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Abstract: Supercapacitors store energy either by ion adsorption or fast surface redox reactions. The
capacitance produced by the former is known as electrochemical double layer capacitance and the
latter is known as pseudo-capacitance. Carbon materials are found to be attractive materials for
energy storage, due to their various micro-structures and wide source of availability. Polybenzoxazine
(Pbz) is used as a source to produce carbon materials, due to the fact that the obtained carbon will be
rich in N and O species for enhanced performance. Moreover, the carbon materials were produced
via template-free method. In general, activation temperature plays a main role in altering the porosity
of the carbon materials. The main purpose of this study is to find the suitable activation temperature
necessary to produce porous carbons with enhanced performance. Considering these points, Pbz is
used as a precursor to produce nitrogen-doped porous carbons (NRPCs) without using any template.
Three different activation temperatures, namely 700, 800 and 900 °C, are chosen to prepare activated
porous carbons; NRPC-700, NRPC-800 and NRPC-900. Hierarchical micro-/ meso-/macropores
were developed in the porous carbons with respect to different activation temperatures. PBz source
is used to produce carbons containing heteroatoms and an activation process is used to produce
carbons with desirable pore structures. The surface morphology, pore structure and binding of
heteroatoms to the carbon surface were analyzed in detail. NRPCs produced in this way can be used
as supercapacitors. Further, electrodes were developed using these NRPCs and their electrochemical
performance including capacitance, specific capacitance, galvanic charge/discharge, impedance, rate
capability are analyzed. The obtained results showed that the activation temperature of 900 °C, is
suitable to produce NRPC with a specific capacitance of 245 F g~ at a current density of 0.5 A g~ !,
that are attributed to high surface area, suitable pore structure and presence of heteroatoms.

Keywords: polybenzoxazine; calcinations; activation; nitrogen-doped porous carbons

1. Introduction

Owing to environmental pollution concerns and the fossil fuel crisis, there is an in-
creasing demand in the development of energy production and proper storage system [1-3].
Supercapacitors (SCs), also known as electrochemical capacitors (ECs), are energy storage
devices that store electrical energy by accumulation of charges at the electrode/electrolyte
interface [4-6]. Compared to conventional capacitors, supercapacitors have the capability to
provide high specific power (10 kW/kg), long life cycle (>10° cycles), fast charge/discharge
process (a few seconds), environmental friendliness and relatively low price [5]. However,
they do possess a lower energy density (5 Wh/kg) than Li-ion batteries (180 Wh/kg).
Therefore, one of the most critical aspects is how to enhance their energy density while
retaining their intrinsic specific power. Most promising applications of SCs include portable
electronic devices, heavy construction-equipments, solar panels, memory back-up systems,
emergency exits and so on [6-8].
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Based on the energy storage mechanism, supercapacitors are classified into two cate-
gories, i.e., electrical double-layer capacitor (EDLC) and pseudo-capacitor. In EDLC, the
capacitance arises from the electrostatic charge accumulated at the electrode/electrolyte,
where carbon-based materials act as electrodes, whereas in a pseudo-capacitor, the capac-
itance arises from the Faradaic charge transfer reactions occurred due to electro-active
species [9-14]. Recently, carbon-based materials have been used as electrode materials
due to their desirable physical and chemical properties, including different existing forms,
various micro-textures, large specific surface area, high electrical conductivity, excellent
chemical stability, controllable porosity, easy process-ability and low cost [4,6]. Activa-
tion of carbon materials is an effective method to increase their surface area and control
their pore size. Besides these, an appropriate pore structure also contributes for an ideal
supercapacitor. In this regard, tailorable hierarchical structure containing micropores
(<2 nm), mesopores (2-50 nm) and macropores (>50 nm) is much appreciated for better
SC performance [3,5]. The electrochemical performance of carbon materials depends not
only on their porosity, but also on the electrical conductivity and surface functionality.
Therefore, the selection of carbon precursors containing heteroatoms, particularly oxygen
and nitrogen functionalities, can enhance the capacitive performance by controlling the
pseudo-capacitance effects. Porous carbon is obtained either from natural carbon precur-
sors, such as coconut shell or synthetic carbon precursors [3,10,11] such as phenolic resins
and organic polymers [15-18].

For the past few years, polymer-based porous carbons with nitrogen functionalities
have been used as electrode materials for supercapacitor applications. The in-situ method
of preparing porous carbon with N atom is the most preferred and costs much less [19].
Polybenzoxazines (Pbzs) are considered an advanced form of phenolic resins. Their striking
features including self-polymerization, molecular design flexibility, and excellent mechani-
cal and thermal stability gained interest for these kinds of materials. Enormous numbers
of benzoxazine derivatives can be produced by varying the amine and phenolic precur-
sors [20-24]. Moreover, oxygen and nitrogen functionalities can be easily incorporated
into Pbz network structures, which in turn can act as a suitable carbon precursor [25,26].
Considering the properties of Pbzs, they can be used as a promising precursor to produce
nitrogen rich porous carbons. In this work polybenzoxazines containing oxygen and ni-
trogen groups were synthesized through a Mannich reaction. Further, without using any
template, the synthesized Pbz itself act as a carbon precursor to produce porous carbons by
simple chemical activation method. The synthesis of porous carbon using template method
is highly expensive, time-consuming and complicated, where the template itself has to be
sacrificed. Hence, template-free synthesis is the best way to solve this issue [27-31]. The
electrochemical properties were studied with respect to surface area, pore structure and
pore volume and discussed in detail.

2. Synthesis of Benzoxazine Monomer and NRPCs

The benzoxazine monomer (HPh-Bzo) was synthesized from hydroquinone,
phenylethylamine and paraformaldehyde through the Mannich reaction according to
a previously reported procedure [32] with some modifications. A detailed procedure is
given in the Supporting Information (Scheme S1). For the preparation of nitrogen-doped
porous carbons (NRPCs), the obtained HPh-Bzo monomer was subjected to curing/self-
polymerization, carbonization and activation. The carbon materials obtained after these
processes is free from impurities and results in the formation of well porous structure.
Curing was done by stepwise heating of the HPh-Bzo monomer in an oven, following a
temperature ramp of 100, 150, 180, 220 and 250 °C for 4 h at each temperature. Curing
results in the formation of the polymer, i.e., polybenzoxazine. Carbonization was carried
out by heating polybenzoxazine at 600 °C under an Ar atmosphere for 5 h at a heating rate
of 1 °C/min. Further, the obtained carbonized material was soaked in an aq. KOH solution
overnight (the weight of KOH used was twice the weight of the carbonized sample). It was
then filtered and dried at 120 °C. Three different temperatures (say 700, 800 and 900 °C)
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were used to carry out the activation process. Carbonized samples were placed in a tube
furnace and activation was done by heating at 700 °C in an Ar atmosphere with a ramp rate
of 3 °C/min. In a similar way, activation of carbonized samples was also done at 800 and
900 °C. After activation, the products were repeatedly washed with 1 M HCI and deoinized
H,O until a neutral pH was obtained [33-37]. They were then dried at 110 °C for 12 h. The
dried samples were denoted as NRPC-700, NRPC-800 and NRPC-900 (Scheme 1). Yield of
NRPC-700: 45%, NRPC-800: 42%, and NRPC-900: 40%
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Scheme 1. Synthesis of HPh-Bzo and preparation of NRPC.

3. Results and Discussion

The precursor of the polybenzoxazine-based nitrogen-doped carbons was synthesized
by a Mannich reaction. Novel porous carbons with high surface area were obtained after
carbonization and activation processes. Fourier transform infrared (FTIR), 'H-NMR and
I3C-NMR spectra of the benzoxazine monomer (HPh-Bzo) were recorded and displayed
in Figures S1-S3. The structural characteristics and graphitic property of the prepared
activated carbon materials were determined by Raman and XRD analysis. Figure la
represents the Raman spectra of NRPC-700, NRPC-800 and NRPC-900 carbons. As depicted
in Figure 1a, all three samples show two strong peaks at 1356 and 1583 cm ™! corresponding
to the ‘D’ band and ‘G’ band, respectively [12]. An intense ‘D" band is observed for NRPC-
700, which indicates that the NRPC-700 has disordered structure due to the presence of
a greater number of heteroatoms. The degree of graphitization as represented by Ip/Ig
was found to be 0.95, 0.93 and 0.89 for NRPC-700, NRPC-800 and NRPC-900, respectively.
This result reveals that the structural order and degree of graphitization increased with
increasing the activation temperature from 700-900 °C [38]. Figure 1b depicts the XRD
patterns of NRPC-700, NRPC-800 and NRPC-900, respectively. As shown in Figure 1b, two
broad peaks at 20 = 24.1 and 44.5° were typically observed for graphitic carbon materials,
due to the diffraction of (002) and (100) planes, respectively. On the other hand, the NRPC-
900 sample shows a gradually decreased peak intensity at 20 = 24.1° (100), clearly indicating
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that there is an increased degree of graphitization. Further, Bragg’s equation was used to
calculate the d-spacing value for graphitic carbon and is found to be 0.37 nm. The obtained
d-spacing value is found to be higher than the conventional graphite and therefore, we
assumed that these materials may contribute to enhanced capacity of supercapacitors when
used as electrodes [8,12].
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Figure 1. (a) Raman spectra, (b) XRD and (c) N2 adsorption isotherms of NRPCs.

Nitrogen adsorption-desorption isotherms of the activated carbons are shown in
Figure 1c. It could be seen that all the activated carbons—NRPC-700, NRPC-800 and NRPC-
900—exhibit type IV isotherms with similar hysteresis loops in the mesopore range. A sharp
rise in N; isotherms were observed at a relative pressure below 0.1, representing micro-pore
adsorption, which increases along with increased activation temperature. When compared
with NRPC-700 and NRPC-800, the NRPC-900 sample showed a wider micropore size
distribution which might be due to the higher activation temperature. A steady increase of
adsorption isotherms were observed with increasing relative pressure up to P/P, = 0.9,
which might be due to the gradual adsorption of N, molecules on the mesopores [25,39].
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A sharp rise in the isotherms were observed above the relative pressure of 0.9 (P/Py),
indicating the existence of macropores. From the BET isotherms, the specific surface
areas of NRPC-700, NRPC-800 and NRPPC-900 carbons are calculated to be 865.3, 980.6
and 1192.8 m? g~!, respectively. The average mesopore size was slightly increased with
increasing activation temperature from 700 to 900 °C, indicating that the mesopores were
enlarged by KOH etching under severe activation conditions. In addition, macropores
with pore sizes ranging from 50 to 100 nm for were generated for NRPC-700, NRPC-800
and NRPC-900 by KOH corrosion and nitrogen and oxygen heteroatom functionalities
were retained even at this high temperature. As polybenzoxazines possess high chemical
and thermal stability, and exhibit high char yield (around 50%), all the samples NRPC-700,
NRPC-800 and NRPC-900 prepared using PBz were also obtained at high yield.

The surface morphologies of the activated carbons at different activation temperatures
are shown in Figure 2. As observed from the SEM images (Figure 2a—c), the thermal-
induced activation process results in the formation of carbon materials with rough surfaces
and varying pore sizes [25]. For instance, the porous carbon sample NRPC-700 obtained at
a low activation temperature of 700 °C, consists of many irregular micropores with various
sizes, and it also displays the existence of very few mesopores (Figure 2a). In contrast, at
an increased activation temperature (say 800 °C), NRPC-800 develops a considerably more
rough surface with an increased number of mesopores and with very few macropores in
the sample (Figure 2b).
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Figure 2. SEM images and EDX of (a,d) NRPC-700, (b,e) NRPC-800 and (c,f) NRPC-900.

Furthermore, at a still higher activation temperature (say 900 °C), NRPC-900 has a
collapsed structure with many voids and macropores with pore sizes ranging between 0.5
to 1.0 um (Figure 2c). Many macropores were developed on the surface of the carbon, which
in-turn leads to thinner pore walls [2,40—-43]. These results evidenced that the pore structure
and pore size distribution can be tailored by optimizing the activation temperature. The
elemental compositions of the NRPC-700, NRPC-800 and NRPC-900 were confirmed by
energy-dispersive X-ray spectroscopy (EDX) analysis (Figure 2d—f). FESEM images and
the corresponding elemental mapping are shown in Figure 3a-1, indicating that the carbon
surface has a network morphology and is composed of compact particles containing the
elements carbon, oxygen and nitrogen. Also, the elemental mapping results evidence that
there is a uniform distribution of nitrogen within the carbon matrix. These results further
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confirm that the synthesized carbon material is doped with nitrogen. The morphology of
NRPC-700, NRPC-800 and NRPC-900 samples was further confirmed by TEM analysis.
Figure 4a—c show the TEM images of the synthesized NRPC-700, NRPC-800 and NRPC-
900 materials with open-pore networks that are desirable for supercapacitor applications.
These kinds of nanoarchitectures not only shorten diffusion pathways to accelerate ion
transport, but also provide a continuous electron pathway for electrical contact. Moreover,
the samples NRPC-800 and NRPC-900 showed an increased number of pores with regular
arrangements, indicating the existence of sp?>-bonded carbon that especially favours the
electrical conductivity of carbon materials. Therefore, the existence of hierarchical porous
structures that were observed from TEM images is consistent with the SEM observations.

C Kal 2 N Kal_2 0 Kal

Figure 3. FESEM images with corresponding elemental mapping of (a—d) NRPC-700, (e-h) NRPC-800 and (i-1) NRPC-900.

Figure 4. TEM images of (a) NRPC-700, (b) NRPC-800 and (c) NRPC-900.

The activated porous carbon materials derived from polybenzoxazines contain rela-
tively higher content of nitrogen species about 3.64-6.26 wt.% and oxygen species about
10.61-13.65 wt.%. The presence of these heteroatoms (N and O atoms) effectively im-
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proves the wettability and electrical conductivity of the prepared carbon materials and
thus facilitates the accessibility of the electrolyte ions, thereby enhancing their capacitance
performance. The XPS analysis data (Figure 5) representing the chemical state of carbon,
nitrogen and oxygen species that exist in the porous carbon materials. As seen in Figure 5,
the XPS curves exhibited by the NRPC-700, NRPC-800 and NRPC-900 samples show three
peaks corresponding to C 1s, N1s and O1s, respectively. Therefore, the XPS result implies
a strong evidence for the existence of nitrogen and oxygen atoms in the prepared carbon
materials, which is expected to be derived from the benzoxazines monomers when em-
ploying them as the carbon source. These results indicate that there was no impurity in the
synthesized nitrogen rich porous carbon.
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Figure 5. (a) XPS spectra and (b—d) C1s, N1s and O1s spectra of NRPCs.

Figure 5a shows the XPS survey scans of the NRPC-700, NRPC-800 and NRPC-900
materials. The spectra contain C, N and O photoelectron peaks with binding energies of
approximately 285.7, 399.2 and 531.8 eV, respectively. Further, analyses were performed on
C1s,N 1s and O 1s signals and are shown in Figure 5b—d. The fitting of the C 1s spectrum
(Figure 5b) was resolved into four peaks, the first peak appeared at 284.7 eV is assigned
to the hydrocarbon chains of (C=C/C-C), the second peak appeared at 285.4 eV is due to
carbon atoms in the C-N bond, the third peak appeared at 286.3 eV is due to the carbon
atom bonded with O and N (HN-C=0) groups and the fourth peak appeared at 287.5 eV,
corresponding to the characteristic peak of O-C=0/C=N/C-OH groups.
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Figure 5c represents the presence of different nitrogen species bound to the activated
porous carbons. Three different nitrogen species are observed, at 398.4 eV due to pyrrolic
or pyridinic nitrogen; at 400.5 eV due to quaternary nitrogen; and at 405.1 eV due to
oxidized nitrogen. The activated porous carbons contain a higher amount of pyridinic and
pyrrolic nitrogen species, which could possibly result from the polybenzoxazine source
used. Moreover, these pyridinic and pyrrolic nitrogen species becomes electrochemically
active in an acidic aqueous solution and thus provide an increased capacitance. On the
other hand, the quaternary nitrogen species present in the interior of the carbon matrix
effectively promote electron transfer and therefore, improve the conductivity. In addition
to this, the improved conductivity of NRPC samples also depends on their degree of
graphitization. Therefore, among the three activated carbons, the sample NRPC-900
(activated at a higher temperature of 900 °C), containing more thermally stable quaternary
nitrogen groups and possessing a higher degree of graphitization which further enhanced
the electrical conductivity. The Ols spectrum (Figure 5d) deconvoluted into two binding
energy peaks appearing at 531.4 and 533.0 eV revealing the presence of quinone (Ph=0),
phenolic and hydroxyl or ether (C-O-C), chemisorbed oxygen or water functional groups,
respectively. Among these oxygen functional groups, quinone groups in the carbon matrix
are not electrochemically active in the reversible redox reactions in an alkaline medium.
However, phenolic hydroxyls (by reduction) and hydroxyls or ethers (by deprotonation)
exhibit quasi-reversible pseudocapacitances [44-47]. Hence, the prepared NRPCs with
high contents of phenolic hydroxyls or ether oxygens and carbonyl oxygens can generate
high pseudo-capacitance in an acidic alkaline electrolyte.

4. Electrochemical Measurements

All the abovementioned results show that electrode materials can be prepared from
the NRPC materials. To verify this, the prepared carbon materials were examined by a
three-electrode system using 1 M H,SO, aqueous electrolyte and their electrochemical
performance were analyzed. Figure 6a—c show the cyclic voltammetry (CV) curves of
the NRPC-700, NRPC-800 and NRPC-900 materials, respectively, in 1 M H,SO, aqueous
electrolyte with a working voltage range of 0.0-0.6V and Figure 6d shows the CV curves of
all the three electrodes at a scan rate of 25 mV s~ 1. The CV curves of all the three electrodes
showed a quasi-rectangular profile within 0.0-0.6 V at a scanning rate ranging from 5
to 100 mV s~!, and almost near-rectangular shape is well maintained at a scan rate of
25 mV s~ 1. Observed results evidenced that the prepared materials have perfect capacitive
behaviour. At a low scan rate, all of the NRPC electrodes showed a quasi-rectangular
shape, exhibiting a small electrical double-layer contribution (EDLC) due to lower specific
surface. On the other hand, a near-rectangular shape was observed for all the electrodes
at a scan rate of 25 mV s~ indicating the existence of pseudo-capacitive reactions, due
to higher nitrogen contents. However, at higher scan rate (say 100 mV s~1), all the NRPC
electrodes still maintain a less rectangular shape, implying a good capacitive performance
for charge/discharge operations. As compared to the sample NRPC-900, CV curves of
NRPC-700 and NRPC-800 electrodes become highly distorted at higher scan rates. This
could be due to the presence of micropores which restrict fast ionic transportation through
them. In contrast, the NRPC-900 electrode containing enormous macropores and few
mesopores favours the quick electrolyte diffusion into their interior surface and provides
an improved capacitance performance [6,8,26].
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Figure 6. CV curves of NRPCs with different scan rates (a) NRPC-700, (b) NRPC-800, (c) NRPC-900 and (d) CV curves of
NRPCs at a scan rate of 25 mV s~ L.

Figure 7a—c display the GCD curves with a linear shape possessing small curvature
for all the NRPC electrodes, indicating good capacitive properties and electrochemical
reversibility. The NRPC-900 electrode displays a considerably longer discharge time
when compared with NRPC-700 and NRPC-800. This might be due to the presence of
macropores and mesopores, which not only make the inner surface area more electro-
chemically accessible for electrolyte ions, but also facilitate a fast diffusion of electrolyte
ions in the pore channels at high current densities. The higher activation temperature of
900 °C for NRPC-900 results in producing highly porous structure with sufficient amount
of electrochemically active nitrogen and oxygen atoms in it, which leads to increased
pseudo-capacitance [6,48-52]. The electrochemical performance obtained from GCD and
CV measurements are in good agreement with each other. Figure 7d shows the GCD of all
the three electrodes at 0.5 A g~ !. The curve indicates that the NRPC-900 electrode shows a
high discharge time when compared with NRPC-800 and NRPC-700 samples because of
their wider micropore distribution and the presence of meso/macropores. All the obtained

results confirmed that the pronounced contribution of pseudo-capacitance for NRPC-700,
NRPC-800 and NRPC-900 electrodes.
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Figure 7. GCD curves of NRPCs at different current densities (a) NRPC-700, (b) NRPC-800, (c) NRPC-900 and (d) GCD
curves of NRPCs at a current density of 0.5 A g_l.

Figure 8a displays the specific capacitance of the NRPC-700, NRPC-800 and NRPC-900
electrodes, respectively, at different current densities. It could be seen that with a current
density from 0.5 to 5.0 A g1, the specific capacitance of the NRPC-700, NRPC-800 and
NRPC-900 electrodes were found to be 160-50 F g1, 175-70 F g~! and 245-125 F g~ 1,
respectively. Among, the sample NRPC-900 exhibits highest specific capacitance owing
to their porous structure [8]. The presence of micropores, less developed surface area,
low porosity and large diffusion resistance results in poor capacitance of NRPC-700 and
NRPC-800 electrodes. Even though all the electrodes contain heteroatoms such as nitrogen
and oxygen, the presence of meso-/macropores and the accessibility of the carbon surface
for diffusion of the electrolyte ions play an important role in improving their pseudo-
capacitance [53-56]. In this view, NRPC-900 satisfies all the necessary requirements and
hence shows improved capacitance. The Nyquist plots of all the three electrodes are shown
in Figure 8b. Similar shaped Nyquist plots were observed for all the three electrodes. At
high frequency region, a depressed semicircle and at low frequency region, a gradual slope
was found indicating good capacitive behaviour. When compared with NRPC-700 and
NRPC-800 samples, NRPC-900 sample show a short and less gradual slope implying lower
diffusion resistance [57-59]. Moreover, the charge transfer resistances of the NRPC-700,
NRPC-800 and NRPC-900 electrodes were found to be 2.4, 2.0 and 1.5 (), respectively. The
presence of meso-/macropores and high graphitization degree makes NRPC-900 electrodes
possess high ionic conductivity than the other two electrodes.
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Figure 8. (a) Specific capacitance of NRPCs, (b) EIS showing Nyquist plots of NRPCs (c¢) Long-term cycling stability of
NRPC-900 at a current density of 5 A g~ ! and (d) GCD curves of NRPC-900 before and after 5000 cycles at a current density

of TAg™L.

Further, to evaluate the cycling stability of the NRPC-900 electrode, GCD studies
were performed at a current density of 1 A g~! in a 1 M H,SOj aqueous electrolyte using
a three-electrode system. The specific capacitance of the NRPC-900 electrode decreased
from 194 to 172 F g~ ! after 5000 cycles. It also showed a capacitance retention ratio of 89%
(Figure 8c), indicating excellent long-term cycling durability. The cycling durability of the
NRPC-900 electrode can be confirmed by the integral areas surrounded by the GCD curves
of the 1st and 5000th cycles at 1 A g1, as depicted in Figure 8d.

5. Conclusions

A simple Mannich condensation, self-polymerization, calcination and activation meth-
ods were used for the successful synthesis of nitrogen-doped porous carbons from poly-
benzoxazine. The change in activation temperature alters the morphology and surface
chemistry of NRPCs, thereby influencing their supercapacitor performance. High degree
of graphitization, hierarchical meso-/macropores and porous structure were developed
at an activation temperature of 900 °C for the NRPC-900. The prepared porous carbons
produced contain a high amount of nitrogen (6.26 wt%) and oxygen species (13.65 wt%) as
evidenced by EDX and XPS analyses. Such high contents can only be produced through
the polybenzoxazine source. Among the three prepared electrodes, NRPC-900 electrode
exhibits superior electrochemical performance with a specific capacitance of 245 F g~!
at a current density of 0.5 A g~! with 89% capacitance retention. These are attributed
to high surface area, suitable porous structure, presence of nitrogen and oxygen func-
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tionalities and high graphitization degree. Moreover, good cycling durability is retained
for over 5000 charge/discharge cycles. All the above results confirm that the activation
temperature plays a prominent role in tailoring the porous structure of the carbon skele-
ton and therefore improves the supercapacitor ability by accumulation and diffusion of
electrolyte ions. From all the experimental results obtained from this study, we believe
that the prepared NRPC materials could be utilized as a promising electrode material for
supercapacitor applications.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/polym13132048/s1, Scheme S1: Synthesized of benzoxazines monomers (HPh-Bzo), Figure S1:
FT-IR spectrum benzoxazines monomers (HPh-Bzo), Figure S2: 1H-NMR spectrum benzoxazines
monomers (HPh-Bzo), Figure S3: 13C-NMR spectrum benzoxazines monomers (HPh-Bzo).
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