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Abstract; Fossil fuel exhaustion and overdevelopment usually lead to a recession, which is worsened by the envi-
ronmental pollution. So it is of high priority to develop high-efficiency energy storage device. Here, a green and
environment-friendly strategy is devised to fabricate carbon materials from biomass. By water extraction and alco-
hol precipitation, polysaccharide is extracted from loquat leaves. After calcining under high temperature, hierar-
chical porous carbon materials (HPCM) are obtained, possessing a variety of macropores, mesopores and micro-
pores. Such ample and hierarchical pores enable the electrolyte infiltration and the buffering of the volume expan-
sion of sulfur in repeated electrochemical reactions. The structure stability of the entire electrode can thus be well
maintained. When evaluated as the scaffold for sulfur, the electrochemical performance of carbon/sulfur composite
was tested. Even after 500 cycles, the reversible capacity is retained as high as 485. 4 mA « h/g at the current den-

sity of 1. 6 A/g. It also offers a notable rate capability, attaining the discharge capacity of 700. 7 mA « h/g at 2 C.
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All the electrochemical performance results prove the feasibility of the proposed strategy.
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0 Introduction

Our environment is facing energy crisis, re-
ferred to the economic impact caused by the
shortage of energy supply or the rise of prices.
This usually involves shortages of oil, electricity
or other natural resources. Human beings are ac-
tively and extensively exploiting the energy re-
sources to be popularized, such as solar energy,
geothermal energy, wind energy, marine energy,
biomass energy and nuclear fusion energy. How-
ever, those natural energy sources are variable,
intermittent, and heavily depend on the location,
season. It is of high urgency to develop renewable
energy resources for sustainability. The seconda-
ry batteries are coming into scientists’ view. A-
mong them, lithium-sulfur batteries (LSBs) are
regarded as one of the most promising secondary

battery systems because of their high theoretical
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specific capacity and energy density'™. With the
continuous progresses of science and technology.
more Li-S anode materials have been developed.
However, LSBs currently face many challenges,
including volume variation and the intrinsically

1. Hence,

poor electronic conductivity of sulfurt®
great efforts have been needed to explore the ef-
fective strategies to solve issues.

To the best of our knowledge, carbon mate-
rials are widely used in many fields, including su-
percapacitors, lithium-air batteries, and cataly-
sis, because of their large specific surface area,
excellent conductivity and good chemical stabili-
ty!”*. The electrochemical performance of LSBs
can be improved effectively by constructing suit-
able carbon materials with hierarchical pore struc-
ture and composite cathode material. Lucid wa-

ters and lush mountains are invaluable assets. It
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is of positive significance to replace traditional
chemical reagents with low cost and environment-
friendly biomass raw materials®'J. Wu et al. re-
ported four kinds of biomass carbon materials de-
rived from mushroom by a facile activation meth-
od using H; PO, , K,CO;, KOH and ZnCl, as ac-
tivators. Moreover, the correlations between mi-
cromorphology characteristics and electrochemical
properties have been systematically investiga-
ted"'*.

bon/sulfur composite via a ready melt-diffusion

Yu group prepared the hair-derived car-

method, followed by wrapping with reduced gra-
phene oxide (rGO) sheets by electrostatic self-

[5]  Highly porous activated carbon

assembly
foam (ACF) with micromesoporosity has been
synthesized through the carbonization of pomelo
peel and activation by KOHM™, which showed
the remarkable performance as the cathode sup-
porter for rechargeable lithium-sulfur batteries.
Hence, the derivation of carbon materials from
different biomass can enable the microstructure
and composition of the resulting carbon. Further-
more, from the viewpoint of environmental pro-
tection and efficiency, we are committed to devel-
oping an environmentally friendly and efficient
sulfur matrix.

Herein, we adopted the method of water ex-
traction and alcohol precipitation to extract poly-
saccharide from loquat leaves. Followed by the
calcination under the condition of high tempera-
ture, hierarchical porous carbon materials
(HPCM) were attained with a feature of the co-
existence of macropores, mesopores and micro-
pores. Abundant and hierarchical pores are favor-
able for offering space of volume expansion in the
repeated process of charging and discharging,
benefiting the structure stability of the entire
electrode. When evaluated as the scaffold for sul-
fur, the electrochemical performance of carbon/
sulfur composite was tested. Even after 500 cy-
cles, the reversible capacity is retained as high as
485.4 mA + h/g at the current density of 1.6 A/
g. It also offers a notable rate capability, attai-
ning the discharge capacity of 700. 7 mA « h/g at

2 C. All the electrochemical performance results

prove the feasibility of our strategy.

1 Experiment
1.1 Sample preparation

Experimental chemicals include loquat leav-
es, sublimed sulphur (G. R, Aladdin) and anhy-
drous ethanol (A. R, Sinopharm chemical reagent
Co. , Ltd).

Polysaccharide can be extracted from loquat
leaves as follows™'™. First, the clean loquat leaf
will be shredded. Then, 4 g crushed loquat leaves
were put into a glass beaker, followed by pouring
100 ml of ultrapure water and stirring in the wa-
ter bath at 90 °C for 2 h. After that, it was
cooled to room temperature. Through the filtra-
tion, the filtrate was collected. Then, the filter
residue was extracted for the second time. Then,
the filtrate obtained twice was mixed together.
The supernatant was concentrated via centrifuga-
tion and evaporated to about 50 mL, followed by
adding four-fold anhydrous ethanol. Then it was
standing still at 4 °C for 12 h, filtered and washed
for several times. The powder was dried to get
polysaccharide.

The extracted polysaccharide was heated at
400 °C for 2 h in Ar atmosphere with a heating
rate of 2 °C/min and then at 900 °C for 3 h with a
heating ramping of 4 °C/min. The final sample
was washed with 1 mol/L hydrochloric acid to rid
the impurities and dried at 60 °C.

The obtained HPCM and sublimed sulfur
were accurately weighed based on a certain mass
ratio and mixed fully. Then, it was put into a
sealed container and heated at 155 °C for 12 h to
obtain HPCM/S composite.

1.2 Sample characterization

The morphology and microstructure of the
samples were characterized by various devices. X-
ray powder diffraction (XRD) patterns were col-
lected on an X-ray diffractometer (Bruker DS,
20=10°—80°). The structural images were recor-
ded on field emission scanning electron microsco-
py (FESEM, JSM-7600F) and transmission elec-
tron microscopy (TEM, JEM-1011). The N, ad-
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sorption isotherms were tested by micromeritics
ASAP-202020HDS88 at degassing temperature of
200 ‘C. The loading content of sulfur was tested
by a Mettler Toledo TGA/SDTAS851 thermal an-
alyzer with a heating rate of 10 ‘C/min in N, at-
mosphere. Raman spectra were obtained using

the NEMUS670 spectrometer.
1.3 Electrochemical measurements

First, HPCM/S, acetylene black, carbon
nanotubes and PVDF were mixed based on a mass
ratio of 70 ¢ 12 ¢ 10 ¢+ 8. Then N-Methyl pyrroli-
done (NMP) was added dropwise and stirred for a
short time to make a slurry. The homogeneous
slurry obtained was coated on the aluminum foil
and dried at 60 C for 10 h, followed by cutting
into disks with a diameter of 12 mm. On each
disk, the areal loading of sulfur is about 1. 0 mg/
cm?. The CR2016 coin-type cells were assembled
in the glovebox filled with Ar gas. The electro-
lyte was a 1 M bis(trifluoromethane) sulfonamide
lithium salt dissolved in 1,3-dioxolane/1,2-dime-
thoxyethane (DOL/DME, volume ratio =1 : 1)
with 2% (in weight) LiNO; as additive. The lith-
ium foil was used as counter electrode in addition
with modified or unmodified Celgard 2 400 mem-
brane as the separator. The cyclic voltammetry
(CV) profiles were detected using an electro-
chemical workstation (CHI 760E) at a scan rate
of 0.1 mV/s. The charge-discharge performances
of Li-S cells were collected by a LAND CT2001A
testing system within a voltage window between
1.7 Vand 2.8 V.

2 Results and Discussion

2.1 Morphology and structure of samples

Fig. 1 presents TEM and FESEM images of
HPCM. As we can see, the HPCM is a typically
porous carbon network composed of particles
stacking together. The porous structure formed
by the interconnection between particles can be
clearly seen in Figs. 1(b—d). Such porous struc-
tures are favorable for the loading and confine-
ment of sulfur. After combination with sublimed

sulfur, the composite of HPCM/S is monitored

by electron microscopy. As shown in Fig. 2,
compared with the bare HPCM sample, the mor-
phology of HPCM/S hardly varies, demonstra-
ting that the active material is uniformly distribu-

ted within the hierarchical pores.

(a) TEM image of HPCM
(scale bar=200 nm)

(b) TEM image of HPCM
(scale bar=500 nm)

(c) FESEM image I of HPCM (d) FESEM image II of HPC
(scale bar=100 nm) (scale bar=100 nm)

Fig.1 TEM and FESEM images of HPCM

(b) TEM image of HPCM/S
(scale bar=50 nm)

(a) TEM image of HPCM/S
(scale bar=100 nm)

(c) FESEM image I of HPCM/S (d) FESEM image II of HPCM/S

(scale bar=100 nm) (scale bar=100 nm)

Fig.2 TEM and FESEM images of HPCM/S

Fig. 3(a) exhibits the XRD pattern of
HPCM., HPCM/S and elemental sulfur. It can be
clearly seen that HPCM has a wide peak in the
range of 20°—30°, characteristic of the amor-

Hedtl o After sulfur loading, the

phous carbon
characteristic peaks of sulfur in HPCM/S com-
posite are weaker than those of pure sulfur. This
indicates that most of the elemental sulfur has in-
filtrated into the pores of the carbon materi-
al'® 1 However, it is evitable that partial sulfur
crystals are attached on the HPCM surface. The

exact content of sulfur in HPCM/S composite
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Fig. 3  Structure and phase characterization of

HPCM and HPCM/S

was tested by TGA. As displayed in Fig. 3(b),
the total mass content of sulfur in the composite
is about 65% (in weight). The loss of sulfur in
the curve can be notably divided into two stages.
A fast tend of weight loss appears from 200 ‘C to
320 “C, which can be attributed to the escaping of
sulfur concentrating on the surface or in the pores
with relatively big sizes. The second slow stage
occurs at higher temperature from 320 C to
450 °C, implying that more energy is required for
the sulfur volatilization. This phenomenon ac-
counts for partial sulfur existing in the smaller
micropores'®’. The Raman spectrum of HPCM is
used to detect the graphitization structure of car-
bon in Fig.3(c). The D band results from the
disordered carbon caused by sp3-structured de-
fects, while the G band is typical of sp2-hybrid-
ized carbon, i.e. graphitic carbon. Three typical
peaks are observed to be centered at 1 330, 1 580

and 2 700 cm ™!, corresponding to the D, G and

peak indicate that the HPCM has a partially
graphitized structuret® %,

The adsorption-desorption isotherms over
HPCM are displayed in Fig. 4. An intense adsorp-
tion happens at the low relative pressure range,
which originates from the presence of micro-
pores. Moreover, the H3 type hysteresis is clear-
ly observable, associated with the capillary con-
densation by mesoporous structures. The corre-
sponding pore size distribution plot (inset of
Figs. 4 (a

ner-Halenda method. The pores are mainly in the

b) is given based on the Barrett-Joy-

range of 0. 75—1. 75 nm (micropores), 3. 5—
5 nm (mesopores) and exceeding 50 nm (macro-
pores), confirming the hierarchical porous struc-
ture. After calculation, the BET surface area and
total pore volume are 499 m?/g and 0. 63 cm?®/g.
Such large specific surface area and pore volume
are helpful for the even dispersion of sulfur and
anchoring the polysulfides, relieving the volume

change of active material during the process of

charging or discharging.
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Fig. 4 Porous profile of HPCM
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2.2 Electrochemical measurements of HPCM/S

The CR2016 coin-type cells are assembled for
testing with the areal loading of sulfur of about
1.0 mg/cm®. Fig.5(a) displays the cyclic volta-
mmogram (CV) charts of HPCM/S in a voltage
window of 1. 7—2. 8 V with a sweep rate of
0.1 mV/s. In the first cathodic scan process, two
major broad peaks dominate, which are associated
with the two-step sulfur reduction of cyclo-Ss to
Li,S'%% One cathodic peak is at about 2. 25 V,
corresponding to the sulfur reduction to higher-
order polysulfide Li, S, (4<<n<{8). The other ca-
thodic peak at about 2 V is related to the further
reduction of higher-order polysulfides to Li,S, or
Li,S. In the anodic process, the peak is present at
about 2. 45 V, which is considered to be attribu-
ted to the oxidation reaction of Li,S to sul-
furt?. From the second loop onwards, the CV

curves almost overlap, indicating that the
HPCM/S material exhibits good cycling reversib-
lity***) The rate performance of the HPCM/S
is given in Fig. 5(b). The discharge capacities are
1012.9, 872.0, 776.2,700. 7 mA « h/g at the
current densities of 0.3, 0.8, 1.6 and 3.2 A/g.
respectively. When the current density returns to
0.3 A/g, the capacity can recover to 923. 0 mA -
h/g. The electrode material shows descent rate
performance.

Fig.5(c) describes the galvanostatic charge-
discharge profile of HPCM/S hybrid at different
rates. It can be found that, as the current rate in-
creases, the voltage gap between discharge and
charge plateaus becomes larger, resulting from
the more serious polarization"***"),

As shown in Fig. 6(a), an initial capacity of
1 146 mAh/g in the first cycle is obtained at a
current density of 0. 8 A/g. After 300 cycles, sta-
ble reversible capacity of 603. 5 mAh/g can be
maintained, showing the excellent cycling stabili-
ty. Fig. 6 (b) indicates the cycling behavior of
HPCM/S at a current density to 1. 6 A/g. After
the initial activation at 0. 5 A/g for 10 cycles, a

reversible capacity of 805.7 mA « h/g can be ob-
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(a) CV curves for the first five cycles at a scanning rate of 0.1 mV/4
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Fig. 5 Electrochemical performance of HPCM/S

tained when the current rate immediately increa-
ses to 1. 6 A/g. After 500 cycles, the reversible
capacity is retained as high as 485. 4 mA « h/g.
Fig. 6(c) displays the charge-discharge voltage
curves of HPCM/S at a current density of 0. 8 A/
g. After the initial several cycles, the voltage
profiles almost have no significant change, which
is a token of the excellent reversibility of the elec-
trochemical reactions.

The above analytical results verify that the
HPCM/S offers superior rate capability and cyc-
ling stability, which is attributed to its advanta-
geous structural features. HPCM possesses high-
er surface area and pore volume, advantageously
rendering the uniform dispersion of active sulfur

within the matrix. On the other hand, the elec-
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Fig. 6 Cycling behaviors of HPCM/S

trolyte can readily infiltrate and lithium ions can
be transported with smaller resistance. In addi-
tion, the synergistic effect of macropores, meso-
pores and micropores can not only effectively fix
the active substance sulfur, but also buffer the
volume change during charge/discharge process.
As a result, higher surface area and hierarchical
pores contribute to the improvement of Li-S bat-

tery performance.

3 Conclusions

From the perspective of green chemistry,
polysaccharide has been extracted from loquat
leaves by water extraction and alcohol precipitati-
on. By the following high temperature calcining,
the hierarchical porous carbon material was pre-

pared, which includes macropores, mesopores

and micropores. From the electrochemical re-
sults, the larger specific surface area, the suitable
pore distribution and hierarchical pores make
HPCM/S serve as an excellent supporter of sulfur
for Li-S batteries. Abundant pores can offer space
of volume expansion in the process of charging
and discharging, benefiting the structure stability
of the entire electrode. Even after 500 cycles, the
reversible capacity as high as 485.4 mA « h/g was
retained at the current density of 1. 6 A/g. This
study has explored the feasibility of biomass raw
materials for the preparation of sulfur holder, ex-
hibiting the prospective potential for application

in Li-S batteries.
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