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Biomass-derived porous carbon materials have drawn considerable attention due to their natural
abundance and low cost. In this work, nitrogen enriched porous carbons (NRPCs) with large surface
areas were designed and prepared from cottonseed hull via simultaneous carbonization and activation
with a facile one-pot approach. The NRPCs were tunable in terms of pore structure, nitrogen content
and morphology by adjusting the ratio of the carbon precursor (cottonseed hull), nitrogen source (urea),
and activation agent (KOH). The as-synthesized NRPCs exhibited three-dimensional oriented and
interlinked porous structure, high specific surface area (1160-2573 m? g™%) and a high level of nitrogen-
doping (6.02-10.7%). In a three electrode system, NRPCs prepared at 800 °C with the ratio (cottonseed
hull : KOH : urea) of 1:1:2 (NRPC-112) showed a high specific capacitance of 340 F g~* at a current
density of 0.5 A g~ and good rate capability (~80% retention at a current density of 10 A g™%) with 6 M
KOH as electrolyte. In a two electrode cell, NRPC-112 demonstrated a high specific capacitance of 304 F
g tat 0.5 A g7t and an excellent rate capacity (~71% retention at current density of 10 A g™%) as well as
excellent cycling stability (~91% retention at 5 A g%) after 5000 cycles. Furthermore, the NRPCs
exhibited an extraordinary adsorption capacity up to 205 mg g~* for emerging pollutant triclosan. The
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1 Introduction

Nitrogen-enriched porous carbon materials have attracted wide
interest for their potential applications in electrochemistry,*
catalysis,” sensors,® adsorbents,* CO, capture® and gas-storage.®
This is ascribed to their superior properties such as high
specific surface area, high porosity, adjustable pore size,
uniform pore structure, excellent surface chemical properties,
good conductivity and thermal stability.” It is believed that the
doping of nitrogen atoms is one of the most effective ways for
carbon materials to enhance the specific capacity,"®"* surface
wettability’® and electronic conductivity, while maintaining
a good circulation stability.*®

Efforts have been devoted to prepare nitrogen-doped porous
carbons with high nitrogen content and large specific surface
area. In general, various carbon precursors including fuels,****
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resource for environment remediation and electrochemical applications.

polymers,'®"” ionic liquids'®*?" and biomass-based materials
have been successfully used to prepare nitrogen-doped porous
carbon materials. Because of the limitation of fossil fuel and the
increasing consciousness of environmental protection, biomass
derived carbon materials are of particular attractive due to their
wide application in many fields. Such as catalyst carrier,”
absorbent agents,” and electrode active materials for energy
storage and conversion,* because of the unique properties of
natural biomass*?*® (trees,* leaves,” fruit shells*®) and biolog-
ical derivatives®?° (animal gelatine,® starch,** cellulose®) as
precursors.

Various strategies have been developed for the synthesis of
biomass-based materials, including post-treatment such as
physical or chemical activation,* catalytic activation and tem-
plating techniques using carbon nanotubes and TiO,. However,
for the above mentioned methods, their real application still
needs to be improved due to their complex, high cost, and
lengthy energy consuming process. In some cases, it is inevi-
table to use metal compounds in the catalytic activation
process, which could introduce impurities and cause side
effects in the electrolyte solution.*® Furthermore, complicated
steps are required to remove the impurities from the carbon
materials through the template method.*® Thus, it is essential to
design a facile process to prepare biomass-based carbon
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materials with high surface area, excellent performance, high
nitrogen content, and low cost.

Cottonseed hulls are the outer shell of cottonseeds, which
can be available in large quantities as by-product in cotton
producing area. In general, cottonseed hulls are commonly
used as feed culture medium for mushroom cultivation. When
they are used as a kind of feed for animal husbandry, which
can cause stones and other diseases because of their high
content of toxic gossypol.’” But cottonseed hull is one of the
most unique sustainable natural carbon sources in terms of its
consistency of the chemical composition and availability.
Combining the above factors, cottonseed hulls are a highly
desirable precursor for preparing the nitrogen-enriched
functional carbon materials. Nitrogen enriched porous
carbon materials have explored in various promising applica-
tions, especially in energy storage and as adsorption material
due to their chemical stability, high specific surface area,
tunable porous structure, good conductivity and
availability.>*3%

In addition, it is practically important to develop functional
materials for emerging highly toxic pollutants. Triclosan (TCS)
has received widespread public concerns, due to its frequent
detection in surface water and its direct risk as most dangerous
carcinogen precursor for human health. It has been reported
that TCS is toxic to aquatic organisms, and contributes to direct
generation of extremely toxic dioxin.**** Hence, it is urgent to
explore efficient and cost-effective treatment technologies by
functional materials.

The purpose of this work was to construct nitrogen-enriched
porous carbons (NRPCs) with cottonseed hull as a raw material
through a facile approach, which were further applied in
emerging pollutant triclosan adsorption and electrochemical
detection. The as-obtained NRPCs exhibited large surface areas,
unique porous structure, and an excellent adsorption capacity
(205 mg g7') for triclosan. Meanwhile, the NRPCs possess
considerable electrochemical performance in supercapacitors.

2 Experimental
2.1 Materials

Cottonseed hull (the contents of C, N, H are shown in Table 1)
was smashed by grinder into particles with 200 meshes sieve
before use. Potassium hydroxide (KOH), urea, hydrochloric acid
were all of analytical grade.

Table 1 Yields, elemental analysis, XPS analysis of the CH-100 and
NRPCs

Elemental analysis XPS
Material ~ Yield (%) C (%) N (%) H (%) C(%) N (%) O (%)
CH-100 N/A 76.44 2.15 1.23 78.45 1.84 19.72
NRPC-110 12.5 74.71 2.43 1.86 88.08 2.01 9.91
NRPC-111 17.2 78.38 6.02 1.79 83.67 5.79 10.53
NRPC-112 15.4 64.43 8.98 14 80.45 8.44 10.81
NRPC-113 11.7 66.3 10.69 1.12 78.76 10.35 10.89
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2.2 Synthesis of nitrogen-enriched porous carbons (NRPCs)

A mixture of cottonseed hull (4.0 g), KOH (4.0 g) and urea (8.0 g)
(the mass ratio was 1 : 1 : 2) were mixed with 30 mL deionized
water in a 100 mL flask and stirred at ambient temperature (15
°C) for 2 h. Then the mixture was transferred into an porcelain
boat and heated to 800 °C for 2 h with a heating rate of
5°C min~" under a nitrogen atmosphere. After cooling down to
ambient temperature, the obtained sample was immersed into
the HCI solution (2.0 mol L") and stirred for 1 h, and then
washed repeatedly with ultra-pure water until the pH value
reached 7. Finally, the black sample was dried under vacuum at
60 °C for 12 h and denoted as NRPC-112.

For comparison, NRPCs with different mass ratio (cotton-
seed hull: KOH:urea was 1:0:0, 1:1:0, 1:1:1, and
1:1: 3 respectively) were prepared under the same condition
and the resultant samples were labelled as CH-100, NRPC-110,
NRPC-111, and NRPC-113, respectively.

2.3 Materials characterization

X-ray diffraction (XRD) patterns of CH-100 and NRPCs were
obtained on an XRD analyzer (D8-Advance, Bruker AXS, Ger-
many) equipped with a diffracted-beam monochromator using
Cu Kua radiation (50 kV, 40 mA). The Raman spectra were ob-
tained using a Raman spectroscopy (Horiba Scientific, France)
with a 532 nm blue laser beam. The microstructures of all
samples were observed with field emission scanning electron
microscopy (FE-SEM, ZEISS, Germany) and transmission elec-
tron microscopy (H-600, Hitachi, Japan). Surface area was tested
by Brunauer-Emmer-Teller (BET) method with use of the
nitrogen absorption/desorption measurement (V-Sorb 2800P,
China). All samples were degassed in vacuum at 200 °C for 5 h
prior to sorption experiments. X-ray photoelectron spectroscopy
(XPS) was carried out on an XPS (ESCALAB 250Xi, Thermo,
America), with a monochromatic Al Ko as an excitation source.

2.4 Electrochemical measurements

Electrochemical tests were carried out on a CHI660E electro-
chemical workstation (Chenhua, Shanghai, China) at ambient
temperature. The working electrodes were made according to
the following process: 90 wt% active material, 5 wt% black
carbon, and 5 wt% polytetrafluoroethylene (PTFE) were mixed
with ethanol. Then, the mixture was coated on a titanium mesh
(1 cm x 1 cm), followed by pressing at a pressure of 15 MPa for
one minute and finally dried at 60 °C in vacuum oven for 2 h.
The loading mass of the active material on each electrode was
5.0 mg.

In a three-electrode system, a platinum slice was used as the
counter electrode and Hg/HgO was used as the reference elec-
trode in 6 M KOH. Cyclic voltammetry (CV) tests were carried
out in the potential range of —1 V to 0 V at scan rates of 5-
100 mV s~ '. Galvanostatic charge/discharge (GCD) was per-
formed in the same potential range. Electrochemical imped-
ance spectroscopy (EIS) was tested over in the frequency range
of 0.01 Hz to 0.1 MHz at the alternating current amplitude of

This journal is © The Royal Society of Chemistry 2018
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5.0 mV. The specific capacitances according to GCD curves were
calculated according to eqn (1).

I x At

C:mXAV (1)

where C (F g™') is the specific capacitance, I (A) is the current
density, At (s) is the discharging duration time, m (g) is the mass
of active materials in an electrode, and AV (V) is the potential
under testing window.

In a two-electrode cell, the electrodes were prepared using
the same method of three-electrode system. The electro-
chemical experiment was conducted in 6 M KOH aqueous
solution. The specific capacitance based on GCD curves was
calculated according to eqn (2).

21 x At

C:mxAV )

where C (F g™ "), I (A), At (s), m (g) and AV (V) were the specific
capacitance, the discharge current, the discharging time, the
mass of active materials in an electrode, and the voltage
window, respectively.

The energy density of the two-electrode system was calcu-
lated by eqn (3), power density was calculated according to eqn

(4)-

G x AV? 3)
T 2x3.6
P E x 3600 )
At

where E (W h kg™') is the energy density, P (P, W kg™') is the
power density, Cy, is the gravimetric capacitance, V (V) is the
voltage change within the discharge time, and At (s) is discharge
time.

2.5 Triclosan recognition and adsorption

In order to test the absorption capacity of NRPCs in high
concentration solution of triclosan, the adsorption studies for
triclosan were carried out in acetonitrile instead of in water.
First, 2000 mg L™ " of acetonitrile solution was prepared. Then,
5 mg NRPCs was added into 5.0 mL of 2000 mg L~ " TCS CH;CN
solution. The mixtures were incubated in a shaker for 60 min to
allow absorption equilibrium to be established. Each sample
was passed through a Teflon filter to separate particles from
supernatant. Residual concentrations of TCS in filtrate were
quantified by measuring the UV absorbance at 280 nm. The
adsorption capacity can be calculated according to the following
eqn (5).

0, - (Co—C)V 5)

m

where Q, (mg g ') is adsorption capacity of NRPC-112 at
different time intervals; C, (mg L™") and C, (mg L") are the
initial and residual concentrations of TCS, respectively; V (L) is
the volume of TCS solution; and m (g) is the mass of the
absorbent.
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The adsorption isotherm of NRPC-112 was described using
a Langmuir model with a homogeneous adsorption, which is
expressed by eqn (6).

_ bgx
r= 1+ bx

(6)

where y (mg g ') represents the equilibrium adsorption
capacity, and g (mg g~ ') is the maximum adsorption capacity
corresponding to complete monolayer coverage. b (L mg™") is
the Langmuir equilibrium constant and x (mg L™') is the
equilibrium solute concentration.

3 Results and discussion
3.1 Structural transformation

Theoretically, for a biomass precursor, a uniform, stable and
constant chemical composition would be highly desirable. In
reality, the chemical composition of precursors with low cost
are quite complex and vary dramatically from batch to batch.
For example, when cotton straw was used, it contains three
different parts, namely cutex, stem and core. The chemical
contents of them are quite different. The hardness of cotton
straw also made it difficult to be smashed or dissolved. Thus it
is important to choose cheap precursors with uniform, stable
and constant chemical composition and appropriate physical
and chemical properties. Taking all these reasons, it makes
cotton seed hull a promising bio-resource precursor as well as
its affordable cost and availability in large quantities.

The yields of carbonized cottonseed hull at 800 °C and four
NRPCs were listed in Table 1. It was showed that the yields of
NRPCs decreased with the increasing amount of urea, which
could be attributed to the etching and intercalation effect result
from KOH and urea. On the other hand, a portion of the urea
would be doped into the cotton seed shell matrix (shown in
Table 1). The excess amount of urea would consume a portion of
the KOH and the efficiency of activation for KOH would be
reduced. Thus, it is critical to choose appropriate precursor
ratio for preparing the carbon materials.*

3.2 Materials properties

The elemental compositions of NRPCs and CH-100 were ob-
tained by combustion elemental analysis and XPS analysis. As
seen from Table 1, it was observed that CH-100 exhibited
a nitrogen content of 2.15%, and other NRPCs consisted of
carbon (64.43-78.38%), nitrogen (2.43-10.69%), hydrogen
(1.12-1.86%), which implied urea was favourable for
generating N rich carbon materials. And the content of nitrogen
on the surface of samples was in agreement with that of
elemental analysis, which further indicated that the nitrogen
was successfully doped into the carbon matrix. Besides, the
oxygen element was also detected from the obtained NRPCs. It
was proposed that N groups mainly provided pseudocapaci-
tance and O groups were beneficial for improving surface
wettability of the electrode.*® The morphology and structure of
samples were observed by SEM and TEM. The morphology of
NRPC-112 was depicted in Fig. 1(a-c, e and f). The SEM images
in Fig. 1a showed that large amounts of porous structure were

RSC Adv., 2018, 8, 42405-42414 | 42407


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra08332k

Open Access Article. Published on 19 December 2018. Downloaded on 12/6/2025 3:50:50 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

Fig.1 SEMimages of NRPC-112 (a—c), CH-100 (d). TEM image (e) and
HRTEM image (f) of NRPC-112, and the corresponding EDX mapping of
(9) C, (h) N, (i) O.

generated. It also can be seen from SEM images (Fig. 1b and c)
that NRPC-112 containing continuous, interconnected, osteo-
porosis porous structure. The crosslinked porous structure
could provide the channel of electrode ions diffusion and
transmission.” As shown in Fig. 1d, the CH-100 exhibited
smooth surface and dense structure with very limited pores and
channels. Compared with CH-100, the obtained NRPC-112
showed an osteoporosis and macro/meso porous structure,
which could be attributed to the etching and intercalation effect
result from KOH and urea. In addition, Fig. 1e presented the
microscopic structure of NRPC-112. The sub-nanometer micro-
structure of NRPC-112 was highlighted by HRTEM in the Fig. 1f.
There was an amorphous structure with irregular domains,
indicating some disordered defects and functional groups in
the material. Furthermore, in order to investigate the elemental
distribution of C, O, and N, energy-dispersive X-ray spectros-
copy (EDS) mapping was performed and the results were shown
in Fig. 1(g-i). All elements displayed a homogeneous distribu-
tion on the surface of the sample, indicating that N was
successfully incorporated into NRPC-112 matrix.

The N, adsorption/desorption isotherms were carried out to
characterize the pore structures of the prepared NRPCs. The
isotherms and the pore size distribution were shown in Fig. 2.
Table 2 summarized the detailed textural parameters of CH-100
and NRPCs. As shown in Fig. 2a, NRPCs showed the typical type
Iisotherm according to IUPAC classification, which implied the
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Table 2 Textural parameters of CH-100 and NRPCs
SBET (m”* g ") Pore volume (cm® g™ ")

Material ~ Total Micro Meso Total Micro Meso Dy (nm)
CH100 15 6 9 0.016 0.0018 0.0142 4.57
NRPC-110 1160 1129 31 0.52 0.47 0.05 2.38
NRPC-111 1277 1218 59 0.76 0.67 0.09 1.79
NRPC-112 2573 2398 175 0.89 0.78 0.11 1.99
NRPC-113 1789 1719 70 1.54 1.23 0.31 2.41

existence of mainly micropores.*® Fig. 2b showed that the pore
diameters of all samples were mainly in the range of 0.4 to 5 nm,
it can be seen that the materials possess micropores in the
range of 0 to 2 nm which could be ascribed to the KOH chemical
etching and activation. These results suggested that both KOH
and urea can act as efficient activation reagents for improving
the porosity and specific surface area of the carbon materials.

It was found in Table 2 that the cottonseed hulls (without
urea and KOH) carbonized at 800 °C only had specific surface
area of 15 m” g " and larger average pore diameter, while the
NRPCs had much larger specific surface area (1160-2573 m?
¢~") and smaller average pore diameter (1.79-2.41 nm). With
the increase of the precursor ratio (cottonseed hull-
: KOH : urea) from 110, 111, 112 to 113, the specific surface
area increased from 1160, 1277 to 2573 m> g ' and then
decreased to 1789 m” g~ ', respectively, while the pore volumes
increased from 0.016, 0.52, 0.76, 0.89 to 1.54 cm® g~ ', respec-
tively. It was observed that the enhancement in specific surface
area mainly ascribe to the existence of micropores, which was
beneficial for high capacitance because the micropores could
provide abundant active sites for ion storage. Moreover, some
mesopores were also observed, which were helpful for diffusion
and transmission of electrolyte ions. Noticeably, the specific
surface areas of NRPC-112 (2573 m? g ') is significantly higher
than other biomass-derived carbon materials reported previ-
ously, as listed in Table 3.

Then the crystal structure and the degree of graphitization of
the CH-100 and NRPCs were recorded by XRD and Raman
spectra (shown in Fig. 3). A broad and weak diffraction peak
appeared at 20 = 15-30°, implied that the NRPCs had amor-
phous structure with low graphitization degree. The Raman
spectras of CH-100 and NRPCs (Fig. 3a) were in agreement with

Table 3 Comparison of specific surface areas of various biomass-
derived carbons

. Materials SBET (m”® g™ ") Ref.
iIZOO 21123;'3?..0 »t-) j-5 CH-100

Te10002 T bt Tw ——NRPC-110 Bagasse 945 45

8 goo-—rmecisy §20 ZNRrGAD Peanut shell 1376 47

£ 600 g1 S NEES Hemp 1505 48

2 400 /’——d 310 Fungus 1103 49

£ — £ os Peat moss 369 50

0= 0.0 = Banana peel 217 51

0 O‘Iiclali\%‘:)rcssuorf(l’ Pug')s : 0 : Pore A}jinmetef(nm) 8 10 Pueraria 2321 52

Soybean 1749 53

Fig. 2 (a) N, adsorption—desorption isotherms, (b) pore width distri- Lotus stems 1322 54
butions of CH-100 and NRPCs obtained by DFT method. NRPC-112 2573 This work
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Fig. 3 (a) XRD patterns, (b) Raman spectra of CH-100 and NRPCs.
the XRD pattern. Two characteristic peaks appeared at
1585 cm ™" (G bands) and 1332 cm ™" (D bands).

The D bands are relevant to the degree of crystal defect of the
material, while the G bands represent the micro crystalline
structure. The ratio of G to D peaks (Is/Ip) reflects the material
defect degree and the degree of graphitization. As shown in
Fig. 3b, the Is/I, values of all samples were in the range of 1.18-
1.19, suggesting the N and O doped NRPCs possessed the
typical amorphous structure with a relatively low degree of
graphitization.

The surface chemical properties of all samples were char-
acterized by XPS technique. As shown in Fig. 4a, three charac-
teristic peaks were observed at 285, 400, and 533 eV, which were
assigned to the C 1s, N 1s, and O 1s, respectively.”® The
elemental composition was summarized in Table 1.

The high-resolution XPS scans of N 1s (Fig. 5a, ¢, e, g and i)
revealed that there were four types of N signals. They were
pyridinic-N (N-S), pyrrolic-N (N-F), graphitic-N (N-Q), and
oxidized-N (N-X), which were correspond to the peaks at 398.2,
399.7, 400.7 and 402.8 eV, respectively.**>*

The high resolution scans of O 1s were shown in Fig. 5b, d,
f, h, and j. Three types of O signals were observed namely, C=0
oxygen or quinine-type groups (O-D), C-OH phenol groups/C-
O-C ether groups (0-S) and O=C-O (carboxylic group, chem-
isorbed oxygen)/or water (O-T), which were ascribed to the peaks
at 531.3, 532.7 and 534.2 eV, respectively.” It was believed that
the pyridinic N could facilitate electron transfer to the carbon
layers, while the graphene N could enhance the conductivity of
materials. Therefore, they were both important for electrode
application. Besides, the pyrrolic N and pyridinic N could join in
redox reactions to promote the pseudocapacitance and increase
the capacitive performance.* Furthermore, different types of O
within the carbon materials are shown in Fig. 4b. O-D is a type
of O bonding to enhance the surface wettability, all materials
had large amount of O-D, which implied that they had low

a
e CH-100 wNRPC-110 b

. Phenol-O Pyridinic-N
——NRPC-111  ——NRPC-112 Cls
——NRPC-113 Carboxylic-O, Graphitic-N
2 ols Nls
z n
Z R 0
e A
=
= A *
/ Oxidized-N
(o) H
700 600 500 400 300 i Pyrrolic-N
Binding energy (eV) Quinine-O

Fig. 4 (a) XPS survey spectra of carbon samples. (b) Schematic illus-
tration of different of N and O in carbon material lattice.
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Intensity (a.u.)
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Binding energy (eV) Binding energy (eV)

Fig. 5 XPS spectra of the as-prepared carbon samples (a) N 1s of CH-
100, (b) O 1s of NRPC-100, (c) N 1s of NRPC-110, (d) O 1s of NRPC-110,
(e) N 1s of NRPC-111, (f) O 1s of NRPC-111, (g) N 1s of NRPC-112, (h) O
1s of NRPC-112, (i) N 1s of NRPC-113, (j) O 1s of NRPC-113.

resistance to ion transfer between the electrolyte. O-S was
electrochemically active, which was beneficial for promoting
pseudocapacitance of the electrode. O-T also facilitated good
performances in the electrochemical tests.*

N and O in different chemical states within the carbon
matrices were schematically showed in Fig. 4b. It was proposed
that the doping of oxygen and nitrogen heteroatoms could
effectively improve the surface wettability and increase pseudo-
capacitance of carbon electrode materials.®* Therefore, the
resulting NRPCs were expected to be suitable as electrode
materials for supercapacitors.

3.3 Electrochemical properties

After the successful synthesis of the nitrogen-doped porous
carbons with appropriate pore structures, high specific surface

RSC Adv., 2018, 8, 42405-42414 | 42409
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areas and nitrogen content, the electrochemical performance of
the prepared NRPCs were assessed. The electrochemical prop-
erties of CH-100 and NRPCs were evaluated both in a three-
electrode system and a two-electrode cell using 6 M KOH solu-
tion as electrolyte.

The Fig. 6a showed the cyclic voltammogram curves (CVs) of
CH-100 and NRPCs at a scan rate of 10 mV s~ ' in three electrode
cell with 6 M KOH as electrolyte. The CV curves were related to
the capacitance of an electrode. The larger rectangular shape of
the CV curves indicated higher ability to store electric charge.
The NRPC-112 exhibited superior capacitances among all
NRPCs electrodes. The superior electrochemical performance of
NRPC-112 could be ascribed to the high specific surface area
(2573 m*> g~ ") for accommodation of larger amounts of electric
double-layer capacitance (EDLC) and interconnected pore
structure. As mentioned previously, the large amount of surface
mesoporous structures led to a low resistance channels for ion
transport, the micropores provided abundant surface area to
accommodate electric double layers and generate
pseudocapacitances.

Galvanostatic charge/discharge (GCD) profiles of CH-100
and NRPCs at a current density of 0.5 A g~' were shown in
Fig. 6b. GCD curves exhibited a quasi-isosceles triangular
shape, which implying that all samples had good coulombic
efficiency and decent double-layer capacitive performance.
Furthermore, from the GCD results at current density of
0.5 A g !, the NRPC-112 exhibited the largest gravimetric
capacitance (Cy) values (340 F g~ ). The C, value was higher than
that of control CH-100 (153.5 F g~ '), and NRPC-110 (230 F g™ 1),
NRPC-111 (288.5 F g~ ') and NRPC-113 (301.3 F g~ '). The results
highlighted the superior capacitances of NRPC-112 electrode.

As shown in Fig. 6c, the electrochemical dynamics perfor-
mance of NRPCs was measured by EIS. the measurements were
performed with an alternating current voltage amplitude of
5 mV within frequency range of 0.01 Hz to 100 Hz. NRPC-112
electrode showed a near vertical straight line at the low-
frequency region (Warburg diffusion component) and the
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Fig. 6 Electrochemical performance of CH-100 and NRPCs with 6 M
KOH as the electrolyte in a three-electrode system. (a) CV curves at
10 mV s~ (b) GCD profiles at a current density of 0.5 A g~?, (c) Nyquist
plots, (d) specific capacitance at different current densities.
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slope of the straight line was greater than that of other samples,
suggesting that electrical ions could easily spread the surface
without diffusion resistance. Simultaneously, NRPC-112 dis-
played the smallest semicircle at the high frequency region
among all samples, demonstrating the lowest charge transport
resistance.

What is more, the stability at a high current density is a key
factor for real application of supercapacitors. Discharge capac-
itances of the obtained five samples at different current densi-
ties were evaluated, and the results were summarized in Fig. 6d.
It was observed that the capacitance of NRPC-112 was higher
than that of all other samples at high current densities. The
specific capacitance of all NRPCs decreased rapidly with the
increasing current density from 0.5 A g~ " to 2 Ag~". The specific
capacitances of the CH-100, NRPC-110, NRPC-111, NRPC-112,
and NRPC-113 electrodes were obtained as 154, 230, 289, 340,
301.3 F g~ ' at the current density of 0.5 A g~ ', respectively. And
the capacitance retention rate of five samples were 75%, 65%,
74%, 80% and 72% at the current density of 10 A g™, respec-
tively. NRPC-112 showed the largest rate capability (80%
retention), which was much higher than other electrodes, sug-
gesting superior stability at high current density.

NRPC-112 electrode was chosen to evaluate its super-
capacitors properties due to its superior electro-chemical
performance (the electrochemical property of NRPC-112 was
also evaluated in a three-electrode system using 1 M H,SO,
solution as electrolyte as shown in Fig. S11). Fig. 7a showed the
CV curve of NRPC-112 at various scan rates. It was found that
the CV curve of NRPC-112 showed rectangular shape as the scan
rate increasing from 10 mV s~ ' to 50 mV s~ . The CV curve still
retained a rectangular shape even at the scan rate of 100 mV s,
illustrating the rapid charging-discharging characteristic and
a good ratio performance at high scan rate. Fig. 7b was the GCD
curves at current density range from 0.5A g™ ' to 10 Ag™". It was
found that the curves were near isosceles triangle shape,
implying the high ratio performance, low equivalent series
resistance and high discharge efficiency.

NRPC-112 demonstrated the highest ratio performance and
specific capacitance. This could be ascribed to the synergistic
effect of oxygen and nitrogen doping and the largest specific
surface area. Firstly, NRPC-112 had a porous structure and the
highest specific surface area (both in micropore and meso-
porous). Micropores could provide abundant active sites for ion
storage, interfacial reactions, while the mesopores could
promote fast ion transportation.***"**% Secondly, NRPC-112
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Fig. 7 Electrochemical performance of NRPC-112 in a three-elec-
trode system. (a) CV curves at various scan rates of 5-100 mV s, (b)
GCD curves at 0.5-10 A g™~
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had moderate oxygen and nitrogen content. It was proposed
that oxygen containing functional groups such as C=0, C-O/C-
OH, -COOH and nitrogen functional groups including pyridine
nitrogen, pyrrole nitrogen and nitrogen oxides could be
involved in the Faraday reaction, providing pseudocapacitance,
while graphite nitrogen could also improve the electrical
conductivity of the material.***” Furthermore, the presence of
oxygen and nitrogen functional groups promoted the surface
wettability between electrodes and electrolyte. This would also
facilitate the aqueous electrolyte ions entering into the elec-
trode pore structure, so as to improve the electrochemical
performance.*”**

In order to evaluate the supercapacitors performance for
practical applications, two-electrode symmetric supercapacitor
was set up in 6 M KOH.

Fig. 8a showed CV curves of NRPC-112 based symmetric
supercapacitors at different scan rates. It was observed that the
CVs were relatively regular rectangle shape as the scan rate
increasing from 5 mV s~' to 100 mV s~', which could be
attributed to an electrochemical EDLCs contribution. GCD
curves (Fig. 8b) showed symmetric triangle shapes at different
current densities. The Nyquist plot of NRPC-112 based
symmetric supercapacitor was shown in Fig. 8c. It was found
that the equivalent series resistance of NRPC-112 based
symmetric supercapacitor was about 0.75 Q, indicating that the
electrolyte ion could be transmitted and diffused rapidly.
Fig. 8d showed the specific capacitance at various current
densities. It showed that the specific capacitance of NRPC-112
was 304, 290, 272, 242, 217 F g~ ' at the current density of 0.5,
1, 2, 5, 10 A g7, respectively, implying the rate capability of
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Fig. 8 Electrochemical performance of NRPC-112 in a two electrode
system in 6 M KOH. (a) CV curves at various scan rates (5-100 mv s™3).
(b) GCD curves at 0.5-10 A g, (c) Nyquist plots. (d) Specific capaci-
tance at different current densities. (e) The cycling stability at 5 A g+
over 5000 cycles, (f) energy density vs. power density curve.
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Table 4 Comparison of gravimetric capacitances of carbon materials
in a two-electrode cell with 6 M KOH as the electrolyte

Current density

Materials (Ag™ Cy(Fg™ Ref.
Willow catkin 1 279 68

Cattail 1 214 69
Tobacco rods 0.5 287 55

Loofah sponge 1 78 70

Cattail 0.5 127 71
Bamboo shell 1 204 72
Pomelo peel 1 260 73

Wood sawdust 0.5 225 74
Cottonseed hull 0.5 304 This work

~71% retention (the ratio of the specific capacitance at the
current density of 10 Ag™" and 0.5 A g~ ). Impressively, in a two-
electrode cell using 6 M KOH as electrolyte, the specific capac-
itance of NRPC-112 (304 F g~ ') was much higher than that of
biomass-derived carbon materials reported in literature (listed
in Table 4).

In practical application, the cycle stability and energy density
of supercapacitors are important parameters. Fig. 8e presented
the stability of NRPC-112 based symmetric supercapacitor in
two electrode cell at the current density of 5 A g~ *. It was
observed that about 91% specific capacitance of NRPC-112
remained after 5000 cycles. The energy density plot of NRPC-
112 was depicted in Fig. 8f. Results showed that the energy
density was as high as 21.1 W h kg~ with power density of
250 W kg™ ', which was higher than that of recent reports of
hybrid carbon-based supercapacitors (18 W h kg™" when the
power density was 250 W kg ').”* More impressively, the energy
density was up to 12.3 W h kg™ ! when the power density reached
5000 W kg~ '. These results showed that NRPC-112 based
symmetric supercapacitors demonstrated excellent electro-
chemical performances.

3.4 Triclosan recognition and removal

Triclosan has drawn considerable attention as one of the most
dangerous carcinogen precursor to human health. Triclosan
has been frequently detected in surface water since it has been
widely used in household chemicals in large quantities. It is
harmful to aquatic organisms, and contributes to the direct
formation of extremely toxic carcinogen dioxins. This raised
concerns in US EPA and FDA in 2010, and state of Minnesota
baned triclosan in May 2014. Measures were further taken for
this issue and US FDA baned triclosan in consumer soaps in
September 2016. Therefore it is paramount important to
develop functional materials for the recognition and removal of
emerging pollutants like triclosan.

Along this line, the as prepared NRPCs were evaluated and
tested as adsorbent materials for triclosan. This design was
based on three reasons. Firstly, the prepared NRPCs featured
large surface areas and unique porous structure, which was
highly desirable as absorbent materials. Secondly, the different
types of nitrogen atoms including pyridinic-N (N-S), pyrrolic-N
(N-F), graphitic-N (N-Q), and oxidized-N (N-X) doped in NRPCs

RSC Adv., 2018, 8, 42405-42414 | 42411
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Table 5 Comparison of the adsorption capacity for triclosan using various reported adsorbents
Adsorption capacity
Adsorbent (mgg™) Ref.
Carbon nanotubes imprinted polymers 0.80-1.82 76
Magnetic carbon nanotubes imprinted 15.1-20.9 77
material
Kaolinite 6 78
Montmorillonite 9 79
B-Cyclodextrin 15.19 42
Activated carbon from gas masks 85 43
Carbon material from rice straw 174 44
NRPC-112 205 This work
could potentially interact with triclosan via hydrogen bonding
and acid-base interaction. Furthermore, the NRPCs also feature 220
large conjugated aromatic structure which allows electron 5
e *
delocalization. This would facilitate the aromatic-aromatic 200
interaction with triclosan benzene rings. Impressively, the 18049 requaton E )
NRPCs exhibited an extraordinary adsorption capacity up to g
205 mg g~ * for triclosan. It was found to be the most effective £ 1607 Al Boguars et
. . ~ Value Standard Error

absorbent ever reported in the literature (Table 5). g 1404 B b 024327 0.02307

For purpose of dyes removal, we investigated the adsorption 8 120 B q 120537711 2.31094
performance for TCS using the NRPC-112 as adsorbent. The ;S" j
adsorption isotherm of NRPC-112 was described using a Lang- 1004,
muir model with a homogeneous adsorption, which is 20
expressed by eqn (6). The experimental data were fitted to the (') y 460 ; 860 12'00 1 6'00 . 2000

Langmuir model with the R* value of NRPC-112 adsorbent over
0.98 (as shown in Fig. 9), it has a high adsorption capacity for
triclosan at both low concentrations and high concentrations of
triclosan. As shown in Table 5, the NRPC-112 exhibited
adsorption capacity as high as 205 mg g ' for triclosan.
Adsorption capacity of other reported triclosan adsorbents such
as carbon imprinted polymers, magnetic imprinted material,
kaolinite, montmorillonite, B-cyclodextrin,** zeolites, activated
carbon, rice straw** were summarized in Table 5.

It should be noticed that the values of adsorption capacity of
other sorbents were obtained under very different conditions
and some of them by using water as equilibrium solvent. For
example, for magnetic carbon nanotubes imprinted material,
the solvent used was water. For kaolinite the solutions were
prepared in an aqueous solution with only 20% methanol. For
montmorillonite and B cyclodextrin the solvent was water, and
for carbon material from rice straw the solvent was water. On
the other hand, the amounts used for each work were quite
different. Although the test conditions are different, NRPC-112
showed great application value to the adsorption of triclosan.

NRPC-112 demonstrated the good adsorption capacity. This
could be ascribed to the large specific surface area and the
synergistic effect of oxygen and nitrogen doping. NRPC-112
provided various amine groups which could form hydrogen
bonds with O atom and interact with hydroxyl group through
acid-base interaction. NRPC-112 provides aromatic rings which
can form aromatic-aromatic interactions with phenyl rings of
triclosan, as shown in Fig. 10. In summary, results implied that
the prepared nitrogen-enriched porous carbons hold great
application potential for the recognition and removal of
triclosan.

42412 | RSC Adv., 2018, 8, 42405-42414

Equilibrium concentration (mg L")

Fig. 9 Equilibrium adsorption isotherm of TCS on NRPC-112 (exper-
imental conditions: 5 mg of NRPC-112 was added into a 5 mL TCS
solution at a designed concentration after stirring for 2 h. TCS initial
concentration (Co) = 100, 200, 400, 800, 1200, 1600, 2000 mg L%,
respectively.).
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Fig. 10 Cartoon illustrating the NRPC-112 material for TCS adsorption
and removal.

4 Conclusions

Nitrogen-enriched porous carbons with high nitrogen content
and large surface areas were designed and prepared from
cottonseed hull via simultaneous carbonization and activation

This journal is © The Royal Society of Chemistry 2018


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra08332k

Open Access Article. Published on 19 December 2018. Downloaded on 12/6/2025 3:50:50 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

with a facile one-pot approach. The as-prepared NRPCs dis-
played high specific surface area (up to 2573 m”> g~ ). The
NRPCs exhibited excellent electrochemical performance with
maximum specific capacitance of 340 F ¢~ at current density of
0.5 A g~ ' with 6 M KOH as electrolyte in three electrode cells. In
the two electrode cell, the NRPC-112 also showed an
outstanding specific capacitance of 304 F g ' at 0.5 A ¢" " and
good rate capacity (about 71% retention at current density of
10 A g ') as well as excellent cycling stability (about 91%
retention at current density of 5 A g ') after 5000 cycles.
Furthermore, the NRPCs exhibited adsorption capacity as high
as 205 mg g~ ' for triclosan under tested conditions. The facile
one pot process would also be favourable for large scale
manufacturing for preparing N-doped porous carbon materials.
Such functional porous carbon materials derived from low-cost,
abundant sustainable bioresource could have substantial
impact for applications including energy storage devices and
functional adsorption materials.
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