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In recent years, multi-heteroatom-doped hierarchical porous carbons (HPCs) derived from natural
potential precursors and synthesized in a simple, efficient and environmentally friendly manner have
received extensive attention in many critical technology applications. Herein, bean worms (BWs), a pest
in bean fields, were innovatively employed as a precursor via a one-step method to prepare N-O-P-S
co-doped porous carbon materials. The pore structure and surface elemental composition of carbon
can be modified by adjusting KOH dosage, exhibiting a high surface area (Sget) of 1967.1 m? g~ together
with many surface functional groups. The BW-based electrodes for supercapacitors were shown to have
a good capacitance of up to 371.8 F g~ in 6 M KOH electrolyte at 0.1 A g%, and good rate properties
with 190 F g* at a high current density of 10 A g~*. Furthermore, a symmetric supercapacitor based on

the optimal carbon material (BWPC,/z) was also assembled with a wide voltage window of 2.0 V,
Received 6th July 2020

Accepted 11th August 2020 demonstrating satisfactory energy density (27.5 W h kg™ at 200 W kg™ and electrochemical cycling

stability (97.1% retention at 10 A g~* over 10 000 charge/discharge cycles). The facile strategy proposed

DOI: 10.1039/d0ra05870j in this work provides an attractive way to achieve high-efficiency and scalable production of biomass-
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1 Introduction

The huge demand for and depletion of non-renewable fossil
energy have resulted in a global energy crisis over recent years."
To deal with these urgent issues, the development of reliable
and cost-effective electrochemical energy storage systems has
become increasingly prominent. Supercapacitors (SC), as one of
the most promising energy storage devices, provide an oppor-
tunity to address this challenge and are becoming more prev-
alent due to their multiple advantages, such as quick
recharging, high specific power density, and long cycling life.>?

Typically, carbon materials, including carbon nanotubes,*
graphene,® carbon nanosheets,*” activated carbon,® metal-
organic frameworks (MOFs)® and carbon nanofibers are often
used as electrical double-layer capacitor (EDLC) electrodes.
Nevertheless, there are a number of issues that affect the
commercial application of these materials, including high cost,
poor electrical conductivity, and low power density. Recent
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studies found that electrode materials with three-dimensional
hierarchical porous nanostructures, including micropores,
mesopores and macrospores are more suitable for energy
storage."* As a result, hierarchically porous carbon material has
been deeply explored for this purpose with considerable prog-
ress achieved.*

Energy storage capacity of carbon-based supercapacitors is
dependent on the adsorption of electrolyte ions or reversible
redox reaction at the interfaces of electrode and electrolyte. A
large number of micropores (less than 2 nm in diameter) in the
carbon material is considered to be critically important for
increasing energy density by providing abundant accessible
surface area as well as active sites. However, electrolyte ions
cannot effectively transport into interior pores in micropores
dominated carbon, leading to inferior power performance of
electrode materials. It is generally believed that the mesopores
(2-50 nm), especially narrow mesopores, can provide a short
electron and ion transport pathway, enhancing the utilization
ratio of the micropores.*'* Besides, macropores (>50 nm) can
act as a fast buffering reservoir to store more electrolyte ions.
Hence, the rational design of pore structures with abundant
appropriate micropores, macro- and mesopores of carbon
materials is of great significance to their capacitive perfor-
mances and rate capability.

Introducing heteroatoms into carbon network is another
productive ~way to attain excellent electrochemical

This journal is © The Royal Society of Chemistry 2020
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performances without change the original orientation struc-
ture."*® Research results indicate that the present of oxygen can
significantly enhance the wettability to electrolyte, improving
the micropores accessibility of electrolyte ions, offering more
active sites for reversible redox reactions, and ensuring superior
capacitive properties of carbon material.”” Moreover, both
conductivity and wettability of carbon materials can be
substantially promoted by introducing nitrogen into carbon
skeleton, leading to better electrochemical performance.*® Apart
from N and O, another class of functional materials, including
S, B and P, also possessing physio/chemical properties suitable
for superior cell outputs.**® In comparison to mono-heteroatom
doping, multi-heteroatom doping can further enhance the
overall performances of the carbon materials because of the
synergetic interaction between different heteroatoms.>*>*
Therefore, enormous efforts are devoted to optimizing the
electrochemical performance of carbon materials by incorpo-
rating multiple heteroatoms into the framework of carbon.
Nevertheless, to our knowledge, S/P/N/O co-doped carbon has
seldom been reported.

To fabricate HPCs with high surface area, various activating
agents, including KOH, NaOH, ZnCl,, H;PO, and CaCl, have
been adopted.”** Among them, KOH exhibits many advan-
tages, especially on forming uniform pore structure and large
Sger, Which was reported as among the most promising acti-
vating agent for producing porous carbon materials.!®?>2¢
Moreover, this process is also suitable for large-scale production
of carbon materials. Generally, chemical activation of carbon
materials by KOH can be divided into one-pot process and
hydrothermal/pre-carbonization plus KOH activation strategies
(two-step mechanism).””** The former takes shorter time and
produces a high yield, but usually produces an unsatisfactory
broad pore size distribution (PSD), resulting in reduced capac-
itance.” The drawback of the later, however, is that the process
is sophisticated and time-consuming, and a large amount of
KOH was used. Moreover, the activation conditions and
precursors used significantly affect the structural properties
and surface functionalities of KOH-activated carbons.* Thus, it
is highly necessary to choose an appropriate raw material and
develop a facile KOH synthesis strategy to prepare the carbon
materials.

As sustainable and renewable biomass materials, legumes
and byproducts of legumes are rich in plant proteins,* which is
mainly composed of complete protein with elements of C, S, O
and N. Hence, legumes-derived HPCs have been extensively
applied as highly conductive materials for supercapacitor.***3¢
For instance, Yao et al.** reported Bradyrhizobium japonicum-
derived 3D hierarchical porous carbon with high N content, the
as-prepared material was of large Spgr, unique three-
dimensional hierarchical porosity and also excellent electro-
chemical performance. Lin et al.** synthesized nitrogen-doped
HPCs by using soybean as starting material, and a high
energy density was obtained. Bean worm (BW), a widely
distributed invertebrate in China, living on soybean, acacia,
robinia and honeysuckle. In China, bean worms have been bred
and developed into an industry since the last century and a large
number of bean worms are marketed all over China annually.
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Furthermore, BWs are ideal plant protein resources (about
63.2% of the dry weight).?” That is to say, it contains an abun-
dance of carbon, oxygen, nitrogen, and sulfur. Thus, BW is ex-
pected to provide a new insight for the use of legumes-derived
biomass to synthesis multi-heteroatom-doped materials as an
effective candidate of electrode active materials for practical
supercapacitors.

Here, we report our use of a very simple, one-step carbon-
ization process (Fig. 1) to produce HPCs with abundant func-
tional groups, using the bean worm as a novel carbon source.
The meanings of our work are as follow: (1) the present research
can deepen our understanding of the doping mechanism of
heteroatoms and the parameters for activation in relation to
improving electrochemical properties; (2) the fabrication route
is facile, less energy consumption and easy handling, which is
suitable for large-scale production of carbon materials; (3) the
as-obtained carbon materials exhibits large Sggr, hierarchical
pore architecture, high content of N, O, P and S heteroatoms.
Also, a remarkable specific capacitance of 371.8 F g~ " is ob-
tained. These findings demonstrate that bean worm-derived
HPCs will be promising electrode materials for sustainable
energy applications.

2 Experimental details
2.1 Materials

Bean worms were collected from local farm of Suzhou, Anhui
Province of China. Potassium hydroxide (wt% > 85%, KOH),
hydrochloric acid (37 wt%, HCl), and ethanol were purchased
from Aladdin Chemistry Co., Ltd (China). All chemicals were
analytical grade.

2.2 Preparation of bean worms derived carbon materials

BWs were soaked and cleaned with distilled water, dried at
110 °C for 24 h, and then cut into pieces with scissors. The
yellow BW slices were mixed with KOH in 250 ml deionized
water, and then vigorously stirred for 36 h. After that, the KOH
attached BWs were dried in an oven at 120 °C for 24 h and then
heated to 700 °C with a rate of 5 °C min~ ' in N, atmosphere,
held there for 2 h. The collected samples were then rinsed in
diluted HCI and deionized water, and finally dried at 120 °C
overnight. When different contents of KOH were used, the
carbonization products were denoted as BWPC, ,, where x are 2,
3 and 4 for all BW-derived HPCs. For instance, BWPC,/, repre-
sents a carbon material, in which the mass ratio of KOH to BW
was 1 : 2. For comparison, a carbon named as BWC was man-
ufactured under identical conditions in the absence of KOH.

2.3 Material characterization

Scanning electron microscopy (SEM, Hitachi S-2600N), trans-
mission electron microscope and high-resolution transmission
electron microscopic (TEM and HRTEM, JEOL JEM-2100F) were
applied to observe the microstructures. Pore structure proper-
ties were analyzed by N, adsorption and desorption isotherms
at 77 K (Micromeritics ASAP 2460, USA). The Sggr and PSD were
determined by the Brunauer-Emmett-Teller (BET) method and
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Fig. 1 Schematic diagram of the preparation of bean worm derived carbon.

the density functional theory (DFT) model. The defective nature 2.4 Electrochemical measurement
of the materials was measured by Raman spectrometer (Thermo
Fisher), while the chemical composition was conducted by an X-
ray photoelectron spectrometer (XPS, 250Xi, Thermo Fisher
Escalab, USA). The crystalline and phase structure for all
BWPCs were measured via X-ray diffraction (XRD, Smartlab 9

kW, Japan) from 10-80° at a scan rate of 5° min~".

The electrochemical measurements for all products were con-
ducted on a CHI760D electrochemical workstation. To prepare
the working electrode, the active material, polytetrafluoro-
ethylene (PTFE), and acetylene black were mixed with a ratio of
80 : 15 : 5 by weight. The slurry was then coated onto one side of
a nickel foam (1 ecm x 1 cm) and dried at 85 °C for 24 h. The

Fig. 2 SEM images of (a and b) BWPCy,4, (c and d) BWPCy,3, (e and f) BWPC,,, and (g—i) TEM images of BWPCy3.

30758 | RSC Adv,, 2020, 10, 30756-30766 This journal is © The Royal Society of Chemistry 2020
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Fig. 3

load of the active material on each nickel foam was about 2 mg
cm 2. A platinum wire and a Hg/HgO electrode served as
counter and reference electrodes in a three-electrode system,
respectively. Electrochemical impedance spectroscopy (EIS) was
tested in a frequency domain of 0.01-10> Hz with an amplitude
of 5 mV. Galvanostatic charge/discharge (GCD), cyclic voltam-
metry (CV) and EIS measurements were conducted in 6 M KOH
solution.
The specific capacitance (Cs, F g~ ') was calculated according
to the GCD tests depended on formula (1):
C,= (I x Apl(m x AV) (1)
The symmetrical coin-type supercapacitors were assembled
by two nearly identical round (diameter ~ 12 mm) BWPC;y3
based electrodes using glassy fiber as separator, 6 M KOH and
1 M Na,SO, as electrolytes. The electrodes with the active

Table 1 Pore structure parameters of BW-derived samples

Pore size (nm)

(a) XRD patterns, (b) Raman spectra, (c) nitrogen adsorption—desorption isotherms, and (d) PSD of BWPC,,,, BWPCy,3, and BWPC,,,.

material mass loading of ~2 mg cm ™2 were prepared using the

same method mentioned above. The gravimetric capacitance
(Cq, F g ) of the total device was calculated with the following
equation:

Co = (I x ADI(M x AV) (2)
The energy density (E, W h kg™') and power density (P, W
kg™ ") were calculated based on the following formulas:

E=05C, x AV?3.6 (3)

P = 3600E/At (4)

where, the discharge current is defined as I (A), At (s) means the
discharge time, AV (V) signifies the potential window, m (g) is
the mass of the active material in the working electrode, M (g) is
the total mass of the active materials on both electrodes.

Sample SBET (mz g71) Smicro (m2 gﬁ]) Vtotal (Cm3 gi]) Vmicro (Cm3 g71) Vmicro/Vtotal (0/0) Dave (1’11’1’1)
BWC 0.0147 — 0.003 — — —
BWPC,,, 1043.3 264.6 0.56 0.14 25.0 2.04
BWPCy,3 1967.1 1216.2 1.08 0.76 70.12 2.18
BWPCy ), 1568.8 11151 0.87 0.53 61.11 2.25

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 XPS spectra (a) and deconvolved C 1s spectra (b), N 1s spectra (c) O 1s spectra (d), P 2p spectra (e) and S 2p (f) of BWPCys.

Table 2 Calculated results from XPS and Raman spectra

XPS (at%)

Sample C N (6] P S Ip/lg
BWC 82.81 5.63 10.58 0.61 0.38 0.83
BWPC,,, 83.41 4.67 11.42 0.22 0.28 1.00
BWPC, 3 82.34 4.36 12.86 0.21 0.23 1.10
BWPC,, 81.28 4.12 14.27 0.17 0.16 1.05

3 Results and discussion

The bean worms used in this experiment originated from the
local farm of Suzhou, China. Fig. 1 shows the schematic
diagram of the preparation of bean worm derived carbon.
Initially, bean worms were washed and dried at 110 °C. Subse-
quently, the obtained material was soaked in KOH solution to
guarantee that adequate K" and OH™ ions adsorbed to the
material. After drying, abundant KOH particles were embedded
in the bulk and deposited on the surface of carbon. The reaction
between biomass and KOH is mostly described as follows:*®

6KOH + 2C — 2K + 3H, + 2K,CO; (5)
K,CO; + C — K,0 +2CO (6)
K»CO; — K,0 + CO, 7)

2K + CO, — K,0 + CO (8)

The microstructure of the biomass precursor and carbon
materials obtained under different conditions was character-
ized by SEM first. For the precursor, complete rectangular block-
like structure with smooth surface is observed (Fig. Sla and bf).

30760 | RSC Adv, 2020, 10, 30756-30766

Fig. Sic-ft show the morphology of BWC, which exhibits block
structure with relatively smooth surface. In addition, fragmen-
tized particles and a few open macropores can be found from
the block structure. Fig. 2a-f and S1g-1f show the SEM images
of BWPCs. As can be seen, the activation with KOH markedly
changes the morphology of carbon materials and the large size
blocks are broken into smaller ones. Compared with BWPC;,,,
without obvious pores (demonstrating a weak activation effect
because of inadequate KOH activation) and BWPC; , with many
open macropores formed by excessive KOH etching, BWPC;,;
exhibits an interconnected porous structure. Fig. 2g-i displays
the TEM image of BWPC, 3, showing that many nanopores are
produced on the walls of the carbon materials. HRTEM images
(Fig. S27) further reveal the hierarchical structure of BWPC, ;.
Numerous worm-like micropores and mesopores are randomly
distributed on the surface of BWPC,,;, which can potentially
promote the surface area and the pore volume (V},).** The above
results suggest that BWPCs with interconnected nanostructure
was successfully synthesized via the facile one-pot method.
Fig. 3a presents the XRD patterns of the obtained carbons.
Two diffraction peaks can be found in BWC and BWPCs at 26 of
25° and 43.5°, which are assigned the (002) and (100) planes of
graphite, respectively.®® For BWPCs, the (002) peaks become
broader and weaker, which might be due to the KOH activation
destroys the atomic arrangement, corresponding to the porosity
change from nonporous structure to porous structure.***°
Raman spectra of BWC and BWPCs were studied for more
structural information. As shown in Fig. 3b, all BW-derived
carbons exhibit two distinct peaks at 1350 and 1590 cm ',
referred as the D-band and the G-band, respectively. The D-
band reflects the disordered carbon or defective graphitic
structures of carbon, whereas the G-band belongs to the
ordered graphite structure. The degree of structure defection
was assessed by the intensity ratios between the D-band and the

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra05870j

Open Access Article. Published on 21 August 2020. Downloaded on 3/9/2026 7:51:42 PM.

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

(cc)

Paper

View Article Online

RSC Advances

50mvs'
10
-
"o 54
<
= 04
=
£
£ -5
v s
5 10 15 20 25 30 O 104 — BWPCw
2 (Ohm) ——BWPCis
--BWC =2—-BWPCus -154 ——BWPC1s
~@-BWPCis =@—=BWPCi2
T T -20 T T T T r v
100 150 200 -1.0 -0.8 -0.6 -0.4 -0.2 0.0
Z' (Ohm) (d) Potential (V vs. Hg/HgO)
20 0.0
——BWPCus
~ 10 8-0.2- ——BWPCis
:’ o = —BWPCiz
< & 0.4
= g
- -1
8_10 —5mVs 2 -0.6-
5 —10mVs" A
0209 —20mVs" 0.8
-1
304 ——50mVs .
—100 mV's -1.04
-40 T T T d v T r v r T T T T
-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0 100 200 300 400 500 600 700
(e) Potential (V vs. Hg/HgO) (f) Time (s)
400
0.0 BWPCus —_
—01Ag" -
—_—02Ag" °0 350+ ~@—BWPCus
-0.24 -
E —05Ag" 300- —@—-BWPCus
;" —@—-BWPCi2

Potential
S
>

-0.84

-1.04

Specific capacitance (F

3000 4500
Time (s)

1500

6000

T
7500

2 4 6 8,
Current density (A g")

10

Fig. 5 Electrochemical performances of BW and BWPCs in a three-electrode system using 6 M KOH as the electrolyte: (a) Nyquist plots, (b) CV
curves (50 mV s73), (c) CV curves of BWPC,s at different scan rates, (d) GCD curves obtained at 1 A g%, (e) GCD curves of BWPCy3 at 0.1-
10 A g%, (f) the specific capacitances of BWPCs at the current densities from 0.1to 10 A g%

G-band (Ip/Ig). The D/G ratios of BWPC,,4, BWPC,,3, BWPC;,,
and BWC are listed in Table 2. Compared to BWC, BWPCs
exhibit higher Iy/I value, suggesting defects were introduced in
BWPCs due to the oxidation of carbon atoms with KOH.*>*
Specifically, from BWPC,;; to BWPC,,,, the Ip/Ig value
decreased, implying the reduced proportion of defects. These
results further clarify that excessive usage of KOH causes

structural collapse of carbon walls, which destroyed the
continuous and interconnected structure of carbon, in accor-
dance with the SEM analysis.

Nitrogen adsorption-desorption measurement for carbons
were conducted to determine the development of pore struc-
ture, as presented in Fig. 3c and S3.f Obviously, the N,
adsorption-desorption isotherm of BWC exhibits a type-II

Table 3 Comparison of Cs and Sget Of reported similar biomass-derived porous carbons prepared by the KOH activation method

Precursor Sger (M> g7) Cs(Fg ™) Electrolyte Ref.

Pine nut shells 2093 324 at0.05 Ag " 6 M KOH 7

Sakura petals 1785.4 2682 at0.2Ag " 6 M KOH 29
Bamboo shoot shells 3250 209at0.5Ag " 6 M KOH 57
Seaweed 1493 207.3at0.5A¢g " 1M KOH 58

Alfalfa flowers 1590.9 350.1at0.5A¢g " 6 M KOH 59

Pitaya peel 1872 255at1Ag " 6 M KOH 60

Bean worm 1967.1 371.8at0.1Ag™" 6 M KOH This work

This journal is © The Royal Society of Chemistry 2020
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curve, revealing the non-porous structure. While BWPC,,,
BWPC,,; and BWPC,,, reveal a typical-I sorption isotherm
characteristic after KOH activation.*” The drastic rise in volume
adsorbed occurs below P/P, = 0.1, which indicates an abundant
presence of micropores. Additionally, the PSD curves presented
in Fig. 3d verify that the BWPC material has not only the
micropores but also the mesopores.

The corresponding textural parameters of BWC and BWPCs
are summarized in Table 1. As expected, the obtained BWC
presents an undeveloped pore structure with a rather low Vv,
(0.003 cm® g7 ") and Sggr (0.0147 m*> g ). The porosity of
BWPCs was remarkably improved after the activation process by
KOH and deeply affected by the BW/KOH mass ratio. The Sggr
of BWPC,,, and BWPC,; are 1043.3 and 1967.1 m> g~ !, whereas
the V,, determined using DFT model are 0.56 and 1.08 ecm® g™,
respectively. However, the V;, and Sggr of BWPC;,, are signifi-
cantly reduced, that are, 0.87 cm® g~ * and 1568.8 m* g~ ', which

30762 | RSC Adv, 2020, 10, 30756-30766

, (b) CV curves under different sweep speeds, (c) GCD curves collected at different currents, (d)

may occur due to the collapse of pores under excessive KOH
dosage. Similar results were obtained from the loofah sponge-
derived*® and Bradyrhizobium japonicum-derived' carbon
materials. Hence, BWPC, ; with a well-developed pore structure
was expected to demonstrate excellent electrochemical
performance.

XPS was applied to analysis the atom binding states and the
contents of surface elements in the as-synthesized samples.
Fig. 4a and S4af show the XPS spectrum of all samples, and the
appearance of peaks at approximately 133.2, 154.3, 285.1, 401.2
and 533.1 eV, corresponding to P 2p, S 2p, C 1s, N 1s, and O 1s,
respectively. The results suggest that oxygen-, sulfur-, phos-
phorus- and nitrogen-containing functional groups are present
on the carbon surface. The elementary composition of BWC and
BWPCs are listed in Table 2. As can be seen, the obtained BWC
possesses high contents of N (5.63 at%), O (10.58 at%), S (0.38
at%) and P (0.61 at%) species. For all BWPCs, their

This journal is © The Royal Society of Chemistry 2020
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compositions were found to strongly depend on the KOH
dosage, with a high KOH dosage displaying a low heteroatom
(N, P and S) doping level. However, it is worth mentioning that
the heteroatomic loss is relatively low compared with other
biomass-derived carbon materials,** which indicate stable
heteroatoms doping on the carbon framework of BW. Besides,
the oxygen atomic percentage of the BWPCs gradually increases
with the increased usage of KOH, owing to the reactions
between BW and KOH, which introduces extra oxygen derived
from the activator.’®**

The C 1s core level spectrum in Fig. 4b, S4b, g and 1f show
that BWC and BWPCs have two types of C atoms, C=C (284.8
eV) and C-O/C-N (286.1 eV) groups.”” The N 1s spectra are
identified as having four types of chemical states including
pyridinic nitrogen (N-6, 397.9 eV), pyrrolic nitrogen (N-5, 399.1
eV), graphitic nitrogen (N-Q, 400.4 eV), and pyridinic nitrogen
oxide (N-X, 401.9 eV) (Fig. 4c, S4c, h and mt).” The detailed
distribution of nitrogen functional groups is further illustrated
in Table S1.t It is clear that N-Q represent the dominated
species (50-75%). As previously reported,'***” the N-Q group in
carbon materials is helpful for improving the speed of elec-
tronic transmission and enhancing the conductivity. While N-5
and N-6 can participate in reversible faradaic reactions and
provide extra pseudocapacitance due to its electron-donor
property. Therefore, the relatively better electrochemical
performances of BWPCs can be expected.

This journal is © The Royal Society of Chemistry 2020

The O 1s peak can be fitted into three different peaks
(Fig. 4d, S4d, i and mt), which are associated with C=0
including quinones and non-bridging oxygen in the phosphate
groups (P=0) (531.1 eV), oxygen single bonded to carbon in
C-O and C-O-P groups (532.8 eV), and carboxylic groups
(-COOH).* 1t is widely believed that some oxygen species, such
as carboxylic groups can also contribute to the pseudo-
capacitance via reversible redox reactions. To be specific, the
pseudo-capacitance of nitrogen and oxygen groups in a basic
electrolyte may result from the following reactions:**

C*H-NH, + 20H™ = C*=NH + 2H,0 + 2¢~
C*H-NH, + 20H™ = C*-NHOH + H,0 + 2¢~
-C=0+OH = -COOH + e~
-C=00H + OH™ = -C=0-0" + H,0

Here, C* represents the carbon skeleton.

The peak at 168.8 eV can be ascribed to the oxidized sulfur
species (S-1), for instance, the sulfate (-C-SO,~C-) or sulfonate
(-C-SO3-C-). The peaks at 164.6 and 163.5 eV belong to the S
2p1s2 (S-2) and S 2p3, (S-3) of the -C-S-C- covalent bond,
respectively (Fig. 4f).>*** As mentioned above, the presence of
sulfur species on the surface of carbon materials can act as
electron donor to enhance the electrochemical conductivity,

RSC Adv, 2020, 10, 30756-30766 | 30763
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and ameliorate the surface/interface accessibility to facilitate
the infiltration of electrolytes. Furthermore, these groups can
function as electrochemically active sites, which play a signifi-
cant role in boosting pseudo-faradaic reactions of electrode
materials.'**>** Interestingly, some phosphorus-containing
functional groups are also present in the composition of
BW,*> which results that BWC and BWPCs are doped with
phosphorus. The structure of the P 2p peak (Fig. 4e) points to
the presence of two major phosphorus groups by their binding
energies: pentavalent tetra coordinated phosphate (PO,, 133.2
eV) and pyrophosphate groups ((PO;),, 134.1 eV).**** More
details about the XPS analyses can be found in Fig. S4 and Table
S1.%

The Nyquist plots of EIS test for all synthesized samples are
presented in Fig. 5a. Both BWC and BWPCs show a near-vertical
curve at low frequency, demonstrating an ideal capacitive
behavior.*” The x-intercept of the semicircle represents the
equivalent series resistance (R;), and the diameter of the semi-
circle corresponds to the charge-transfer resistance (R.). The
equivalent circuits and fitted curves are depicted in Fig. S5ef
and the inset of Fig. 5a. As can be observed, all samples exhibit
low Rg of <1.0 Q. The N, O, S and P elements existing on the
surface of carbon material could improve the wettability of
samples to electrolytes, which are responsible for the low R,.**
Remarkably, BWPC, ; electrode exhibits smaller R (0.76 Q) and
R (3.11 Q) value than that of BWC (0.87 and 22.01 Q), BWPC,,
(0.81 and 7.75 Q) and BWPC,,, (0.84 and 5.46 Q) (Table S27),
suggesting its relatively higher electrolyte ion transport rate and
good conductivity.

Fig. 5b presents the CV curves of BWPCs-based electrodes
with sweep speed of 50 mV s~ with slight distorted typical
rectangular shape. Especially, BWPC;,; showed the largest
integral area and the closest to the rectangular shape, indi-
cating the best capacitance performance.” The slight distortion
with faradaic humps resulted from redox reactions can be
clearly observed in the CV profiles, which was potentially related
to the coexistence of double-layer capacitance from charge
accommodation and pseudo-capacitance from N/O/P/S func-
tionalities groups.*””*® The CV curves of BWPC,,; with diverse
sweep speed from 5 to 100 mV s~ " are exhibited in Fig. 5c. Even
at a high sweep speed of 100 mV s, all curves still kept
approximately rectangular shape, indicating a good perfor-
mance with high reversibility. Besides, the CV curves at
different scan rates for BWPC,,, and BWPC,-based super-
capacitors are also collected in Fig. S5a and c.t

The GCD curves of BWPCs-based electrodes are illustrated in
Fig. 5d. All the GCD curves exhibit approximate symmetric
triangle shapes, which reveal nearly ideal capacitive character-
istics. The specific capacitance (Cs, F g~ ') of BWPC, 4, BWPCy/3
and BWPC,,,-based electrodes are calculated to 221.4, 313.8,
and 242.1 F g~ ' respectively at 1 A g~ ". The high C; of BWPC,/;
can be ascribed to the high heteroatomic content, and hierar-
chical pore distribution with largest Sggr and abundant
micropores. Besides, the small IR drop further demonstrating
the low Rs of BWPCs.*® Fig. 5e shows the GCD curves of BWPC;y;
at current density from 0.1 to 10 A g~ ". It can be seen that the
BWPC;,,; exhibits an excellent Cs as high as 371.8 F gf1 at
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a current density of 0.1 A g '. The superior electrochemical
performance of BWPC,,; is also comparable to or much better
than many other biomass-derived porous carbons prepared by
the KOH activation method (Table 3). Moreover, upon
increasing the current density to 10 A g~ ', BWPC,; exhibits
high capacitance retention (59.6%), which is higher than that of
BWPC,, (53.2%) and BWPC,, (54.3%) (Fig. 5f).

To further investigate the practical application of BWPC; 3,
a two-electrode symmetric device was assembled by using two
identical BWPC,,; electrodes (denoted as BWPC,,3//BWPCy3).
The working potential range of BWPC,,3//BWPC,,; symmetric
device was firstly investigated by CV curves at 50 mV s~ ' using
1 M Na,SO, as the electrolyte (Fig. 6a). All CV curves pose
reversible cycle with quasi-rectangular shape, even the cell
voltage reached up to 2.0 V. Such the high voltage window of
BWPC,,3//BWPC,,; symmetric device can be ascribed to the high
over-potential for dihydrogen evolution caused by the oxygen-
containing functional groups in the carbon materials.**

The CV curves shown in Fig. 6b exhibit ideal rectangular-
shapes with the scan rates increasing from 5 to 100 mV s .
Furthermore, GCD measurements of the BWPC,,; were con-
ducted with different current densities (Fig. 6¢). Even at a low
current density of 0.2 A g™, the GCD curves display the quasi-
triangle shape with excellent symmetry, implying an excellent
EDLC behavior with good electrochemical reversibility. Based
on the discharge curve in Fig. 6¢ and eqn (2), the C, of the device
was calculated to be 49.5 F g~' at the current density of
02Ag .

The Ragone plot of between energy density and power
density of BWPC,,3//BWPC,,; was shown in Fig. 6d. It can be
observed that the device delivered an energy density as high as
27.5 W h kg™ " at a power density of 200 W kg™ ', while an energy
density of up to 10.8 W h kg™ ' was remained at a higher power
density of 10 kW kg™ . It is worth noting that such high values
for energy densities are superior to the commercial carbon
supercapacitors (4 to 5 W h kg™ ') and the Partnership for a New
Generation of Vehicles power target (~15 kW kg™ *).%?

To investigate the long-term durability of BWPC, 3, the cyclic
performance was measured using a charge/discharge test at
10 A g~ '. The capacitance of the BWPC; electrode showed no
obvious decay during the cycling process, as depicted in Fig. 6e.
After 10 000 cycles, 97.1% of the capacitance was retained in
contrast to its initial value, indicating superb cycle performance
of the electrode.

The electrochemical performances of BWPC,,;//BWPC, 3
symmetric devices were further investigated in 6 M KOH elec-
trolyte. Fig. 7a shows the CV curves at different sweep rates. It is
obvious that the shapes of all CV curves were approximate
rectangles even at a high scan rate of 100 mV s, suggesting the
highly reversible characteristic of capacitor.

The GCD curves, as shown in Fig. 7b, remain mostly linear
and symmetrical in all current densities, further confirming the
excellent electrochemical reversibility and ideal double-layer
capacitance. The Cy was calculated to be 65.7 F g~ ', 58.2 F
¢ ' 548Fg ',47.5Fg 'and41.1Fg 'at0.05A¢g ', 0.1Ag ",
02A¢g 5 05Ag "and 1 Ag ', respectively.

This journal is © The Royal Society of Chemistry 2020
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More importantly, the specific energy density for BWPCy,3//
BWPC,; supercapacitor is as high as 9.1 W h kg™ " at the power
density of 25 W kg~ " (Fig. 7¢). The cycle stability of BWPC, ; was
also investigated in 6 M KOH and the resultant plots are shown
in Fig. 7d. As can be seen, 96.6% of its initial capacitance can be
remained over 10 000 cycles at the current density of 5 A g7,
confirming its good cyclic stability of the BW-based carbons.

4 Conclusions

In brief, the N-O-P-S co-doping HPCs have been successfully
synthesized from bean worm through an efficient yet cost-
effective strategy. The results indicate the dosage of KOH has
a significant influence on the properties of porous carbon. The
multi-heteroatom-doped HPC yielded with the optimum weight
ratio of 3:1 (BW : KOH) was found to be the best electrode
material, which exhibited an impressive Sggr of 1967.1 m”> g™ *
and proper levels of N-O-S-P heteroatom dopants. When
employed in supercapacitor, the specific capacitance of BWPC;,
sreaches up to 371.8 F g~ in 6 M KOH solution. Meanwhile, the
assembled symmetric device in 1 M Na,SO, delivered the high
energy density of 27.5 W h kg~ ! to afford the power density of
200 W kg™ ! (an extended voltage window of 2.0 V). The prom-
ising performance of N/O/S/P co-doped porous carbon together
with the facile fabrication process may hold considerable
potential to be applied in large-scale production of high-
performance electrode materials for supercapacitors.
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