-range
interplanar stacking of aromatic systems recognized as the
(002).4,6,18

To investigate the chemical compositions and the nature of
chemical bonding of constituent elements on the surface of
prepared GCNNF, X-ray photoelectron spectroscopy (XPS)
was conducted as shown in Figure 2(b—d). The existence of
core levels of carbon and nitrogen confirms high purity of
product as shown in Figure 2(b). A small amount of oxygen is
also identified during the XPS studies which might be due to
surface adsorption of oxygen. The GCNNF has a C/N ratio of
0.82, higher than the stoichiometry of the theoretical material
(C/N = 0.75). Figure 2(c) represents the high-resolution C 1s
XPS spectrum of GCNNEF. The C 1s peak of GCNNF can be
deconvoluted into two peaks at 284.88 and 288.18 eV, which
specify that two different chemical states of carbon exist in
GCNNF. The peak at 284.88 eV is due to sp” hybridization of
C bonded to N in an aromatic ring, whereas the second peak at
288.18 eV corresponds to C—N bonding in GCNNE.”~'°
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Similarly, N 1s has been resolved to three peaks at 398.60,
399.4, and 400.43 eV which correspond to three different types
of nitrogen states as presented in Figure 2(d). The peaks at
398.60, 399.4, and 400.43 eV confirm the existence of pyridinic,
pyrrglig, and graphitic nitrogen, respectively, in the prod-
uct.””’

The elemental mapping analysis (Figure 3) of GCNNF
clearly shows the spatial distribution of carbon and nitrogen,
and a small amount of oxygen is also present in GCNNEF that is
consistent with XPS results.

Fourier transform infrared spectroscopy (FTIR) was utilized
to characterize the chemical bonds present in GCN and
GCNNF. Figure 4(a) shows the FTIR spectra of GCN and
GCNNEF which confirm the presence of two main bands in the
products. The absorption peaks which range from 800 to 1600
cm™" are a strong indication of the heterocycles present in
GCN, and these peaks are due to the breathing mode of s-
triazine, sp3 C—N bonds, and sp2 C=N. Furthermore, these
results are consistent with XRD and XPS results of
GCNNE.” ' The peaks because of the stretching vibration
modes of NH and NH, groups are observed in the range of
3300—3500 cm™" in both samples.””**

The surface areas of GCNNF and GCN were determined
through the Brunauer—Emmett—Teller (BET) equation in the
relative pressure range (P/P,) of 0—1. The surface area of
GCNNF is found to be much higher (~165 m* g™') as
compared to that of GCN (~4 m* g™'). The BET adsorption
curves as a function of P/P, for GCNNF and GCN are
presented in Figure 4(b).

The optical properties of GCN and GCNNF were studied
using UV spectrophotometer and photoluminescence (PL)
measurements at room temperature as a function of wave-
length. The optical characteristics like absorption coefficient
and bandgap are important parameters for photocatalysts. So,
we measured the optical bandgap and absorption coefficient
using the absorbance data. The UV—vis diffuse reflectance
spectrum of GCN and GCNNF features typical semiconductor-
like absorption which can be seen in Figure 4(c). GCN has a
band edge at 465 nm corresponding to 2.67 eV, while GCNNF
has a band edge at 443 nm corresponding to a bandgap at 2.80
eV that indicates a slight blue shift by 0.13 eV compared to
GCN. This is due to a more perfect packing, electronic
coupling, and quantum confinement effect that shifts
conduction and valence band edges. The PL emission peak
for GCN shows a strong peak at 464 nm, whereas for GCNNF
an emission peak is observed at 445 nm as shown in Figure
4(d). Both peaks are coherent with their bandgap measure-
ments of the respective products. It belongs to a blue-violet
light band that indicates the existence of the 7z state in
GCNNE.”'? The larger bandgap by 0.13 eV of the GCNNF is
also confirmed by PL. From Figure S(d) it is also proved that
PL intensity of GCN is high in comparison to that of GCNNF
which indicates the slow recombination rate of photogenerated
electrons and holes. The decrease of PL intensity is because of
the defects in crystal structure that reduce the strength of
fluorescence peaks. These defects are the recombination
centers for electrons and holes generated during photocatalysis.
Therefore, a decrease in the number of defects in GCNNF
ultimately increases its photocatalytic performance.”® It is
assumed that the high energy level bandgap would obtain the
thermodynamically enhanced reduction and oxidation power in
photodegradation of the dye. The charge-transfer rate between
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GCNNF and redox species in solution also depends on such an
energy level relationship.**

Electrochemical Performance. Figure 5(a) shows the 1st,
1000th, and 2000th charge—discharge curves of GCNNEF in 0.1
M aqueous solution of Na,SO, at a current density of 0.5 A g™".
The time duration difference among the charge—discharge of
the Ist and 2000th cycle is very small which indicates
extraordinary stability of the GCNNF electrode. Similarly, the
time difference of the Ist, 1000th, and 2000th charge—
discharge curves of GCNNF tested at a current density of 1
A ¢! is also small which further confirms the high stability of
the GCNNF electrode as shown in Figure S(b). Furthermore, it
is observed that the discharging time of GCNNF is large at
lower current density (0.5 A g7') as compared to higher current
density (1 A g™").

The cyclic performance of GCNNF and GCN is delineated
in Figure 5(c). The electrode composed of GCNNF shows a
specific capacitance of 275 F g™' at a current density of 0.5 A
g~! for the 1st cycle and 270 F g™' for the 2000th cycle that
possess its remarkable long-term cycling stability. On the other
hand, in comparison to GCNNF, GCN exhibits very low
specific capacitance of 71 F g™" at the current density of 0.5 A
g~! for its first cycle which is 3.87 times lower than that of
GCNNFEF. The cycling performance is an important factor to
determine the practical applications of an electrode material in
real supercapacitors. The specific capacitance of GCNNF is
263.75 F ¢! at the current density of 1 A g™* for the first cycle,
and it keeps its capacitance of 246 F g~" even after 2000 cycles.
Furthermore, it proves its excellent retention capability of
98.18% at 0.5 A g~ and 93.2% at 1 A g~' of the GCNNF
electrode. Such a high retention capability shows the structural
stability of the GCNNF during the electrochemical process.
The specific capacitance of GCNNF is much better than several
reported carbon-based materials like nitrogen-enriched nano-
carbons, nitrogen-enriched carbon, MWCNTSs, CNTs, oxygen-
rich carbon, CNTs/N-carbon, nitrogen-doped carbon nano-
cage, nitrogen-doped graphene, nitrogen-doped carbon, porous
3D graphene, and g-C;N, hybridized a-Fe,O; hollow micro-
spheres.”>~

Figure S(d) shows specific capacitance of the GCNNF
electrode as a function of current density. From Figure 4(d) it
is obvious that the GCNNF retains a high capacitance of 206 F
g™' at a current density of 10 A g~ with the excellent
capacitance retention of 89.5%, which confirms that the
GCNNF has a good rate capability. At low current density
(0.5 A g7"), the electrolyte ion can access the maximum surface
of the GCNNF, hence a higher specific capacitance has been
achieved. When the current density increases (10 A g™'), the
effective interaction between the electrode and ions is reduced;
therefore, specific capacitance is also reduced.

On the basis of exceeding discussion, it can be concluded
that GCNNFs are suitable and promising supercapacitor
electrode materials. The good specific capacitance of GCNNF
electrodes could be attributed to the existence of nitrogen. The
presence of nitrogen in GCNNEF is helpful to enhance the
capacitance in different ways: (1) it provides various active
reaction sites, (2) improves the surface wettability of GCNNF
which is useful for the electrolyte into the inner layer of the
carbons, (3) increases the electron donor/acceptor character-
istics, (4) improves the wettability with the electrolytes and
consequently enhances the mass transfer efficiency, and (S)
provides a large additional pseudo-capacitance. Secondly, high
capacitance is based on large surface areas of GCNNF that
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provide the advantage of large electrode—electrolyte contact
and improved electrolyte ion transport. Lastly, the high
capacitance of GCNNF is because of the easily tailorable
structure of GCNNE.'”*>3*

Photocatalytic Performance. Figure 6 shows the photo-
catalytic activity of GCNNF and GCN. Figure 6(a,b) shows the
decrease in the concentration of RhB as a function of
irradiation time. GCNNF was able to completely degrade
RhB in an irradiation time of 45 mins, with 60% of the RhB
being degraded in the initial 15 mins, although GCN required
150 min for the complete degradation of the same
concentration of RhB. In Figure 6(c), the relationship between
C/C, and time of GCN, GCNNF, and sample without any
catalyst are shown. The sample without catalyst shows almost
no change with time under visible light. Thus, it is obvious that
RhB is stable under visible light if there is no photocatalyst
involved. The graph showed that C/C, decreased linearly with
the course of time. Figure 6(d) shows the first-order rate
constant k (mins™') measurements of GCNNF and GCN for
RhB. The measured k value of GCNNF is 0.0412 min~" as
compared to GCN (0.0114 min~"). However, the k value of
GCNNEF is almost 4 times higher than that of GCN. The higher
photocatalytic activity of GCNNEF corresponds to its large
surface area and fewer textural structure defects.

It is significant to point out that the stability of a
photocatalyst during photocatalytic reaction is an essential
factor for its practical application. Thus, to observe the stability
of GCNNEF, a recycling reaction was carried out as shown in
Figure 7. Similarly, a second cycle test was performed by using
the same sample, while RhB concentration was kept the same
as used in a previous test. Thus, the solution was again kept in
the dark for 50 min to reach its saturated point and then
exposed to visible light. It took the same time without any
significant loss of efficiency; the third cyclic efficiency was also

1264

1.0 1st 2nd 3rd
0.8-
<
)
< 0.6 = g
0.4-
0.2-
0 50 100 150 200 250
Time (mins)

Figure 7. Stability test of GCNNF for three consecutive cycles.

similar. The degradation efficiency of GCNNF has decreased
only 2% after three successive cycles which indicates good
stability and reusability of GCNNF.

The bandgap of the GCNNF reveals that the reactive
oxidative nature of photocatalytic reaction is because of the
superoxide radicals, produced by photogenerated electrons of
GCNNF. The hydroxyl radicals are produced by the photo-
generated electron induced in different steps of the reduction of
oxygen.24 Therefore, the addition of 1 mL of H,0, into the
GCNNF and RhB solution increases its k value. Furthermore,
the excellent photodegradation capability of GCNNF is also
based on its large surface area and higher aspect ratio which
provide more reactive sites for reaction. It reduces the
recombination probability of photoexcited charge carriers and
increases the transport of charges.
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B CONCLUSIONS

In summary, we have successfully prepared GCNNF without
any hard or soft template by a green and facile method. The as-
prepared high surface area graphitic carbon nitride nanofibers
have a great influence on improving optical, electrochemical,
and photocatalytic properties of the bulk-GCN. It was found
that GCNNF exhibits good electrochemical performance as
electrodes for supercapacitors and excellent photocatalytic
activity toward photodegradation of RhB. The extraordinary
specific capacitance for a carbon material (excellent capacity
retention of 89.5% for 2000 cycles at high charge/discharge
rates) and excellent photocatalytic activity are mainly because
of the existence of nitrogen, higher surface area, suitable
bandgap, fewer textural structure defects, and easily tailorable
structure of GCNNF. The above-mentioned unique properties
induce that GCNNF is also a promising candidate for hydrogen
production and oxygen reduction reaction for fuel cells that are
under progress in our laboratories.
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