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Abstract: Nitrogen-doped carbon materials derived from N-containing conducting polymer have
attracted significant attention due to their special electrochemical properties in the past two decades.
Novel nitrogen-enriched carbon nanofibers (NCFs) have been prepared by one-step carbonization
of p-toluene sulfonic acid (P-TSA) doped polyaniline (PANI) nanofibers, which are successfully
synthesized via the rapid mixing oxidative polymerization at room temperature. NCFs with diameters
ranging from 100 nm to 150 nm possess a highly specific surface area of 915 m2 g−1 and a relatively
rich nitrogen content of 7.59 at %. Electrochemical measurements demonstrate that NCFs have high
specific capacitance (172 F g−1, 2 mV s−1) and satisfactory cycling stability (89% capacitance retention
after 5000 cycles). The outstanding properties affirm that NCFs can be promising candidates for
supercapacitor electrode materials. Interestingly, the carbonization of PANI opens the possibility to
tailor the morphology of resulting nitrogen-enriched carbon materials by controlling the reaction
conditions of PANI synthesis.

Keywords: polyaniline; organic sulfonic acid; supercapacitor; carbon materials; nitrogen-doped;
microstructure

1. Introduction

Recently, nitrogen-doped carbon materials have been widely applied to the fuel cell [1], solar
cell [2], lithium-ion battery [3], lithium air battery [4], electrocatalysis [5], and adsorption [6,7].
Various nitrogen-doped carbon materials [8–17], such as carbon nanotube [9–12], porous carbons [13],
nanofiber [14], and graphene [15], have been investigated for supercapacitor electrode materials.
As we know, electrode material is the key component of electrochemical capacitors and the role
of efficient charging of the electrode/electrolyte interface by ions is essential. Based on previous
reports [18–22], the nitrogen-containing functional groups can provide a pair of electrons to change the
electron donor/acceptor characteristic of carbon materials [8,9,13]. The nitrogen containing functional
groups can improve the wettability of carbon material to increase the effective specific surface area
for double layer formation and offer extra redox reactions, producing more pseudocapacitance [8–14].
The charge storage capability of carbon materials also depends primarily on their textural behavior
except the surface chemistry [16,22]. An appropriate microstructure of carbon-based electrode materials
can provide a high electrochemically accessible surface area to improve ionic transportation [16].
One-dimensional (1D) nanostructured carbon materials have been recognized as one kind of an
effective approach in this regard [23].

Nitrogen-enriched carbon materials obtained by carbonization of N-containing polymers
have aroused increasing interest due to their simple preparation, sustainability, and excellent
physicochemical performances [24–27]. Polyaniline (PANI), an N-containing conducting polymer,
has the advantages of low cost, environmental stability, and is easy to synthesize [28]. The carbonized
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products of PANI (15 wt % N, 79 wt % C) have been successfully employed in other articles as electrode
materials [29–36]. However, most of the present reported PANI-derived carbon materials are irregular
and agglomerate. Furthermore, the PANI-derived carbon materials by one-step carbonization usually
have a low specific surface area while the chemical activation process is complex and increases costs.
Recently, one-dimensional (1D) nanostructured PANI, such as nanofibers, nanotubes, nanowires,
and nanorods, have attracted intensive attention for their unique structure, properties, and new
potential applications [37–42]. Various methods, such as hard or soft template [32,39], interfacial
polymerization [40], and rapid mixing polymerization, have been used to tailor the morphology of the
products in the chemical oxidative polymerization. Compared with other methods, the rapid mixing
polymerization method is the most common non-template route to produce PANI nanofibers owing to
its simplicity, cost effectiveness, being environmental friendly, and pure production [43–47].

Furthermore, the molecular structure and functional groups of doped acids also influence the
morphology and structure of resulting PANI particles [28,41,47–52]. Chutia’s work investigates
the effect of organic camphorsulfonic acid (CSA) and inorganic hydrochloric acid (HCl) on the
structures and conductivity of polyaniline, and the discovery indicates that PANI nanorods doped
with CSA produce more uniform and aligned structures [50]. Organosulfonic acid possessing long
alkyl-chain sulfonic acids, such as p-toluenesulfonic acid (P-TSA), β-naphtalenesulfonic acid (NSA),
camphorsulfonic acid (CSA), and dodecyl benzene sulfonic acid (DBSA), have already been explored
by some researchers [49,51]. P-TSA (the molecular structural formula is p-CH3C6H4SO3H) is a
non-oxidizing organic acid, soluble in water and other polar solvents, and is widely used as a catalyst
agent in the synthesis of polymerization stabilizer and organic synthesis. The study has successfully
synthesized polyaniline fibers with diameters of 400–500 nm via electropolymerization on a stainless
steel substrate in the presence of PTSA solution [53]. Moreover, the properties of PANI-derived
carbon materials are determined strongly by the experimental conditions of PANI formation [54].
It would be reasonable to expect that the as-synthesized PANI nanofibers are used as a precursor of
the nitrogen-doped carbon nanofibers, and the carbonized product would be affected by the molecular
structure of the doped acid involved.

In the present work, dispersed PANI nanofibers are firstly fabricated by the rapid mixing
polymerization method using P-TSA as dopant and ammonium persulfate (APS) as the oxidizing
agent. Subsequently, nitrogen-enriched carbons nanofibers (NCFs) with a high specific surface area
and favorable capacitive properties are successfully prepared by one-step carbonization of PANI
nanofibers (non-activation).

2. Materials and Methods

2.1. Chemicals

Aniline (C6H7N), ammonium persulfate (H8N2O8S2), and p-toluene sulfonic acid monohydrate
(C7H8O3S·H2O) were purchased from Aladdin and used as received without any further purification.

2.2. Material Synthesis

The PANI precursor was synthesized by the rapid mixing polymerization method. 10.0 mL of
aniline and 24.0 g APS were dissolved into 500 mL solution of 0.05 M P-TSA, respectively. Then, both
the solutions of aniline and APS were mixed together rapidly. The mixture was left unagitated for 12 h
at room temperature. Finally, NCFs were prepared by pyrolysis of dark green PANI at 700 ◦C for 2 h
under N2 atmosphere. The synthesis steps of nitrogen-enriched carbons nanofibers (NCFs) are shown
in Figure 1.

2.3. Material Characterization

The morphology of the samples was characterized using a scanning electron microscope (SEM,
Hitachi S4800, Tokyo, Japan) and transmission electron microscope (TEM, Tecnai G2 F30, The Netherlands).
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The specific surface area and the analysis of porosity for the materials were characterized by N2

adsorption/desorption isotherms at 77 K with an ASAP 2010 instrument (Micromeritics, Norcross, GA,
USA). The composition was characterized using fourier transform infrared spectroscopy (FTIR, Nicolet
6700, USA), X-ray diffraction (XRD, PANalytical X’ Pert Pro, The Netherlands), and X-ray photoelectron
spectroscopy (XPS, Kratos AXIS Ultra DLD, Shimadzu, Japan).

2.4. Electrochemical Measurements

All electrochemical measurements were performed in a three-electrode setup: A titanium coated
with slurry as the working electrode, a platinum foil as the counter electrode, and Hg/Hg2SO4

as the reference electrode. A solution containing 5 M H2SO4 served as the electrolyte at room
temperature. Cyclic voltammograms (CV) and galvanostatic charge/discharge (GCD) were measured
by an electrochemical workstation (CHI 660D). Working electrodes were prepared with the as-prepared
materials, acetylene black, and PVDF (Polyvinylidene Fluoride) in a mass ration of 8:1:1. The resulting
slurry was dropped evenly onto the titanium sheet substrate (1 cm × 1 cm), and dried at 70 ◦C in a
vacuum oven overnight. The loading weight was controlled to be around 2 mg cm−2. Then, the dried
finished electrode was immersed in 5 M H2SO4 solution to infiltrate the active compositions
completely. Electrochemical impedance spectroscopy (EIS, Nyquist plots) was carried out in the
three-electrode system at an open circuit potential over a frequency range from 0.01 Hz to 100 kHz
with a 10 mV amplitude.

The capacitance values are calculated from cyclic voltammetry curves according to the following
Equation (1):

C =

∫ Vc
Va

I(V)× dV

2×m× υ× (Vc −Va)′
(1)

where C is the gravimetric capacitance (F g−1), I is the current value of the CV curve, υ is the scan rate
of the CV curve, m (g) is the mass loading of active material, and Vc − Va is the potential window.

The capacitance values were also calculated from galvanostatic charge-discharge curves according
to the following Equation (2):

C =
I × dt

m× (Vc −Va)′
(2)

where C is the specific capacitance (F g−1), I is the current value of the GCD curves, dt is the time
of the galvanostatic discharging, m (g) is the mass loading of active material, and Vc − Va is the
potential window.
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Figure 1. The schematic diagram of the preparation of NCFs.

3. Results and Discussion

3.1. Polymerization and Carbonization

The SEM images of P-TSA doped PANI depict a predominantly fibrous morphology with
diameters varying from 100 to 200 nm (Figure 2c,d). The formation of polyaniline in the chemical
oxidation polymerization approach usually consists of three main steps: Chemical reaction, nucleation,
and growth [43–46]. In this case, aniline and oxidant are consumed instantly in the formation of the
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primary fibers, and the secondary growth or overgrowth of primary fibers are, therefore, suppressed
during polymerization. However, the rapid mixing polymerization method does not guarantee
preparation of the homogeneous polyaniline nanofibers.

In this article, the organic sulfonic acid P-TSA, consisting of a hydrophilic SO3H group and a
hydrophobic C6H4CH3 group, acts as a surfactant and protonating agent during the formation of
PANI (Figure 3). To understand the effect of P-TSA on the morphology of polymerization products,
we conducted a contrast experiment. The rapid mixing polymerization was carried out under the same
operating conditions except the use of P-TSA and we obtained a dark green polyailine product named
DW. The SEM image of DW shows micron and submicron lamellar structures with random orientations
(Figure 2a). Obviously, P-TSA allows it to shred large agglomerates to form smaller polymer particles,
and provides a significant improvement for the easy preparation of PANI nanofibers.
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The stirring condition also plays a key role in rapid mixing polymerization. In the other control
group, the polymerization was performed under the same operating conditions with magnetic stirring.
In this process, the solutions were rapidly mixed with vigorous stirring for 12 h. Similarly, the resulting
product, named SC, had a dark green color under this operating condition. The SEM image of SC
depicts very few nanofibers and a host of irregular particles (Figure 2b). These three products (PANI,
DW, and SC) have the same appearance of a dark green color due to the same amounts of aniline and
ammonium persulfate in their polymerization process.

As shown in Figure 1, NCFs were prepared by one-step carbonization of PANI at 700 ◦C for
2 h under N2 atmosphere. The morphology and structure of NCFs were characterized by scanning
electron microscopy (SEM) and transmission electron microscopy (TEM). As shown in Figure 2c,d,
the as-prepared carbonization product maintains the morphology of primary PANI fibers with some
shrinkage, the surface is smoother than PANI fibers, and the length of carbon fibers derived from
polyaniline is longer than that of previous reports [31,34]. To further determine the internal structure
and porous texture, TEM images of NCFs are exhibited (Figure 4). Interestingly, both solid and hollow
carbon fibers can be observed in the images (Figure 4a,b). As we know, the hollow architecture of the
as-prepared NCFs may play an important role in increasing the effective utilization of active material
and the cycling stability [16,31]. In addition, as shown in Figure 4c, the element mappings reveal
that a uniform distribution of N and O elements on the surface of carbon fibers exists, which is in
agreement with XPS analysis. It is noted that the yield of carbonized product is about 50 wt %. This is
the first time that PANI nanofibers doped with P-TSA have been used as a precursor to prepare carbon
materials with a high nitrogen content.
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It also offers the possible development of a template-free, easy, synthetic method capable
of producing bulk amounts of pure and uniform PANI nanotubes in the presence of P-TSA.
According to the literature, the mechanism of formation of nanofiber structures involves the initial
formation of self-assembled micelles of the P-TSA and aniline through hydrogen bonding and
hydrophilic/hydrophobic interactions that can then act as templates for nanofiber growth. Since the
oxidant (APS) is hydrophilic, the polymerization has to take place at the interface of water and
the micelles [55]. A hypothesized reason for the morphology difference, such as solid and hollow
carbon structures, is the aniline/P-TSA ratio. The synthesis, mechanism, and characterization of PANI
nanotubes via the rapid mixing polymerization method in P-TSA solution will be investigated in our
future work. Additionally, textural PANI-derived carbon materials’ properties, such as microporosity,
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could be properly tuned, resulting in a suitable proportion of micro- and mesoporosity by using
different doping anions [33]. Thus, it is meaningful to study the effect of P-TSA on PANI-derived
carbon and comparing it with other doped acids, such as other organic acids and polymer acids.

3.2. Physichemical Characteristics of Samples

As shown in Figure 5a, the characteristic peaks of PANI at 1572 cm−1 and 1494 cm−1 are assigned
to the C=C stretching deformation mode of the quinoid and benzenoid rings, respectively. The C-N
stretching vibration band at 1303 cm−1, C=N stretching vibration band at 1146 cm−1, and O=S=O
stretching vibration band at 1034 cm−1 demonstrate that PANI doped with P-TSA has been successfully
prepared in our study [51]. The red line presents the FT-IR spectrum of NCFs. The band at about
3421 cm−1 is attributed to the N-H stretching vibration, the C-N stretching vibration band and C=N
stretching vibration band are still well observed. The spectrum of NCFs corresponds to the disordered
carbon-like material with incorporated nitrogen in its structure [31,33].

The XRD of PANI and NCFs are given in Figure 5b. Two obviously broad peaks at about 2θ
= 18◦, 20◦, and 25◦ have been ascribed to the (011), (020), and (200) faces of the polymer chain of
PANI, respectively. The characteristic peaks at about 2θ = 18◦, 20◦, and 25◦ have been ascribed to π–π
interchain stacking, the periodicity parallel and perpendicular to the polymer chains [41,49]. Generally,
the dopant P-TSA and polymer undergo various interactions and organize the polymer chains in highly
ordered arrangement. The XRD pattern of NCFs exhibit two broad diffraction peaks around 24◦ and
43◦, which correspond to the (002) and (100) faces of hexagonal graphitic carbon, respectively [2,4,31].
The infrared and XRD spectra are similar to those of the carbon materials derived from PANI indicate
that the carbonization at 700 ◦C for 2 h is suggested for the available conversion of PANI nanofibers to
amorphous carbon-like materials.
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Figure 6a confirms that the nitrogen adsorption-desorption isotherm of NCFs exhibits a mixture
of type I isotherm in the low pressure region and type IV isotherm with an H3-typehysteresis
loop in the high pressure region, demonstrating the co-existence of micropores and mesopores.
This hysteresis loop is indicative of mesoporous adsorbent associated capillary condensation during
adsorption–desorption [6]. The Brunauer-Emmett-Teller (BET) surface area, average pore size,
and pore volume is 915 m2 g−1, 2.7 nm, and 0.61 cm3 g−1, respectively. Pore size distribution (inset
Figure 6a) verifies that mesopores mainly centre in the region of 2–5 nm, which are more favorable for
electrochemical performance [22].
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As shown in Figure 6b, three X-ray photoelectron spectroscopy (XPS) peaks at a binding energy of
284.9, 400.7, and 532.8 eV correspond to C 1 s, N 1 s, and O 1 s, respectively. The XPS survey spectrum
suggests that the nitrogen content and oxygen content are 7.59 at % and 4.98 at %, respectively. The N
1 s high resolution spectrum can be assigned to four peaks: Pyridinic N (N-6), pyrrolic N (N-5),
quaternary N (N-Q), and pyridine-N-oxide (N-X) (inset Figure 6b). As shown in Figure 7, the chemical
forms of N in nitrogen doped carbon materials have been proposed by research groups [1–14]. N-Q can
offer highly active sites, and N-6 and N-5 can improve the wettability of carbon material to increase the
effective specific surface area for double layer formation. N-6 and N-5 are prone to offer the following
reversible redox reactions that could be taking place on the nitrogen-doped carbon surface in aqueous
medium [9–13]:

> C = NH + 2e− + 2H+ ↔> CH − NH2

> CH − NHOH + 2e− + 2H+ ↔> CH − NH2 + H2O

>C represents the carbon network, thus, offering excellent pseudo-capacitance for the supercapacitor.
N-X and N-Q provide outstanding capacitance retention, meanwhile the existence of N-Q enhances
the electron transfer and the electrical conductivity of materials and, hence, improves the
capacitance performance.
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The significant amount of surface oxygen content can be ascribed to chemisorbed oxygen or water
during the preparation of NCFs. In addition, a moderate amount of oxygen-containing functional
groups can improve the wettability and increase the specific capacitance of carbon materials as well.
The following are possible reactions on the oxygen-doped carbon surface in aqueous medium [56]:
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> C = O + e− + H+ ↔> C−OH
> COO + e− + H+ ↔> COOH
> C = O + e− ↔> C−O

>C represents the carbon network. To the best of our knowledge, the nitrogen-and
oxygen-codoped carbon materials exhibit a high specific capacitance and exceptional long-term
electrochemical stability [56].

3.3. Electrochemical Study

This is the first time that PANI nanofibers doped with P-TSA are used as a precursor to prepare
carbon materials. We realized the initial ideas of using nanostructured PANI as a precursor to
obtain nitrogen-doped carbons materials with high nitrogen content and a high specific surface area,
and removing activation at high temperatures. Subsequently, capacitive properties of NCFs are
characterized by electrochemical analysis with a three-electrode test cell.

The cyclic voltammograms (CV) of NCFs with different scanning rates, as seen in Figure 8a, show
nearly square cycle profiles without any obvious redox peaks at a potential window ranging from 0 V
to −0.8 V vs Hg/Hg2SO4, indicating that typical double layer capacitance is present [27]. The shape of
CV curves is very consistent with the previous report [27,29], depicting that the CV curves of NCFs
demonstrate moderate distortion, which can be attributed to the faradic reactions of nitrogen-and
oxygen-containing functional groups on the carbon’s surface [29]. The functional groups of carbon
materials generate a fast and reversible faradaic redox reaction between the ions of electrolytes and
the carbon electrode surface mentioned above. The specific capacitances of NCFs calculated from the
CV profiles are 172, 167, 147, 139, and 105 F g−1 at 2, 5, 10, 20, and 50 mV s−1, respectively. It is a
common behavior that the specific capacitance decreases from 172 F g−1 to 105 F g−1 with an increase
in the scan rate from 2 mV s−1 to 50 mV s−1 due to the decreasing ability of ionic penetration into
micropores, which is a widely accepted explanation of this behavior [32]. In the present work, at a
relatively low scan rate of 50 mV s−1, the shape of the CV curve already shows a transition from
box-like to spindle, indicating sluggish ionic diffusion has occurred. To understand the ionic diffusion
clearly, we characterize the kinetic analysis of the NCFs electrode. Figure 8b is a plot of the specific
capacitance vs scan rate−1/2 and it does not seem to follow a linear trend, starting from 2 mV s−1 to
50 mV s−1. At the low scan rate, the capacitance is almost independent of the scan rate, indicating that
the electrolyte diffusion is not the limiting factor for charge storage owing to the special structure and
heteroatoms functional groups of NCFs [57]. NCFs exhibits a 71.4% capacitance retention with the
increasing scan rate from 10 mV s−1 to 50 mV s−1, which is comparable to others [29].

The curves of the galvanostatic charge/discharge (GCD) exhibit a precise symmetry, suggesting a
prominent capacitive behavior of the electrode (Figure 8c). The specific capacitances of NCFs calculated
from the GCD profiles are 182, 162, 139, 128, and 115 F g−1 at 0.2, 0.5, 1, 2, and 5 A g−1, respectively.
With the increasing current densities from 0.5 A g−1 to 10 A g−1, the capacitance decreases only by
30%. Figure 8d shows the Nyquist plots of NCFs’ electrodes in the frequency range of 0.01 Hz–100 kHz.
For pseudocapacitive materials, the Nyquist representation will contain a vertical line with a phase
angle of 90◦ or less and a semicircle in the high-frequency region associated with the charge-transfer
resistance [58]. Compared to the literature [35], a small semicircle is observed at the high frequency
region for NCFs, meaning the smaller charges transfer resistance. Obviously, NCFs exhibit a steep
line with a higher slope in the low-frequency region, indicating a better capacitive performance.
Satisfyingly, NCFs have excellent cycling stability (89% capacitance retention over 5000 cycles at
current density of 5 A g−1), as shown in Figure 8e.

The comparison of previously reported carbon materials for supercapacitor electrodes in terms of
electrochemical capacitive performance is also described in Table 1. Obviously, the specific capacitance
of NCFs exhibits a comparable capacitance value with the reported results.
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Table 1. Comparison of specific capacitance values with recent reported literature in a three-electrode
cell system.

Precursor SBET (m2 g−1) Nitrogen Content Capacitance (F g−1) Ref.

PANI nabotube 46.4 7.4 wt % 133, 1 A g−1 [29]
PANI nanowires 666 8.1 wt % 122, 1 A g−1 [31]

Hollow PANI nanowires 213 6.7 wt % 176, 1 A g−1 [32]
Polyaniline with an F127 template 721 5.9 at % 210, 1 A g−1 [59]

Lignocellulose 180 0 45, 1 A g−1 [60]
MOF 837.6 6.8 at % 325.3, 1 A g−1 [61]
Wood 26.4 0 80, 1 A g−1 [62]

PANI nanofibers 915 7.59 at % 139, 1 A g−1 This study
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4. Conclusions

In summary, we firstly develop a facile and fast approach for the synthesis of PANI nanofibers
by rapid mixing polymerization with the use of P-TSA as a dopant. Subsequently, novel NCFs
are obtained by one-step carbonization of PANI nanofibers precursor. The as-prepared NCFs with
diameters of 100–150 nm possess a high specific surface area and enriched heteroatoms. The result of
the electrochemical measurements shows that NCFs have typical double layer capacitive behavior,
with the highest specific capacitance of 182 F g−1, and an acceptable capacitance loss is observed after
5000 cycles at 5 A g−1. The results demonstrate that NCFs have good capacitive properties, meanwhile
the route of production of nitrogen-doped carbon nanofibers has features of being simple, having good
repeatability, and are easy to be operated.
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