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Nowadays, energy shortage is a serious problem in our society. The recovery of biomass is significantly

important for alleviating the burden on strained energy resources. Broad beans, abundant in amino-acids

and vitamins, are heavily cultivated around the world. However, a great quantity of by-product, the shell

of broad beans, is abandoned and pollutes the environment from the sintering. Herein, we report the

10 synthesis of sulfur and nitrogen dual-doping porous carbon materials for the electrode materials of energy

storage devices via carbonizing the shell of broad beans with a chemical activation. The specific

capacitance of the as-prepared porous carbon material is as high as 202 F g'! with a superior cycling

performance for electric double layer capacitors at a current density of 0.5 A g''. Moreover, it also shows

stable performance for lithium-ion batteries and sodium-ion batteries, which suggests it has promising

15 potential for wide applications in the energy storage devices.

Introduction

Biomass is an available nature resource." 2 If it is sintered,
greenhouse effect, brume and other malignant environment
damages will bring in. Therefore, the conversion of biomass is
20 becoming the worldwide research hotspot. Broad beans are a crop
species for human food. However, tons of the shell of broad
beans (SB), by-product of broad beans, are produced every year.
Although SB is traditionally fed to animals, there are still a large
quantity to be sintered or abandoned. As a legume, SB is rich in
25 amino-acids and vitamins.?> Therefore, SB can be transformed to
carbon materials with heteroatom doping by calcining it in an
inert gas (Figure 1), which is significantly important for the
sustainable development of society. Heteroatom-doped carbon
materials have a wide range of applications, such as catalysis,* >
30 biosensing,® bioimaging,” energy conversion,® ° energy storage
systems,'*1? and other electronic devices.'> ' Among the current
energy storage options, electric double layer capacitors (EDLCs),
lithium-ion batteries (LIBs), and sodium-ion batteries (SIBs) are
paid much attention due to their high power and energy density.'>
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Figure 1. Illustration for the different process modes of SB

In recent years, porous carbon materials are promising
candidates for EDLCs and LIBs because of their high electric
10 conductivity, large specific area, and easy availability.?!?> There
have been many reports about porous carbon materials, for
instance, mesoporous carbon spheres,?* reduced graphene oxide,>>
26 and carbide-derived carbon thin film?’ as electrodes for EDLCs
and carbon nanotube-graphene,?® hollow carbon capsules,” and
15 hollow carbon nanospheres® as anodes for LIBs. In the past, a lot
of porous carbon materials were prepared by soft or hard template
synthesis method,'® 7> 3133 in which the synthesis process was
complex and the yield was often low. Moreover, the further
modification optimization of porous carbon materials is quite
0 meaningful for practical application.'? 34 Porous carbon materials
with sulfur or nitrogen doping can enhance the specific
capacitance for EDLCs*> 3¢ and improve the specific capacity or
rate capability for LIBs/ SIBs.% 373
Combining with the increasing environmental problems caused
35 by sintering SB, a motivation is proposed of employing the waste
by-product to prepare porous carbon materials for energy storage
applications. Herein, we present porous carbon materials with
heteroatom doping for energy storage devices through the
carbonization of the shell of broad beans (CSB) in an inert gas
30 and the further chemical activation (ACSB). Compared to the
previous methods of synthesizing porous heteroatom-doped
carbon materials, our work has several advantages as follow: (1)
SB is resource-rich and sustainable resulting in a low cost; (2) SB
abundant in nitrogen and sulfur sources is an ideal precursor for
»5 sulfur and nitrogen dual-doping carbon materials; (3) The overall
synthesis process is simple and easy handling, which is suitable
for the industrial production; (4) The obtained porous carbon
material (ACSB) with large specific surface area, unique pore-
size distribution, sulfur-nitrogen dual-doping, and high electrical
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conductivity could been widely applied in energy storage devices.
Simultaneously, the electrochemical results demonstrate the as-
prepared carbon materials are promising candidates for energy
storage devices.

5 Results and discussion
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Figure 2. (a) Digital photograph, (b) SEM image, and (c) TEM image of
SB, (d) TG curve of CSB from the pyrolysis of SB under an inert
atmosphere.

10 In the pursuit of environmental protection for the social
sustainable development and low cost for energy storage devices,
SB abundant in renewable biomaterial (Figure 2a) arouses our
great interests. More importantly, SB is rich in protein, which is
mainly composed of carbon, hydrogen, oxygen, nitrogen, and

15 sulfur. Therefore, SB is a promising precursor for synthesizing
carbon materials with heteroatom-doping. Interestingly, the
morphology of SB is like graphene as shown in Figure 2b, which
displays a wrinkled laminar structure similar to the previous
reports of graphene.?> 4 Transmission electron microscopy (TEM)

20 image demonstrates the laminar structure of SB (Figure 2c).
Meanwhile, thermal gravimetric (TG) analysis was carried out to
investigate the carbonization process of SB in inert atmosphere.
The TG curve shows a distinct weight loss stage from around 200
to 600 °C (Figure 2d). The weight loss is primarily due to the

25 evaporation of H,O, CO; and CO, resulting from the escape of H
and O atoms in SB and leaving porous tunnels in CSB. Besides,
the yield of the obtained material is upto 25%. The craft process
for carbon materials is simple and the original material is low
cost. Thereby, it can be found that it is suitable for the industrial

30 production (the inset of Figure 3a).

10 nm
-

Figui‘e 3.(a) SEM imagé (the inset is diga hotograph of CSB) and (d)
TEM image of CSB, (b) SEM image (the inset is digital photograph of

ACSB) and (¢) TEM image of ACSB in the edge, (¢) SEM image and (f)
TEM image of ACSB in the middle.

Then, scanning electron microscopy (SEM) and TEM were
also employed to investigate the structure of CSB and ACSB.
Notably, there is no obvious change of the morphology after the
carbonization of SB (Figure 3a, Figure S1), which still shows

10 the wrinkled structure. TEM image further demonstrates the
plate-like structure of CSB (Figure 3d), confirming the laminar
structure is still remained. Although CSB maybe exhibit some
pores owing to the pyrolysis of SB and the evaporation of H,O,
CO; and CO during the carbonization process, the pores are not

15 obvious to find from the typical SEM or TEM images.

As is kown, the high specific surface area benefits the rapid
electronic and ionic transport for EDLCs and the large pore
volume allows sufficient infiltration of the electrolyte and fast
diffusion of lithium ion for LIBs.*! Thereby, we enhance its

50 specific surface area in the next step. The chemical activation of
carbon materials by KOH has been drawn much attention.*>
The process for obtaining porous carbon materials is simple,
controllable and does not consume expensive reagents. In this
work, CSB with KOH is heated at 650 °C for 1 h under nitrogen

55 to obtain ACSB. KOH can be completely transformed to K>COs
at about 600 °C. And K>COs begins to decompose into CO, and
K>0 at temperature higher than 700 °C. Therefore, the optimum
reaction equation between CSB and KOH in this work is
proposed as follow:*

>0 6KOH +2C — 2K +3H, +2K,CO, (M
The yield of ACSB is ca. 71.3%, which is higher than the carbon
yields of ca. 36 and 50% in previous reports.*® 47 After the
activation, SEM images of ACSB indicate the laminar structure
(Figure 3b) and the wrinkled structure (Figure 3c) are well

55 remained. Simultaneously, there are abundant pores on the
surface of ACSB (Figure 3c), confirming that KOH can
effectively create plentiful pores in carbon materials. TEM
images demonstrate the existence of the plate-like structure and
rich pores in ACSB (Figure 3e, f), which correspond with the

70 SEM  observation. High-resolution transmission electron
microscopy (HRTEM) image further reveals the structure of
ACSB, which consists of tiny graphite domains (Figure S2a).*
Besides, the abundant worm-like micropores and mesopores can
be clearly observed in Figure S2b. The unique pore-size

75 distribution of ACSB could enable fast ion transport and allow
sufficient infiltration of the electrolyte for EDLCs and LIBs/SIBs.
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Figure 4. (a) N1s XPS spectra for ACSB (N1: N-oxides of pyridine-N;
N2: quaternary-N; N3: pyrrolic-N; N4: pyridinic-N), (b) The structural
model and (c) structural formula of thiamine, (d) S2p XPS spectra for

5 ACSB (S1: the oxidised sulfur species; S2: the S2p1/» of -C—S—C—; S3: the

S2ps3/2 of -C—S—C-) and (e) Schematic illustration for chemical structure

of ACSB with nitrogen and sulfur dual-doping, (f) STEM image of ACSB

and corresponding elemental mapping images of carbon, nitrogen, sulfur

and oxygen.

10 SB contains essential amino-acids and vitamins, which are
abundant in nitrogen. Therefore, X-ray photoelectron
spectroscopy (XPS) was carried out to detect the differences of
nitrogen bonds in CSB and ACSB. The nitrogen peaks of ACSB
could be fitted into four peaks (Figure 4a).> 2! The first peak at
15 403.3 eV corresponds to N-oxides of pyridine-N (N1). The
second peak at 401.0 eV may be identified to quaternary-N (N2),
which is the most stable nitrogen species under the carbonization
process of SB and the activation process of CSB. The third peak
at 399.9 eV can be attributed to pyrrolic-N (N3). The last peak
20 located at 398.5 eV is contributed to the hexagonal pyridinic-N
(N4). Interestingly, thiamine (Figure 4b, ¢) and some sulfur-
containing amino acids are also present in the composition of
SB,* which result that ACSB is doped with sulfur. The sulfur
peaks of ACSB could be fitted into three peaks (Figure 4d).’” %%
25 31 The first peak at 168.5 €V should be assigned to the oxidized
sulfur species (S1), such as the sulfate (-C—S0O4—C-) or sulfonate
(-C—S0O3—C-). The other two peaks at 165.2 and 164.0 eV
correspond to the S2pi2 (S2) and S2p3» (S3) of the -C—S-C—
covalent bond, respectively. The presence of nitrogen and sulfur
30 in CSB is similar with ACSB (Figure S3). Only carbon, nitrogen,
oxygen and sulfur are detected from CSB and ACSB in the range
of XPS sensitivity (Table S1), indicating the inexistence of other
impurities. The amounts of nitrogen and sulfur are 2.2% and
0.97% in CSB and 2.0% and 0.94% in ACSB, respectively.
35 Combining with the XPS spectra and previous report,'? the
possible schematic illustration for chemical structure of ACSB
with nitrogen and sulfur dual-doping is shown in Figure 4e.
Moreover, the elemental mapping images (Figure 4f) further
demonstrate the uniform distribution of carbon, nitrogen, oxygen

10 and sulfur in ACSB.
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Figure 5. (a) XRD patterns, (b) Raman spectra, (c) N2 adsorption-
desorption isotherms at 77 K and (d) PSD curves of CSB and ACSB. PSD
is calculated using the Barrett-Joyner-Halenda (BJH) method.

15 In the XRD patterns of CSB and ACSB, there are two broad

signals around 24° and 44° (Figure 5a), which respectively

corresponds to the (002) and (100) spacing of the graphene
stacks.>? XRD results indicate that these carbon materials have no
impurity, corroborating well with the XPS observation. The

50 presence of trace metals in SB,* such as iron, may be in favor of
improving the degree of graphitization for CSB and ACSB. The
diffraction intensity of the (002) and (100) peak in ACSB is
lower than those in CSB under the same condition of detecting,
resulting from the chemical activation by KOH to break down the

35 hexagonal symmetry of the graphite lattice and lead to lattice
defects in ACSB. The structures of the as-prepared carbon
materials were further detected by the Raman spectra. Two strong
bands located at around 1355 and 1590 cm! are assigned to the
D-band (D) and the G-band (G),*® respectively (Figure 5b). D

30 could origin from the disorder induced features of carbon and
structural defects, owing to the nitrogen, sulfur and oxygen
heteroatoms doping in the carbon materials and the chemical
activation in ACSB. The increased intensity of D in ACSB also
indicates the generation of defects after the chemical activation.

5 Moreover, it could be calculated that the relative intensity ratio of
D and G (ID/IG) increases from 0.88 (CSB) to 0.96 (ACSB),
showing that the graphitization degree of ACSB decreases. While
G corresponds to the sp?> carbon-bonded graphitic structure,
which is beneficial for enhancing the electrical conductivity of

70 carbon materials.* Furthermore, the appearance of G indicates
the presence of graphitic domains,> which is consistent with the
HRTEM observation. The obtained carbon materials would be in
favor of improving electrical conductivity when used as electrode
materials of the energy storage devices.

75 N adsorption/desorption isotherms and corresponding pore
size distribution (PSD) curves for CSB and ACSB are collected
(Figure 5c, Figure 5d). The specific surface area and PSD are
calculated using the Brunauer-Emmett-Teller (BET) method and
Barrett-Joyner-Halenda (BJH) method, respectively. The

30 isotherms of ACSB are typical type I and type IV isotherms with
a hysteresis loop, indicating the presence of micropores and
mesopores.>® In detail, the isotherms have a clear uptrend at the
low relative pressure (P/Po<0.4), manifesting that ACSB is rich in
micropores. The appearance of significant hysteresis

This journal is © The Royal Society of Chemistry [year]
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characteristics at high relative pressure (P/Po=0.4-0.8) in the
isotherms demonstrates the existence of abundant mesopores.
Therefore, ACSB exhibits a highly developed hierarchical
porosity network of micropores in combination with mesopores.
5 While the isotherms of CSB are typical type IV isotherms with a

hysteresis loop (the inset of Figure Sc), indicating the presence of

mesopores. Meanwhile, a slight upward tendency at the high

relative pressure (P/Po=0.95-1.0) corresponds to the presence of

macropores, resulting from the accumulation of carbon particles.
10 The PSD data indicates the size of the majority of pores is about

3 nm in CSB and ACSB. A clear upward trend peak (<2 nm)

further confirms the abundant micropores in ACSB. The

chemical activation effectively creates abundant pores, making

the specific surface area from 10.2 to 655.4 m? g and the total
15 pore volume from 0.01 to 0.38 cm? g! (Table S4).
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Figure 6. CV curves of the ACSB electrode in 6 M KOH aqueous
solution at different scan rates, (b) The galvanostatic charge-discharge
curves of the ACSB electrode at different current densities, (c) The
20 specific capacitances calculated from the discharge curves under different
current densities, (d) Cyclic stability of the ACSB-based EDLCs at a
current density of 1 A gl

Cyclic voltammetry (CV) and galvanostatic charge/discharge
measurements in a three-electrode system were carried out to
25 investigate the electrochemical performance of CSB and ACSB
as electrode materials for EDLCs. The regular rectangular shapes
are present at low scan rates, which is the typical characteristic of
EDLCs. The approximately rectangular shape of the CV curve
can still be maintained even when the scan rate is as high as 100

30 mV s! (Figure 6a), indicating the rapid ion transport can be
operated in ACSB. The galvanostatic charge/discharge curves of
the ACSB electrode at different current densities show almost
isosceles triangular shapes (Figure 6b), demonstrating the ideal
charge and discharge characteristics for EDLCs. Although CSB
35 has a low specific surface area, the sulfur and nitrogen doping
could increase the specific capacitance (Figure S4). The
incorporation of sulfur in carbon materials can increase the space
utilization by a specific electrosorption of electrolyte ions and
contribute to pseudocapacitance.’> The incorporation of nitrogen
40 in carbon materials can increase the electrical conductivity,
wettability, and contribute to a pseudocapacitive effect.** CSB
has specific capacitances of 53 F g! at a current density of 0.5 A
gland 34 F g' at 1 A g! (Table S5), which is marginally higher
than the previous reports of the 100% CNT film (24 F g'!) and the

15 pristine CNT paper (32 F g1).%7 38 After the KOH activation, the
hierarchically porous structure in ACSB could be favor of fast
electron and ion transport (Figure S5). Therefore, ACSB exhibits
a high specific capacitance of 202 F g' at 0.5 A g'. Even at a
current density of 10 A g'!, the specific capacitance is still upto

50 129 F g, which is higher than the results of previous reports
(Table S6). Moreover, ACSB exhibits a superior rate
performance as shown in Figure 6c¢. Simultancously, the
retention of specific capacitance for the ACSB electrode is close
to 90% after 3000 cycles (Figure 6d), showing it presents an

55 excellent cycling stability. In addition, ACSB delivers a high
specific capacitance of 229 F g'! at a current density of 0.5 A g!
in 1 M H2SO4 (Figure S6), which is higher than the specific
capacitances of GO/CNT hybrid powder (180 F g'at 0.4 A g!)
and 66.7wt% CNTs (ca. 180 F g! at 0.5 A g') in previous

50 reports.>” ¥
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Figure 7. (a) Typical CV curves of the ACSB anode for LIBs at a scan
rate of 0.1 mV s, (b) Cycling performance of the CSB and ACSB anodes
for LIBs at a constant rate of 1 C (1 C=372 mA g™).

55 Inspired by the commercialization of graphite as anode for
LIBs, we assemble CR2032-type coin cells to estimate the
electrochemical performance of CSB and ACSB electrodes.
There is no an obvious change after the first cycle in the CV
curves of the ACSB electrode (Figure 7a), displaying superior
70 reactive reversibility and cycling stability for LIBs. The initial
discharge capacities of CSB and ACSB are respectively 467.1
and 8452 mAh g' at a current rate of 0.5 C (Figure S7).
Simultaneously, the two anode materials reveal good cycling
performance after the first cycle, which agree well with the CV
75 curves. Even at a current rate of 1 C, the discharge capacity of
CSB is still 178.1 mAh g and the discharge capacity of ACSB is
upto 261.5 mAh g! after 100 cycles (Figure 7b), which are
superior to the 3D MWCNTs-graphene-PET (~100 mAh g at
316 mA g')?® and graphite (~150 mAh g at 300 mA g').?° The
30 favorable electrochemical performance of the CSB anode could
be attributed to the dual-doping of sulfur and nitrogen. The
further improvement of the electrochemical performance for the
ACSB anode is benefited from the hierarchically porous structure
and the dual doping of sulfur and nitrogen. The porous structure
35 of ACSB could allow sufficient infiltration of the electrolyte and
shorten the transport pathway for both electron and ion (Figure
S8).
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TOC figures

Lithium Air
Batteries

Biomass-derived porous carbon material with sulfur and nitrogen dual-doping exhibits great potential for energy storage devices.
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