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ABSTRACT

Use Enteromorpha clathrate as a carbon and nitrogen precursor could obtain the N-doped porous carbon mate-
rials by two-step pyrolysis. In this paper, the exogenous nitrogen (urea, melamine) and activating agents (KOH,
ZnCl2) were employed for the production of higher-performance carbon materials from seaweed biomass. SEM,
BET, FTIR, XRD, XPS, Raman and ultimate analyses were carried out to investigate the morpho-structural and
elemental peculiarities of the carbonaceous materials. Moreover, cyclic voltammetry (CV) , galvanostatic charge-
discharge (GCD) and cyclic charge-discharge tests were carried out to examine the electrochemical properties of
the samples. The results showed that electrochemical performance of the carbonaceous materials improved by
adding the appropriate nitrogen sources. This improvement was observed under either condition, when the nitro-
gen source and activating agent were melamine and ZnCl2 or urea and KOH, respectively. Specifically, under the
condition with KOH as the activator, the nitrogen content of carbon material without exogenous nitrogen was
initially 1.46%. After the addition of urea or melamine, the nitrogen content increased to 4.86% and 6.18%,
respectively. Under the condition with ZnCl2 as the activator, and without exogenous nitrogen, the nitrogen con-
tent of carbon materials was initially 3.75%. However, after adding urea or melamine, the nitrogen content
increased to 12.11% and 14.76%, respectively. The carbonaceous materials (prepared from urea/KOH and mel-
amine/ZnCl2) showed excellent gravimetric capacitances of 172 and 151.5 F/g at 1A/g. Moreover, at a current
density of 5 A/g, their specific capacitance retention rate reached 78.3% and 82.6% respectively after 1000 cycles.
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1 Introduction

With the rapid development of the world’s economy, the 21st century is facing a global challenge of fast
depleting energy resources. At the same time, the overuse of traditional fossil fuels is causing series of
environmental problems which is adversely impacting the sustainable development of the world economy.
Therefore, developing renewable energy into high-quality energy sources to reduce the overuse of fossil
fuels and increasing CO2 sequestration efficiency are important for the sustainable development of the
economy and society [1–3]. However, renewable energy sources are generally characterized by uneven
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distribution in time and space, and are greatly affected by the environment and climate. Hence, the use of
renewable energy sources gives rise to the need for energy storage devices to mitigate the existing
challenges of discontinuity and instability in renewable energy sources. In this regard, a supercapacitor is
a new type of energy storage device with many advantages such as high power density, long cycle life,
wide working temperature limit, environmental protection, safety, capability to store and deliver energy at
relatively high rates, among others [4].

Based on the energy storage mechanism, supercapacitors can be categorized into electric double-layer
capacitors and pseudocapacitors [5]. The electric double-layer capacitor collects electric charge through the
interface double layer formed by electrode and electrolyte to realize the function of energy storage [6]. Since
the adsorption of the physical process is the only thing in the double-layer capacitor, it can be inferred that the
double-layer capacitors have the advantages of excellent cycle stability and high charge-discharge coulomb
efficiency [7]. The electric charge produced by the electric double layer is similar to that of the dielectric in
the traditional capacitor under the electric field. However, as the distance between the tight charge layers is
much smaller than that of the ordinary capacitor charge layers, electric double-layer capacitors have larger
capacitance [8]. Pseudocapacitance is known as Faraday quasi-capacitance. Faradaic reactions are present
in pseudocapacitors, which is the essential difference between pseudocapacitors and electric double-layer
capacitors. The Faradaic reaction occurs in the presence of an underpotential deposition, desorption,
adsorption, or redox reaction of electroactive substances on the electrode surface or inside the electrode.
Since pseudocapacitor mainly depends on chemical reaction to store energy, the capacity of the
pseudocapacitor could be 10–100 times that of the electric double-layer capacitor with the same electrode
surface area [7,9,10]. The redox reaction of the Faraday capacitor is very fast, the energy level state of
electrode material changes constantly during the charge-discharge process. Therefore, the voltage of
Faraday capacitor is proportional to the charge-discharge quantity, that is, in the constant current
charge-discharge process, the voltage changes linearly with the charge-discharge time [11,12].

Carbon-based materials, metal oxides, conductive polymers, and other structures are commonly used in
supercapacitor electrode materials. Among them, carbonaceous materials have the advantages of high
conductivity, long cycle life, stable physical and chemical properties, broad applicability, and controllable
microstructure [5]. However, the major drawbacks of carbon materials are that the contribution to the
electric double-layer capacitance is dominant, the redox reaction does not occur in the process of
electrochemical storage, and the contribution of pseudocapacitance is small [13]. In addition, there are
fewer functional groups on the surface of carbon materials, which reduce the wettability of the surface of
carbon materials. This is not conducive to the full utilization of the pore structure of carbon materials and
consequently reduces its electrochemical performance [14].

Many scholars have investigated the preparation of supercapacitors using biomass as a carbon source.
Han et al. [11] screened the optimal activation conditions of corncob-based activated carbon by orthogonal
test. In the study, the authors prepared electrode materials with specific surface area of 1683.42 m2/g and
specific capacitance attenuation of 10% after 10000 constant current charge and discharge cycles. The
specific capacitance was 138.00 F/g at 1 A/g. Du et al. [15] prepared activated carbon (AC)-Fe3O4

nanoparticles asymmetric supercapacitor cells, by the microwave method, with specific surface area of
1197 m2/g, carbon content of 82% and specific capacitance of 37.9 F/g. Jiang et al. [16] obtained
hierarchical ordered macroporous biochar block by pyrolysis and carbonization of red cedar wood, with
specific surface area of 317 m2/g, carbon content of 98%, and specific capacitance of 115 F/g.
Considering these results, it can be seen that thermochemical methods are among the essential pathways
to prepare carbon electrode materials for supercapacitors.

Shi et al. [10,17] studied the relationship between specific surface area, pore volume, pore size, pore
structure and specific capacitance, and found that the pore size distribution has a certain influence on the
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charge-discharge performance. The larger the pore size, the faster the electrochemical adsorption speed,
which can meet the requirements of rapid charge and discharge, and is suitable for the preparation of
high-power supercapacitors. Micropores can greatly increase the specific surface area of carbon materials.
When the pore size matches the electrolyte ion or its double size, it is most favorable for the formation of
the electric double layer, and has a greater impact on the contrast capacitance [18].

However, the pore structures of carbon materials prepared by the thermochemical method are inferior, so
the materials need to be activated to improve the pore structure and specific surface area. KOH, ZnCl2, and
K2CO3 are commonly used as activators. The activation mechanism of KOH is based on the direct reaction
with carbon to release CO and H2. The as-escaping gaseous phase induces porous structures in the
carbonaceous materials. The high temperature reduced potassium is embedded into the structure of the
carbon-based lattice, resulting in the expansion of the structure, thus, increasing the specific surface area
and pore volume of electrode materials [19]. The activation mechanism of ZnCl2 is mainly based on
catalytic dehydration at high temperatures acting as a skeleton during carbonization. Also, the activated
carbon prepared by ZnCl2 has rich internal pore structure and high specific surface area [20].

However, the as-obtained materials often have low capacitance, which could not meet the requirements
for efficient applicability as supercapacitors. Doping heteroatoms, such as N, O, P, B, or S with high polarity,
can improve the electrochemical performance of pseudocapacitors [21]. The electronegativity of nitrogen is
greater than that of carbon, but the atomic radius is almost the same. Nitrogen can disturb the carbon atom
array and produce more defect sites. Moreover, nitrogen doping can affect the wettability of the materials and
maximize the electroactive surface area [22,23]. Due to the strong electronegativity of nitrogen atoms,
electrons are enriched around them, which makes adjacent carbon atoms with positive charges. This is
conducive for the adsorption of oxygen molecules and further promotes the process of oxygen reduction
reaction. The addition of nitrogen can promote the formation of graphite nitrogen and pyridine nitrogen,
which can enhance the oxygen adsorption and oxygen reduction on the active sites, and accelerate
electron transfer [21,24]. At the same time, nitrogen atoms have lone pair electrons. It can not only
increase the electron density of carbon materials but also increase the maximum occupied orbital energy
of SP2 hybrid carbon, thus improving the catalytic activity of carbon materials for oxygen reduction [25].
Nitrogen doping can also form nitrogen-containing functional groups such as C=N in carbon materials
which can react with electrolyte to improve the pseudo capacitance of carbon materials [26].

Huang et al. [27] used soybean shells as carbon and nitrogen sources and calcination, KOH activation
method to prepare biomass porous nitrogen doped graphene. This material showed a high surface area
(1152 m2 g−1), and exhibited unique properties of mesoporosity and high pyridine-nitrogen content. Zhou
et al. [28] used a novel self-template strategy to develop synthesize nitrogen doped porous graphenes by
using porous biomass with an abundant plate-like structure as a template, fully coupled with KOH
activation, and followed by nitrogen doping by NH3 injection. This material showed an ultrahigh surface
area (approximately to 1969 m2 g−1), high electron conductivity of the graphene structure and efficient
nitrogen content.

In recent years, the thermochemical transformation of seaweed to obtain high added value products with
more application potential than conventional raw materials has become the focus of industry [29]. Compared
with woody biomass, algae have higher light absorption efficiency, faster growth, and higher biomass yield
[30]. In terms of energy conversion and utilization, terrestrial biomass is mainly composed of lignin,
cellulose, and other refractory components, which have high thermal stability, decreasing the cost-
efficiency. However, algae contain more pyrolytic chemicals, such as lipids, soluble polysaccharides, and
proteins, which makes them more prone to pyrolysis and the release of volatiles [31,32].

Li et al. [33] found that the specific surface area of carbonaceous materials first increased and then
decreased with pyrolysis temperature. This is because at the initial stage of pyrolysis, the volatile gas
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escapes from the inner structures of the sample, and the activator forms porous carbon materials. However,
with the increase of the temperature, the etching effect of the activator and the volatile gas is further
enhanced. This process destroys the original microporous structure and turn them into macropores,
consequently, reducing the specific surface area of the carbon materials. Therefore, most of the volatiles
should be removed before the carbon materials are activated [33]. The two-step pyrolysis method can
effectively solve this problem. The raw material used in this study is Enteromorpha clathrate.
Enteromorpha clathrate is a species of green algae, which grows rapidly and is widely distributed in
various waters. It was already found that 164.9–512.7°C is the main analysis range of the volatile matter
in the pyrolysis process [34]. In the process of pyrolysis, staying at 550°C for 60 min, then adding
activator is beneficial to the full precipitation of volatile matter. This process can prevent the destruction
of microporous structure, improve the specific surface area and pore structure of carbon materials, and
subsequently, improve their electrochemical performance.

In this study, nitrogen-doped carbon materials were synthesized by a two-step pyrolysis method.
Enteromorpha clathrate was used as a nitrogen source and carbon source, while melamine or urea was
used as exogenous nitrogen agent. The effects of different nitrogen sources (melamine, urea) and
activating agents (KOH/ZnCl2) on the properties of carbon materials were systematically studied.

2 Experimental

2.1 Raw Materials
Enteromorpha clathrate was selected as the raw material for pyrolysis. Firstly, the algae were dried in

the air, then cut into sections, crushed, and sieved to 80 mesh. Then, it was dried in a drying oven at 105°C for
24 h.

Enteromorpha clathrata was obtained from the Xiangshan Port of Zhejiang Province located on the
south coast of China. Melamine, urea, HCl, KOH, ZnCl2, carbon black, polytetrafluoroethylene and 1-
methyl-2-pyrrolidone were supplied by Sinopharm Chemical Reagent Co., Ltd., Shanghai, China. N2 was
supplied by Danyang Hongshun gas business department.

2.2 Methods
2.2.1 Preparation of Activated Carbon

The as-dried Enteromorpha clathrate and melamine (urea) were mixed in the ratio of 1:1, and the
mixture was put into a tubular furnace. The mixture was heated to 550°C at a heating rate of 5 °C/min
and kept for 60 min, using nitrogen atmosphere. After cooling, KOH or ZnCl2 with twice the mass of
Enteromorpha clathrate was added and mixed thoroughly. Then the mixture was heated to 800°C at the
rate of 5 °C/min and kept for 60 min. The sample was pickled with 2 mol/L hydrochloric acid for 24 h.
Then the sample was repeatedly washed with deionized water until the pH of the filtrate reached neutral
to remove the inorganic salts and impurities from the sample. After that, the washed samples were put
into a drying oven at 105°C for 24 h. The samples were denoted as T-W-A, where T represents
Enteromorpha clathrate, W represents the additional nitrogen source (S, N), and A represents the
activator (KOH, ZnCl2).

2.2.2 Material Characterization
The ultimate analysis was performed on the Elemental Analyzer Vario EL III (Elementar, Germany).

The surface morphology of the samples was determined by scanning electron microscopy (SEM, Hitachi,
TM3000) using a 5 kV accelerating voltageand low vacuum.

The investigation of N2 adsorption/desorption isotherms was performed with a Quantachrome Autosorb
IQ analyzer. Using the as-obtained results, the specific surface area of the samples was calculated by the BET
equation, and the total pore volume was estimated by the adsorption capacity of nitrogen at the relative
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pressure P/P0 = 0.99. The measurement range of relative pressure was 0.01~0.995, whereas the measurement
range of aperture was 2.0–300.0 nm. The sample was dried at 105°C for 24 h before measurement, and the
excess gas impurities were removed at 200°C.

X-ray diffractometry (XRD) was used to determine the structural characteristics and crystal structure of
the samples. An XRD-6100 diffractometer (Shimadzu, Japan) was used for this purpose. The analysis
used Cu Kα radiation at 30 kV. The scanning range was performed between 10–80 � (2θ angles), with a
scan rate of 5 °/min.

To study the surface functional groups of the carbonaceous materials, the samples were analyzed by
Fourier transform infrared (FTIR) using a Nicolet 6700 infrared spectrometer (Thermo, USA). Firstly, the
raw material and potassium bromide were mixed, ground at a ratio of 1:100, and pressed into pellets.
Subsequently, the sample data was collected under the scanning number of 32 and the infrared spectrum
of 4000–400 cm−1.

X-ray photoelectron spectroscopy (XPS) is used to analyze the presence of different elements in the
sample. A Thermo Scientific Nexsa XPS analyzer was used for this purpose. The analysis used Mono
AlKa radiation at 12 kV. The scanning energy was 1486.6 eV.

The Raman analysis was performed on the Laser Raman Spectrometer DXR (ThermoFisher, USA).
Raman spectrum is a kind of scattering spectrum which is one of the important test methods to study
crystal and molecular structures.

2.2.3 Electrochemical Measurements
The preparation method of the working electrode was performed using the following sequence: firstly,

the prepared carbon material was fully mixed with carbon black, and polytetrafluoroethylene in the ratio of
8:1:1, and then 1–2 drops of 1-methyl-2-pyrrolidone were added, and thoroughly mixed in a mortar. The
mixture (about 2.5–5 mg) was evenly coated on nickel foam with an area of 1 cm × 1 cm. The as-
prepared working electrode was dried in a drying oven at 105°C for 24 h.

The three-electrode electrochemical setup was used, with an auxiliary electrode of Pt electrode, and a
reference electrode of Hg/HgO electrode. The electrolyte was a 6 mol/L KOH solution. Cyclic
voltammetry (CV), galvanostatic charge/discharge (GCD) and cyclic charge-discharge tests were
performed using an electrochemical workstation (Chi 660e, Shanghai Chenhua, China). The applied
scanning speed were 2, 5, 10, 20, 50, and 100 mV/s, whereas the current densities of GCD were 0.5, 1,
2, and 3 A/g, respectively. The current density of cyclic charge-discharge tests was 5 A/g and the cycle
index was 1000. The specific capacitance of carbon material was calculated according to formula (1)

C ¼ I � Dt

m� DV
(1)

where I (A) and ΔV (V) represent the change of current and voltage during charging and discharging,
respectively. Moreover, Δt (s) represents the discharge time, whereas m(g) represents the mass of the
loaded mixture on the working electrode.

3 Results and Discussions

3.1 The Ultimate Analysis of Carbon Materials
Tab. 1 shows the results of the elemental analysis of carbon materials with different nitrogen sources and

activators. As shown in the table, the content of nitrogen and hydrogen in Enteromorpha clathrate-no
additional nitrogen source-ZnCl2 (TZ) was higher than that in Enteromorpha clathrate-no additional
nitrogen source-KOH (TK), while the content of carbon in TZ was lower than that in the TK sample. The
content of nitrogen in carbon materials was increased by the addition of nitrogen sources. The nitrogen
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contents of Enteromorpha clathrate-urea- KOH (TNK), Enteromorpha clathrate-melamine- KOH (TSK),
Enteromorpha clathrate-urea- ZnCl2 (TNZ) and Enteromorpha clathrate-melamine- ZnCl2 (TSZ) were
4.86%, 6.18%, 12.11% and 14.76%, respectively. Using the same activator, the nitrogen content of
carbon materials was higher in the case of melamine than that in urea. Moreover, using the same nitrogen
source, the nitrogen content of carbon materials with ZnCl2 as the activator was generally much higher
than that of KOH. Nitrogen atoms have unique electronegativity and atomic radius. Pyridine-N and
graphite-N were formed after nitrogen doping into the carbon matrix, thus, providing active sites for
redox reactions [18,35]. With the addition of a nitrogen source, the content of carbon decreased
significantly while hydrogen content increased.

3.2 SEM Analysis
Fig. 1 shows the SEM micrographs of as-obtained carbonaceous materials. The results showed that all

samples had rough surface, abundant pore structures and folded structures. This kind of porous structure can
reduce the transport resistance of reactants, and the fold structure can carry more active sites. Comparing
Figs. 1a and 1f, it was observed that ZnCl2 had more accentuated porous structure. On the other hand,
comparing Figs. 1a–1c and 1f, it was found that adding urea as a nitrogen source induced the appearance
of a mutually supporting network structure. This structure was conducive for further increasing the
specific surface area of samples and maintaining the stability of these constructions. These morphologies
could occur due to the decomposition of urea into NH3 at high temperatures. NH3 could severely etch the
carbon skeleton and promote large number of pores, forming nitrogen-doped carbon materials with
the desired/high specific surface area and developed mesoporous structure [36]. Comparing Figs. 1a and
1d–1f, it was found that the addition of melamine as an exogenous nitrogen source increased the particles
on the surface of carbon materials, which induced the formation of macropores. On the other hand,
abundant folds could improve more active sites. However, some pore structures could be blocked, which
is not conducive for the full infiltration of the electrolyte [37] .

3.3 Porosity Analysis
The adsorption/desorption isotherms of the samples are shown in Fig. 2. The TK, TNK, and TSK

samples showed similar adsorption-desorption isotherms belonging to the third type isotherm with a steep
rising point (P/P0 >0.8). TNK decreased slowly than TSK and TK near P0, and the hysteresis loop width
was the largest at medium pressure, indicating that TNK had a more porous structure [38,39]. On the
other hand, TZ, TNZ, and TSZ showed similar adsorption/desorption isotherms, belonging to the fourth
type isotherm, with two steep rising points (P/P0 < 0.1, P/P0 >0.4). At low and medium relative pressures,
the adsorption capacity of TZ was the highest , the adsorption capacity of TNZ was higher than that of

Table 1: Ultimate analysis of six carbon materials

Samples N(%) C(%) H(%)

TK 1.46 55.11 0.50

TSZ 14.76 33.05 1.74

TSK 6.18 20.60 0.95

TNZ 12.11 47.98 1.56

TNK 4.86 12.37 0.89

TZ 3.75 46.17 1.80
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TSZ. This result indicated that the addition of exogenous nitrogen reduced the mesoporous and microporous
structures when ZnCl2 was used as the activator [40]. The as-obtained mesoporous structures could be
beneficial to the diffusion and transport of electrolyte ions, which shortened the time to enter into the
inner surface of the micropore to form an electric double layer [41]. On the other hand, micropores were
favorable for charge accumulation. The pore structure parameters of the samples are shown in Tab. 2. It
can be observed that the pore structure parameters of the TZ were much better than those in the TK
without nitrogen doping.

When ZnCl2 was used as an activator, the specific surface area and the total pore volume of samples
decreased with the addition of exogenous nitrogen. On the other hand, using KOH as an activator and
urea as exogenous nitrogen, the specific surface area and total pore volume of samples increased. The
specific surface area and total pore volume of carbonaceous materials with melamine were much lower

(f)

(c)

(b)(a)

(e)

(d)

1μm1μm

1μm 1μm

1μm1μm

Figure 1: SEM micrographs of different carbonaceous samples: (a) TK (b) TNK (c) TNZ (d) TSK (e) TSZ
(f) TZ
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than those without nitrogen. TZ had the highest specific surface area and pore volume of 217.277 m2g−1 and
0.327 cm3g−1 as given in Tab. 2, respectively.

3.4 XRD Analysis
The structural characteristics of the as-prepared samples were determined by X-ray diffractometry.

According to Fig. 3, there was a peak (002) between the ranges of 15–30 o (2θ angles), corresponding to
the structure characteristics of carbon materials. The sharp peak mainly corresponded to SiO2, CuCl2,
KCl and ZnCl2. Alkali and alkaline earth metals (K, Ca, Na, Mg) are the most abundant metal elements
in biomass [42]. TNZ and TSZ showed a wide peak between the range of 15–30 o (2θ angles). This
diffraction peak belongs to disordered carbon. This could be observed at high temperatures when Zn
turns into Zn vapor, resulting in large pore structure in carbon materials [43]. From the figure, the six
kinds of carbon materials did not show broad peak (100). This result indicated that the carbon material is
partially graphitized [36].

3.5 FTIR Analysis
Fig. 4 shows the FTIR analysis of nitrogen-rich carbon-based materials. Absorption peaks of O-H, C=O,

C=H, and C-H of about 3500, 1700, 1670, and 1390 cm−1, respectively, were observed in all six samples.
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)g/cc(e
mulo

V

Ralative Pressure(P/P
0
)

TK
 TNK
 TNZ
 TSK
 TSZ
 TZ

Figure 2: N2 adsorption/desorption isotherms of carbon-based materials

Table 2: Structural parameters of carbon-based materials

Samples SBET (m2g−1) Pore volume (cm3g−1) Pore diameter (nm)

TK 97.018 0.261 3.836

TNK 144.813 0.299 3.822

TNZ 188.896 0.263 3.830

TSK 59.233 0.125 3.835

TSZ 55.895 0.075 3.827

TZ 217.277 0.327 3.820
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Due to the dehydration of ZnCl2, the O-H absorption peaks of TNK and TSK were weak, however, they
showed obvious C=O absorption peaks [44]. Redox reaction of the carboxyl group can occur in alkaline
electrolytes, which can improve the electrochemical performance of carbon materials [4,33]. TNZ and
TSZ showed the absorption peak of C=N [26]. The following reactions may occur in the electrolytes
which can improve the electrochemical performance of carbon materials [13]:

� CH ¼ NHþ 2H2Oþ 2e� $ �CH� NH2 þ 2OH� (2)

� CH� NHOHþ H2Oþ 2e� $ �C� NH2 þ 2OH� (3)
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Figure 3: XRD patterns of as-obtained carbonaceous materials
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Figure 4: FTIR analysis of carbon-based samples
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3.6 XPS Analysis
Fig. 5 shows the full spectrum of the six carbon materials. All samples had obvious C 1 s peak of about

285.08 eV, obvious O 1 s peak of about 532.08 eV, and weak N 1 s peak of about 400.08 eV. The XPS N
spectrum as displayed in Figs. 6a–6f shows the effects of different activators and exogenous nitrogen on
the distribution of nitrogen species. The Binding Energies (BE) of the six samples are 400.4 eV(± 0.1
eV), 398.2 eV( ± 0.1 eV), 401.2 eV( ± 0.3 eV), and 402.5 eV( ± 2 eV), corresponding to pyrrole nitrogen,
pyridine nitrogen, graphite nitrogen and nitrogen oxide, respectively [45]. Tab. 3 shows the proportion of
four nitrogen species in each carbon material. It could be seen from the Tab. 3 that using KOH as the
activator was more conducive for the formation of pyridine nitrogen whereas using ZnCl2 was beneficial
for the formation of graphite nitrogen. With the same activator, the content of graphite nitrogen could be
reduced while that of pyridine nitrogen could be increased by adding exogenous nitrogen. Pyridine
nitrogen could accommodate more electrolyte ions, and had the largest contribution to capacitance in all
kinds of electrolytes [21]. There was suitable binding energy between pyrrole nitrogen and electrolyte
ions which could improve the capacitance [46]. Graphite nitrogen had a positive charge in the carbon
lattice. When it is used as the cathode material, it can bring more positive charges to improve the
capacitance [47].

Among the six carbon materials, TNK and TSZ exhibited the highest specific capacitance. This result
may be due to the proportion of pyridine nitrogen in TNK , which could be as high as 70.65%, and could
enhance the pseudocapacitance, redox reaction rate and electron transfer rate. The content of nitrogen
species in TSZ was similar to that of TK, however, the nitrogen content in TSZ was as high as 14.76%.
With the increase of total nitrogen content, the surface active sites of carbon materials increased, thus
improving their electrochemical performance [21].
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Figure 5: XPS full spectrum of six carbon materials
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Figure 6: XPS analysis of carbon-based samples: (a) XPS spectrum of TZ; (b) XPS spectrum of TSK;
(c) XPS spectrum of TSZ; (d) XPS spectrum of TNZ; (e) XPS spectrum of TNK; (f) XPS spectrum of TK
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3.7 Raman Analysis
Fig. 7 shows the Raman spectra of six groups of samples. All the samples had obvious D and G peaks of

about 1350 and 1580 cm−1, which belonged to SP3 hybrid amorphous carbon and SP2 hybrid graphite
carbon, respectively. Generally, the disorder degree of carbon materials was expressed by the ratio of D
peak to G peak (ID/IG). The larger the ratio, the higher were the defects on the surface of the materials,
and the lower were the regularities [48]. In the six groups of samples, TNK had the smallest ID/IG, which
meant that TNK had the least surface defects, the highest regularity, and good conductivity. By
comparing TZ with TSZ and TK with TSK, it could be found that adding melamine as exogenous
nitrogen could improve the ID/IG value of carbon materials, increase the surface defects, and decrease the
regularity [49,50].

Table 3: Content of nitrogen species in carbon materials

Samples Nitrogen oxide Pyridine-N Pyrrolic-N Graphitic-N

TZ 8.34% 17.62% 22.31% 51.74%

TSK 6.25% 65.35% 10.38% 18.02%

TSZ 14.36% 37.82% 20.64% 27.18%

TNZ 13.43% 25.11% 18.13% 43.34%

TNK 7.12% 70.65% 10.70% 11.52%

TK 12.07% 28.90% 37.57% 21.46%
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Figure 7: Raman spectra of carbon-based materials
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3.8 Electrochemical Performance
The electrochemical properties of the samples were investigated in KOH solution (6 mol/L) and also,

measured by a three-electrode system. The voltage window of the three-electrode test system was -1 V–0
V. Figs. 8a and 8b show the GCD curves at 1 A/g and CV curves at 100 mV/s, respectively, for the
samples. The overall shape of the CV curve was approximately rectangular, which indicated that the
material had double-layer capacitance characteristics based on ion adsorption and exchange [15].
However, the shape of the GCD curve tended to be an isosceles triangle, which indicated the excellent
redox reversibility of the electrode material [51].

Figs. 8c–8j show the CV and GCD curves of the four nitrogen-doped carbon materials. The current
density was increased from 1 to 10 A/g, while the scan rates were between 2–100 mV/s. In Fig. 8d, it
was observed that TNZ had the largest area of the CV curve, which indicated that the material had
excellent double-layer capacitance. With the increase of scanning speed, there was no obvious
deformation of the CV curves. This observation proved that the material’s electrochemical reversibility
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Figure 8: Electrochemical investigations of carbon-based electrode materials: (a) GCD curves of different
samples at 1 A/g; (b) CV curves of each sample at 100 mV/s; (c) GCD curve of TNZ sample; (d) CV curves
of TNZ sample; (e) GCD curve of TSZ sample (f) CV curves of TSZ sample; (g) GCD curve of TNK sample;
(h) CV curves of TNK sample; (i) GCD curve of TSK sample; (j) CV curves of TSK sample
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was high. Fig. 8c showed that the GCD curve of TNZ was almost symmetrical, which indicated that the
coulomb efficiency of electrode reaction was enhanced.

TNZ had the largest specific surface area between the nitrogen-doped materials, which could induce
more electrolyte contacts, thus, accumulating more charges, and subsequently improving the specific
capacitance. The electrochemical properties of TZ and TK were similar and inferior. The addition of
nitrogen could effectively improve the specific capacitance of carbon materials. TSZ and TNK had larger
specific capacitance because of the following reasons. (i) TSZ had the highest nitrogen content. Nitrogen
atoms could improve the wettability between carbonaceous materials and electrolytes, provide active sites
for a redox reaction, form imine functional groups, and also increase the pseudocapacitance of samples;
(ii) TNK showed the large specific surface area and rich mesoporous/microporous structure, which could
reduce the resistance of electrolyte transport in electrode, and promote charge accumulation. TNK also
showed a pronounced carboxyl absorption peak, which could react with alkaline electrolytes to increase
the pseudocapacitance of carbon materials.

It can be seen from Fig. 9 that the specific capacitance of the six carbon materials decrease with the
increase of current density. With the increase of current density and the influence of diffusion kinetics, the
number of ions adsorbed on the surface of electrode material decreased. The reduction of the number of
ions led to the decrease of the specific capacitance [52,53]. However, the specific capacitances of TK and
TZ were less affected by the current density, and the specific capacitance of TSK decayed most sharply
with the current density.

Fig. 10 shows the change of specific capacitance of the six carbon materials under the current density of
5 A/g for 1000 cycles. It can be seen from the figure that the specific capacitance of carbon material changed
most drastically in the first 200 times of charge-discharge process. However specific capacitance attenuation
was very small after 200 charge-discharge time. After 1000 cycles, the specific capacitances of TSZ, TNK,
TZ and TK were 82.6%, 78.3%, 82.7% and 65.4% of the initial specific capacitances, respectively, which
indicate that they have good cycle stability. The specific capacitance of TNZ increased gradually in the
first 50 cycles, which may be due to the electrolyte entering into the electrode material and the activation
of the electrode material. It can be seen from Figs. 9 and 10 that the specific capacitance of TSK
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Figure 9: Specific capacitance of carbon materials at different current densities
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decreased most drastically in the first 200 cycles. Moreover, its specific capacitance decreased the fastest with
the increase of current density. This may be due to the poor stability of the carbon material, and with the
increase of cycle times and current density, the ion diffusion resistance of the electrode material also
increased [7,54].

3.9 Comparison with Other Methods Reported in Literature
Tab. 4 shows the comparison of the performance of TNK and TSZ, to those of electrode materials

prepared by other methods reported in literature. The carbon material from Han et al. (denoted as H) had
high specific surface area of 1683.42 m2g−1, while its specific capacitance and average pore volume were
smaller than those of TNK and TSZ [11]. The carbon material from Du et al. (denoted as D) had larger
specific capacitance than those of TNK and TSZ, but its specific capacitance was only 37.9 F/g [15].
The carbon material from Jiang et al. (denoted as J) had surface area of 317 m2g−1, while its specific
capacitance was only 115 F/g. Besides, its ID/IG was 1.18, which was higher than those of TNK and
TSZ [16].

4 Conclusions

By comparing the properties of carbonaceous materials obtained from different nitrogen sources and
activators, this study gives insight into the preparation of high-performance nitrogen-doped porous carbon
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Figure 10: Cycling performance of carbon-based electrode materials

Table 4: Comparison with other methods reported in literature

Sample SBET (m2g−1) Pore diameter (nm) Specific capacitance (F/g) Retention rate (%) ID/IG
TNK 144.813 3.822 172 78.3 0.986

TSZ 55.895 3.827 151.5 82.6 0.993

H 1 683.42 2.18 138 90 *

D 1197 * 37.9 82 *

J 317 3.8 115 * 1.18
Note: *means not mention.
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materials. The results showed that the electrochemical properties of carbon materials improved by adding the
appropriate nitrogen sources.

However, the mechanisms of different nitrogen sources to improve the electrochemical properties of
carbon materials were different. Urea mainly decomposed into NH3 at high temperature to etch carbon
materials, thus, increasing the specific surface area of the samples and improving the double-layer
capacitance and the electrochemical performance of carbon materials. Without exogenous nitrogen, the
specific surface areas of TK and TZ were 97.018 and 217.277 m2g−1, respectively. The specific surface
areas of TNK and TNZ were 144.813 and 188.896 m2g−1 with urea used as the exogenous nitrogen,
while those of TSK and TSZ were only 59.233 and 55.895 m2g−1 with melamine used as the exogenous
nitrogen.

When melamine was used as exogenous nitrogen, the nitrogen content of carbon materials increased
from 1.46% and 3.75% to 6.18% and 14.76%, respectively, while that of urea increased to 4.86% and
12.11%, respectively. Under the same activator condition, the carbon material with melamine as
exogenous nitrogen was about 2% more than urea. This was because under high temperature, part of
nitrogen in urea was discharged in the form of NH3. Melamine could also improve the electrochemical
performance of carbon materials by increasing the nitrogen content of carbon materials to form imine
functional groups and subsequently improve the pseudocapacitance of carbon materials.

Using the same activator as a decisive parameter, there could be significant differences in the
electrochemical performance of carbon materials depending on the source of the exogenous nitrogen. The
results showed that the electrochemical performance of carbonaceous materials could significantly
improve by both using melamine as a nitrogen source and ZnCl2 as the activator, or urea with KOH.
TNK and TSZ exhibited specific capacitances of 172 and 151.5 F/g, respectively, at 1 A/g. After
1000 cycles, their specific capacitance retention rate reached 78.3% and 82.6%, respectively. These
results implied that these materials could be used as electrode materials for supercapacitors.
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