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N/S co-doped porous carbon spheres (NSPCSs) were prepared by a simple ultrasonic spray pyrolysis (USP)
using the mixed solution of coal oxide and L-cysteine, and without a subsequent activation process. The
surface properties of carbon materials have been successfully modified by the concurrent incorporation

of N and S. So the capacitive
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performance of NSPCSs was greatly enhanced. It is used as

a supercapacitor electrode to achieve a high specific capacitance of 308 F g*1 at a current density of

1 A g~! and 90.2% capacitance retention even after 10 000 cycles at 5 A g~. These numerical results
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1. Introduction

Carbon-based materials have attracted wide publicity as elec-
trode materials for supercapacitors (SCs), principally owing to
their outstanding characteristics such as large specific surface
area (SSA), excellent chemical stability, good electrical conduc-
tivity, and low cost." Pure carbon materials are the main elec-
trode materials for electrical double layer capacitors (EDLCs),
the storage of electric energy is based on the separation of
charged substances in the electrolytic bilayer at the electrode/
solution interface.> Regrettably, most EDLCs with carbon
materials as electrodes still have relatively low specific capaci-
tance, which leads to low energy density of the EDLCs.**
Consequently, development of high performance carbon elec-
trodes is the key to the application of supercapacitors. The latest
development demonstrated that substitution doping of
heteroatoms for carbon materials could greatly change the
conductivity, surface activity and chemical reactivity, which is
critical for energy storage applications.® The specific capaci-
tance of carbon materials is improved by reversible pseudoca-
pacitive reaction with electrolyte.® In previous literature,
nitrogen doping of carbon materials has been studied in depth.
In addition, compared with unitary doping, multiple hetero-
atoms doping can further improve the electrochemical proper-
ties of carbon materials due to the synergetic effect.”® For
instance, nitrogen doping can improve specific capacitance by
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show that the supercapacitors based on coal-based carbon materials have great potential in high
performance electrochemical energy storage.

adjusting the electronic properties of carbon materials and
participating reversible Faraday process as well as enhance the
wettability of electrode materials by introducing hydrophilic
groups.”*® Whereas sulfur-doping is easy to polarize because of
lone pair of electrons, which providing more charge transfer,
resulting in high chemical reactivity of the carbon materials."***
Very recently, multi-heteroatom species doping (e.g., B/N, N/P,
S/P, N/S) has been demonstrate to be one of the effective ways
to improve the electrochemical properties of porous carbon.'*>°
The precursors of N/S co-doped porous carbon materials
include thiourea,** chitosan and methanesulfonic acid,* protic
ionic liquid,* pyrrole and sulfuric acid etc.>* The N/S co-doped
processes can be actualized in a variety of methods, such as
microwave-hydrothermal method,* electron-beam irradiation
method,*® thermal annealing method,” hydrothermal
method,*® freeze-drying method and so on.** Even so, we need to
make greater efforts to simplify the doping process to make
them practicable, and most of the precursors are expensive.
How to prepare doped porous carbon materials from green,
cheap and abundant carbon sources has become a hot issue.
Compared to other carbon sources, such as graphite,®
sucrose,* glucose,* coal is low-priced and abundant in natural
resources. The application of coal as a carbon source material
began in the early 90s. Since then, coal-based carbon functional
materials have been widely studied and applied.*** Over the
past years, our group has prepared various carbon materials
from coal, such as activated carbon,* carbon nanotubes,**
carbon fibers* and carbon spheres.**

In this work, we synthesized N/S co-doped porous carbon
spheres (NSPCSs) as a supercapacitor electrode. .-Cysteine was
used as environment-friendly nitrogen source and sulfur
source, and coal was used as carbon source to synthesize N/S co-
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doped porous carbon spheres (NSPCSs) by a simple ultrasonic
spray pyrolysis method without subsequent activation process.
The performance of NSPCSs as a EDLCs electrode in 6.0 M KOH
solution was evaluated, and its remarkable capacitance perfor-
mance has been proved.

2. Experiment
2.1 Materials

Coal was produced in Heishan, Xinjiang, China. H,SO, (98%),
HNO; (63%), KOH and i-cysteine were analytical grade and
could be used without subsequent treatment.

2.2 Synthesis of materials

An improved method was used to prepared oxidized coal.***
Sieved pulverized coal is oxidized by concentrated nitric acid and
concentrated sulfuric acid, and the oxidized coal can be dissolved
in deionized water. In a typical experiment, the coal oxide (0.9 g)
and r-cysteine (0.3 g) were added into 90 mL distilled water fol-
lowed by the vigorous stirring and then the solution was
neutralized with KOH. The spray precursor solution was prepared
with different coal oxide/i-cysteine mass ratios of 1/1, 3/1 and 5/1.
The resulting materials are denoted as NSPCSs-1, NSPCSs-3,
NSPCSs-5, respectively. A simple ultrasonic spray pyrolysis
method was used to prepare NSPCSs from the mixed aqueous
solution of precursors at 700 °C. The ultrasonic spray pyrolysis
system consists of a nano-micro mist generator, a quartz tube
reactor and a powder collector. A large number of droplets were
generated by the 2 MHz ultrasonic spray generator. A quartz tube
reactor with a length of 120 cm (total heated region ~60 cm) and
a diameter of 5 cm was used, the pyrolysis of the nebulized mist
was conducted in a nitrogen gas flow (0.9 SLPM) (the USP
apparatus is schematically shown in Scheme 1). Droplets were
evaporated and decomposed in a quartz tube reactor, and the
black powders were collected in a deionized water bubbler.
Finally, NSPCSs was collected through filtration, washed many
times with a large amount of distilled water, and then dried at
80 °C overnight. For comparison, the pristine porous carbon
spheres (PCSs) were obtained without the use of r-cysteine
following the same experiment procedure.

2.3 Structural characterization

Microscopic morphology of materials was observed by scanning
electron microscope (SEM, Hitachi SU-4800, Japan) and
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Scheme 1 Schematic illustration of the USP setup used in this work.
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transmission electron microscope (TEM, JEM2100F, JEOL,
Japan). Surface chemical properties were determined by energy
dispersive spectroscopy (EDS), and X-ray Photoelectron Spec-
troscopy (XPS, Escalab 250, USA). The structural information of
samples was investigated by Powder X-ray diffraction (XRD,
Bruker D8, using filtered Cu Ko radiation) and Raman spectra
(Raman; Bruker Senterra R200-L spectrometer, 532 nm). The
specific surface area and pore size of the NSPCSs were measured
with a Micromeritics ASAP 2020 surface area and porosity
analyzer.

2.4 Electrochemical characterization

The electrochemical properties of the electrode materials were
investigated in 6.0 M KOH aqueous solution using the three-
electrode system and two-electrode system under ambient
conditions. The working electrode was prepared by mixing
85 wt% porous carbon materials, 10 wt% acetylene black and
5 wt% polytetrafluoroethylene (PTFE) in ethanol to obtain
a slurry, pressing the mixture onto nickel foam current collec-
tors (1.5 cm x 1.5 cm) with a spatula. The working electrode
was obtained by drying the electrode material at 80 °C for 12
hours. The active material loaded on each electrode has a mass
of 2.0 mg. Supercapacitor measurements were conducted using
an electrochemical workstation (CHI 660D). The life cycle
performance of the electrode was tested on a Land battery
measurement system (Rambo Testing Equipment Co., Ltd.
Wuhan). For the three-electrode system, platinum slice and
saturated calomel electrode (SCE) were used as counter elec-
trode and the reference electrode, respectively. The voltage
range for cyclic voltammetry (CV) and galvanostatic charge/
discharge (GCD) measurements were set as —1 to —0.1 V. The
specific capacitance was calculated by using the formula: C =
IAt/(mAV), where C (F g ') is the specific capacitance, I (A) is
discharge current, m (g) is the mass of the active material, AV (V)
is the potential window during the discharge, and At (s) is the
discharge time. For a two-electrode system, N/S co-doped
porous carbon spheres NSPCSs-3 was packaged as symmetric
devices with two same electrodes, and electrochemical tests
were carried out in 6 M KOH. The voltage range for CV and GCD
measurements were set as —1 to —0.1 V. The capacitance can be
calculated by the formula: C = 2IA¢/(mAV), where I, At, m and
AV, represented the applied current, discharge time, mass of
the single electrode, the potential window.

3. Results and discussion

Fig. 1a and S17 are the SEM images of the as-prepared NSPCSs.
NSPCSs show an excellent dispersity with a diameter ranging
from 50 nm to 1000 nm. The surfaces microcosmic structure of
the PCSs, NSPCSs-1, NSPCSs-3 and NSPCSs-5 exhibit a regular
and smooth surface. The TEM images of the NSPCSs-3 are
shown in Fig. 1b. The well-defined NSPCSs-3 shows smooth
surfaces and a nonporous structure. Fig. 1c shows the EDX
element mapping image of the NSPCSs-3, where the C, N, O and
S elements are evenly distributed at the surface of NSPCSs-3.

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Morphology and elemental distribution of NSPCSs-3. (a) SEM
image of the NSPCSs-3, (b) TEM image of the NSPCSs-3, (c) Element
mapping of the NSPCSs-3.
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Fig. 2 (a) X-ray diffraction patterns, (b) Raman spectrums of the
samples, (c) nitrogen adsorption—desorption isotherm, and (d) pore
diameter distribution curves.

Fig. 2a show XRD patterns of samples. It can be seen that
they are very similar. Two intense and broad diffraction peaks
corresponding to the (002) and (100) diffraction patterns of
amorphous carbon structure are appeared at approximately 23°
and 42° of all samples, respectively. Fig. 2b displays Raman D
peak and G peak representing disordered carbon and graphitic
carbon, respectively. The intensity ratio of the D peak to the G
peak, ie., R (Ip/lg), indicates the degree of disorder of carbon
materials. The Ip/Ig of them is 0.90, 0.91, 0.93 and 0.87,
respectively. The highest I/l value for NSPCSs-3 is possibly
related to its rational nitrogen/sulfur doped degree. Fig. 2c is
the BET isotherm of the samples, the samples exhibit the
combined type I/IV adsorption—-desorption isotherms according

Table 1 Surface parameters of samples
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to the international union of pure and applied chemistry
(IUPAC) specific surface area and pore structure parameters of
the samples. The data of Sgrr and pore distribution of samples
are shown in Table 1. The difference between them is not
significant, indicating that the ratio of precursors has little
effect on the surface area and pore structure.

The surface chemical properties of the NSPCSs-3 were
assessed by X-ray photoelectron spectroscopy (XPS). Fig. 3a
shows the survey XPS spectrum reveals the presence of C, N, S,
and O elements in NSPCSs-3. On the base of C-species, Fig. 3b
shows the C 1s peaks at 284.78 eV (C-C/C=C), 286.28 eV (C-0)
and 287.58 eV (C=0) and 289.08 eV (O=C-0).***° Fig. 3¢ shows
the high-resolution spectrum of N 1s spectra of materials shows
that there are different types of nitrogen bonding states, of
which the deconvolution peak at 398.58, 400.48 and 402.48 eV is
ascribed to pyridinic-N, pyrrolic-N, and graphitic-N, respec-
tively.”**>%% As is known to all, pyridinic-N and pyrrolic-N exist
at the edge of carbon materials and produce certain defects on
the surface of carbon materials. They also contain redox elec-
tron pairs, participate in the constant current charging and
discharging process, and contribute to a certain pseudocapa-
citance. Moreover, the doping of nitrogen atoms is beneficial to
improving the surface wettability and conductivity of carbon
materials, thereby improving the capacitance characteristics of
materials.*»** Graphdinic-N provide an additional electron for
the carbon skeleton, which reduces the energy barrier of elec-
tron transfer, thus improving the conductivity of the sample,
thereby affecting the cyclic stability of the supercapacitor. In the
case of S-species, the S 2p peak (Fig. 3d) could be fitted to four
peaks centered at 163.7, 164.8, 167.7 and 168.8 eV, respectively.
S 2p3;» and S 2p,, in the C-S-C covalent bond of thiophene-like
S should correspond to the former two peaks centered at lower
binding energies, and the oxidized sulfur species in the C-SO,~
C (x = 2-4) bond (sulfone bonds) should be in accordance with
the other two peaks.>**>** Pseudo-capacitance of carbon mate-
rials produced by redox reaction related to sulfones and sulf-
oxides during charging and discharging.***® Table 2 shows the
quantitative XPS data of all samples. The C and O elements in
the material are mainly from oxidized coal. The content ration
of C/O is 4.0, 6.3, 6.8, 6.6 for PCSs, NSPCSs-1, NSPCSs-3,
NSPCSs-5, respectively. Obviously, the value of C/O of NSPCSs
increases compared with PCSs, which maybe attribute to two
aspects. For one thing, and for the main reason, r-cysteine
interconnects small pieces of oxidized coal that would other-
wise decompose at high temperatures, thus increasing the
carbon content of the product. For another thing, the addition
of L-cysteine also increases the carbon content. In addition, with

samples SBET‘Z (mz gil) Vtotalb (Cms gil) Vmicc (Cl’l’l3 gil) Vmesod (Cms gil)
PCSs 589.36 0.38 0.24 0.14
NSPCSs-1 633.07 0.43 0.32 0.11
NSPCSs-3 635.50 0.43 0.26 0.17
NSPCSs-5 613.23 0.42 0.26 0.16

¢ Sger: specific surface area. b Viorar: total pore volume measured at P/Py = 0.99. ¢ Vyyic: micropore volume. 4 V. eso: volume of mesopore.

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (a) XPS survey spectrum of samples, high-resolution (b) C 1s
spectrum, (c) N 1s spectrum, and (d) S 2p spectrum of the NSPCSs-3.

Table 2 Elemental composition of samples

Samples C (at%) N (at%) O (at%) S (at%)
PCSs 78.52 1.44 19.49 0.55
NSPCSs-1 84.15 2.57 13.05 0.23
NSPCSs-3 84.62 2.18 12.43 0.77
NSPCSs-5 84.23 2.42 12.69 0.66

the obviously increasing content of r-cysteine in the initial
reactant, the contents of N/S in the resultant samples just show
slight fluctuation. This is may be due to that heteroatoms are
typically incorporated at defect and edge sites in carbon mate-
rials, but oxides species like -NO, and -SO, at edge sites are not
thermally stable and can be removed during the pyrolysis
process.’

The CV curves of samples at a scanning rate of 10 mV s in
the three-electrode system are shown in Fig. 4a. All the curves
exhibit a slightly distorted rectangular shape, indicating the
pseudocapacitance characteristics. The specific capacitances of
these electrodes integrated from the CV curves reduce in the
following order: NSPCSs-3 > NSPCSs-5 > NSPCSs-1 > PCSs. As
everyone knows, the integral area of the CV curve is propor-
tional to the specific capacitance at the same scanning rate.
Although all samples show high N and S doping levels, the
excellent capacitance performance of NSPCSs-3 can be
explained by its optimum heteroatom doping level compared
with other samples. Fig. 4b shows the GCD curves of all samples
at the specific current of 1 A g~*, which demonstrates a slightly
twisted triangle. This shows that the electric double layer
capacitor is dominant in the energy storage mechanism, and
the contribution of pseudo-capacitance is relatively few, which
is consistent with the CV result. Fig. S2,1 4c and d show the GCD
curves at current densities in the range of 0.5-10 A g~ ' and CV
curves at different scan rates in the range of 5-100 mV s~ for
the samples. The correlation between specific capacitance and
scan rate is shown in Fig. 4e. The values of specific capacitance
of NSPCSs-3 were recorded as high as 308 F g~ ' at current
densities of 1 A g, and the current density is 10 A g, the

ti
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Fig. 4 (a) CV curves of samples at a scanning rate of 10 mV s, (b)
galvanostatic charge/discharge curves of samples at a specific
capacitance of 1A g™, (c) CV curves of NSPCSs-3 at various scan rates,
(d) galvanostatic charge/discharge curves of NSPCSs-3 at different
current densities, (e) specific capacitance of samples at different
specific currents, (f) Nyquist plots of samples.

values of specific capacitance of NSPCSs-3 remains 211 F g™ ",
which is superior to some previously reported coal-based
carbon materials and N/S-doped carbon materials (Table S17).
In addition, the high rate retention of about 80% from 1 Ag™" to
10 A g~ ' have also been demonstrated, NSPCSs-3 performs best
in all tested samples. Nyquist plots of NSPCSs-3 are shown in
Fig. 4f. All the samples demonstrate similar Nyquist plots.
Comparatively speaking, NSPCSs-3 has a relatively small radius
of the semicircle in the high frequency region, which shows that
it has slope of NSPCSs-3 is the largest, which confirms that the
lower charge transfer resistance between electrolyte and elec-
trode. Besides, in the low frequency region, the linear diffusion-
controlled mass transfer resistance is low, and is conducive to
improving the rate capability. Fig. S3at shows the rectangular-
like CV curves of NSPCSs-3 at a scanning rate from 5 to 50 mV
s~ in the two-electrode system. At different scanning rates, the
CV curves of NSPCSs-3 showed slightly deformed rectangle,
revealing the pseudocapacitance characteristics. Fig. S3bf
shows the GCD curves of potential ranges from 0 Vto 1 V at
current densities of 0.2 Ag™ " to 5 A g™ ". The specific capacitance
of NSPCSs-3 is 254 F g~ at 0.2 A ¢, and the specific capaci-
tance still retained 158 F g~ ' at 5 A g ', demonstrating its
outstanding rate capability.

Additionally, a long life is an important parameter for the
practical performance of electrode materials for supercapacitors.
Fig. 5 showed cycling stability of the samples, after 10 000 cycles
at the current density of 5 A g~ ', the PCSs, NSPCSs-1, NSPCSs-3
and NSPCSs-5 remain 67.2%, 79.6%, 90.2% and 71.8% of the

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 The cycle lifetime of samples at 5 A g™,

initial capacitance, respectively. The result demonstrates that the
NSPCSs-3 electrode exhibited outstanding cycling performance.

4. Conclusions

In summary, we have developed a green, facile and efficient
strategy to prepare N/S co-doped porous carbon spheres using
the mixed solution of coal oxide and r-cysteine as precursor by
a simple ultrasonic spray pyrolysis. To simplify the preparation
process, design reasonable pore structure and control the
elemental doping, the precursors were deliberately selected.
The NSPCSs-3 exhibits high specific capacitance and excellent
rate capability in 6.0 M KOH aqueous electrolyte (308 F g~ " at
1Ag ™" 211 Fg ' at 10 A g ). Moreover, the homogeneous
doping of N and S elements in carbon materials not only
improves the hydrophilicity of carbon materials, but also
provides more active sites, and contributes to the pseudocapa-
citance. This work provides a simple method for the low-cost
green production of N/S co-doped porous carbon materials
and a feasible method for future energy storage applications.
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