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Abstract

Porous carbon can be tailored to great effect for electrochemical energy
storage. In this study, we propose a novel structured spherical carbon with a
macroporous core and a microporous shell derived from a sustainable biomass,
amylose, by a multi-step pyrolysis route without chemical etching. This
hierarchically porous carbon shows a particle distribution of 2—10 um and a
surface area of 672 m? gl. The structure is an effective sulfur host for
lithium-sulfur battery cathodes, reduces the dissolution of polysulfides in the
electrolyte and offers high electrical conductivity during discharge/charge
cycling. The hierarchically porous carbon can hold 48 wt% sulfur mostly in its
porous structure. The S@C hybrid shows an initial capacity of 1490 mA h g
and retains a capacity of 798 mA h g after 200 cycles at a discharge/charge
rate of 0.1 C. A capacity of 487 mA h g is obtained at 3 C rate. A one-step

pyrolysis and a chemical reagent assisted pyrolysis are also assessed to obtain
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porous carbon from amylose, but the obtained carbon shows inferior
structures for sulfur cathodes. The multi-step pyrolysis and the resulting
hierarchically porous carbon offer an effective approach to the engineering of
biomass for energy storage. The micron-sized spherical S@C hybrid with
different sizes is also favorable for high-tap density and hence the volumetric

density of the batteries, opening up a wide scope for practical applications.
Introduction
Under the dual pressure of emission reduction aswh@mic development,
developing naturally sustainable, abundant and dost- materials for energy
storage materials is highly desirable. Carbonacewvaterials originated from
biomass have received considerable attention inagelication of energy
storage devices with the increasing consciousndsssugtainability and
environmental benignityVersatile biomass carbon sources in nature effde
choices in producing carbon of different structuttest are required in energy
storage, such as the carbonized bean shell usectléatric double layer
capacitors and lithium-ion battery anodgseanut shell derived hard carbon as
anode materials for lithium and sodium battefiestton? apricot shelf, silk
cocoorf and shaddock peehs sulfur hosts for lithium-sulfur battery cathsde
after carbonization.

Lithium-sulfur batteries (LSBs) have attracted sabgal interest in recent
years due to their high-energy denS$ifihe electrochemical reactions between
lithium metal and sublimed sulfur can be expressethe following reaction:

S+Li'+e - Li,S (2.4 2.1V, (1)



LiS, +Li* +e” - Li S, andlor Li,S (2. 1.5V (2)
The theoretical capacity of sulfur cathode is 1878 h g', assuming that a
complete reaction product of43 is formed®. However, the long-chain lithium
polysulfides (2%<8) generated in reaction (1) is soluble in the tetdyte of the
LSBs, subsequently causing shuttling effect wite #hort-chain LiSy/Li2S
between cathode and anode during charging, whichtedses the utilization of
the overall active material during cycling. Moregv&ulfur and LiS, (x =1-8)
have poor ionic and electronic conductivities, leettte internal resistance of
the batteries is large and the reaction kineticslugigish. The early formed
insoluble insulated layer of +$/Li>S; on the surface of the sulfur particles
during discharge impedes the continuous reductio8, ovhich leads to poor
active material utilizatiof* The volume variation of sulfur during cycling is
another problem. The volume expansion fronfv@th a density of 2.07 g ci)
to Li2S (with a density of 1.66 g ¢ is ca. 79%, which causes pulverization
of Li2S, and thus damages the electrical contacts betthed,S particles and
hence the integrity of the electrode. Thereforagllenges exist in achieving
high cyclic stability and rate capability for LSBs.

To overcome the aforementioned problems of dissoiut low
conductivity and volume expansion of the cathodetensdl in LSBs, an
effective and widely used method is to incorporadfur into porous
conductive carbon matrix, such as mesoporous cahHmtlow spheres® 4

microporous carbon spher®s, hierarchical porous graphene shééts.



Alternatively, infiltrating sulfur into the tubes focarbon nanotube¥,
impregnating sulfur in porous microsphere framewar&mposed of multi-wall
carbon nanotubée$, wrapping sulfur by grapher,?° or coating conductive
polymers on the surface of sulfur particté$? The above approaches sequester
relatively the direct contact of sulfur and itdidtion products of polysulfides
with the electrolyte, and hence reduce the disswlubf polysulfides in the
electrolyte. The porous carbon host and the condug@olymer coatings also
improve the electron conductivity of the sulfurltade and accommodate the
volume change of sulfur during cycling. As a resulie electrochemical
properties of sulfur cathodes are improved. In @il other method, such as
electrodepositing sulfur nanodots on Ni foam cauplith adding LiSs as
additive in the electrolyté and in situ synthesis of nano sulfur particles
distributed three-dimensional porous graphitic oarlsomposite$ also show
significance in achieving high performance sulfathodes.

Compared with engineering carbonaceous materialsmdss derived
carbonaceous materials are abundant, renewablerarmdnmentally friendly.
Such materials have been considered as carbon twwsssilfur cathodes for
LSBs in recent years, including those from Apricgdtell® silk cocoorf
shaddock pe€lbamboo charco&P, cottorf® and pig boné’ etc. KOH assisted
pyrolysis is the commonly used method for carbaivons " 2’ Hierarchically
porous and microporous structures with surfacesacd®00-3200 mg? are

achievablé: " 27 After incorporating sulfur contents of 50-68 wtéhpse S@C



hybrid$ " 27 show favorable capacities and capacity retentlanaddition,
besides the application as porous carbon hostsulfur cathodes, biomass
derived carbonaceous materials are also reportemtier applications in LSBs.
For instance, a filamentous fungi derivearbon-fiber monolitff and bamboo
carbon fiber membrafd®are used as a conductive porous captor interi@myer
lithium polysulfides between sulfur cathode and asafor. A carbonized
eggshell membrane is also used as a natural pbteukservoir for LIBS?
Those are all effective in improving electrocherhigeoperties. However, the
electrochemical properties of the biomass deriv@CShybrids still need to be
further improved in order to realize their prackiapplications. Exploring new
biomass carbon sources and structures are impontamrder to develop
high-performance S@C hybrids.

Amylose is an abundant biopolymer in nature, witbhamical formula,
C12H22011. In this work, different pyrolysis methods, incing multi-step
pyrolysis, one-step pyrolysis and KOH (potassiurdrbyide) etching assisted
pyrolysis, were used to carbonize amylose in otdesbtain optimized porous
carbons as sulfur hosts for superior LSB cathodemiicron-sized spherical
hierarchical porous carbon with macroporous com microporous shell was
obtained by the multi-step pyrolysis (the obtairesdbon is abbreviated as
MHPC) without oxide templates, which is commonhedsn the synthesis of
porous spherical carbdn!* The carbon shows a high surface area and high

porosity. The hierarchical porous structure canoagsnodate 46 wt.% S £b



compactly in the pores. The obtained S@MHPC hylsiubws superior
electrochemical properties for LSB cathodes. While one-step pyrolytic
carbon (abbreviated as OSPC) and the KOH etchisigtad pyrolytic carbon
(abbreviated as KEAC) show lower surface area an@d porosity, exhibiting
inferior electrochemical properties after incorgmna with sulfur as LSB
cathodes, compared with the MHPC. The present +sidp pyrolyzed
spherical hierarchical porous carbon should be odatg benefit to the
development of carbonaceous materials from bionf@s&SB cathodes. The
micron-sized spherical shape also facilitates hpgitking density for the
cathodes, favoring the volumetric capacity of tladtdries, which is important

for practical applications.

Experimental

Material preparation

From the TG (thermal gravimetric) and MS (mass 8pat) measurements
(Hiden Analytical QIC-20) of the amylose (Suppogtimformation, Fig. S1), it
Is known that the main weight loss initiates at 260and completes at 360 °C,
showing a value of 57%, which is from the loss e®OHNegligible amounts of
CO; and CO were released at the temperature rangé0ef320 °C. The weight
loss from 360 up to 650 °C is only oh. 7 wt.%, including the release obH
over 450 °C.

Give that amylose has a high concentration of watentrolling the

generation rate of steam during carbonization {gortant to avoid the collapse

6



of the original morphology of amylose. In this casemulti-step pyrolysis
method was proposed to carbonize amylose, as sho®oheme 1a. Amylose
was firstly heated to 240 °C at a heating rate o€ 3nin and then to 350 °C at
a rate of 0.5 °C mih where it was held for 8 h in flowing Ar at a raie2 L
minl. After cooling, the initially heat-treated amyloseas milled to fine
powder in an agate mortar, and then heated to @58t % rate of 10 °C mih
and to 600 °C at a rate of 1 °C mjrwhere it was held for 8 h in flowing Ar
with a rate of 1 L mif. The obtained powder was grounded in an agateamort
again, and then heated to 600 °C at a rate of 1@ifC and to 900 °C at a rate
of 2 °C min', maintaining for 8 h in flowing Ar with a flow ratof 1 L min.
After cooling, the finally obtained powder (MHPC)a® used for structural
characterization and for sulfur host without furthmilling. For comparison,
one-step pyrolysis of amylose by heating to 90af@ rate of 5 °C mihand
maintaining for 8 h in flowing Ar with a rate of[2min’, as shown in Scheme
1b, is also performed. The obtained powder (OSP&3) nvilled by agate mortar
prior to structural characterization and for suliost.

In addition, in order to obtain other desirableboar structures, a chemical
etching assisted pyrolysis method, as shown in i@8eh&c, was also used.
Typically, 5 g of amylose is mixed with 100 ml 1 imb! KOH aqueous
solution by stirring at 90 °C. (what’s the purpasenderline-principles of
etching before carbonization?) After the water waspletely evaporated,

the mixture was heated to 900 °C at a rate of \nfi€tand maintained for 8 h



in flowing Ar with a rate of 2 L mif. After cooling, the product was rinsed by
stirring with 250 ml of 0.5 M HCI solution, which ag further leached by
distilled water at room temperature for severaksmuntil the pH value of the
filtrate was 7. The leached product was then dnedaicuum at 160 °C for 24 h.
The obtained product (KEAC) was used for structataracterization and for
sulfur host without further milling. Graphite crbte was used as the container

for the pyrolysis of all the samples.
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Scheme 1 Schematic routes of the preparation process for MHPC (a), OSPC (b) and KEAC (c).
(How the C,H contents determined? How about O content, which may

influence the conductivity of the crbon).

For preparation of S@C hybrids, the obtained canbawder was firstly



mixed with sulfur by ball milling in a weight ratiof 1: 2, and then diverted
into an airtight stainless steel container in vawsulrhe container sealed with
the mixture was heated at 160 °C for 24 h to mafi& sulfur into the porous
carbon to form S@C hybrids. In order to remove sh#dur covered on the
surface of the carbon particles or congregated dmtwhe carbon particles,
which is considered to be more easily dissolveel@ttrolyte and result in poor
cyclic stability, the S@C hybrids were further fezhat 300 °C for 0.5 h in a

tube furnace under flowing Ar.

Structural analyses

Morphologies of the samples were observed by sogneiectron microscopy
(SEM, Hitachi S-4800). TG measurement of the S@bridg was performed
from room temperature (RT) to 600 °C at a heatatg of 5 °C mirt. A pure Ar

(99.999%) was used as carrying gas. The distributib sulfur in the S@C
hybrids was detected by an energy-dispersive speeter (EDS, Horiba)
attached to the SEM. In order to observe the istreicture of the carbonized
products and the S@C hybrids, the samples weréenputiquid nitrogen and

kept for 5 minutes and then mechanically pressed lpressure of 20 MPa.
Pore structure of the samples was analyzed by ragem sorption method
(Quantachrome Nova 1000e analyzer). A temperatuvd & was used for the
measurement. Specific surface area of the sampbes measured by the
Brunauer-Emmet-Teller (BET) method. Pore size ifistron was calculated

from the adsorption branch of:Nsotherm by the density functional theory
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(DFT). Crystal structure of the samples was idedifby X-ray diffraction
(XRD, X'Pert PRO, PANalytical) using Ok radiation £=1.5418 A) with a
scanning step of 0.041. Raman spectra of the samples were recorded by a
confocal Raman microscope (Via-Reflex) using ldssam with a wavelength

of 532 nm. As sulfur is very easy to evaporate riyiRaman spectrum test
under strong laser excitation, the laser power kegs at less than 2.5 mm

and a short irradiation period of 30 s was used.

Electrochemical tests

Electrochemical properties of the S@C hybrids waeeasured using coin cells
of CR2025 with Li foil (99.9% Alfa Aesar) as thefeeence and counter
electrode, and a polyethylene membrane (Celgard®)248 a separator. The
working electrode was prepared by mixing the S@®ridy Ketjen black,
carbon black and polyvinylidene difluoride (PVDF|faA Asear) at a weight
ratio of 75: 4: 11: 10 in 1-methyl-2-pyrrolidino®MP, Aldrich) to form a
slurry, which was subsequently pasted onto an alumifoil and then dried at
60 °C for 24 h in vacuum. The S@C hybrid loadedeanh electrode was.
1.1 mg cm?. The electrolyte consists of 1 M bis (trifluoroim@ne)
sulfonamide lithium salt (LiTFSI, Alfa Aesar) in mixture of 1,3 dioxolane
(DOL, Sigma-Aldrich) and dimethoxyethane (DME, Aligsar) (v/v=1:1) with
2 wt.% lithium nitrate (LINGQ, Alfa Aesar) as an additive. The cells were
assembled in an Ar-filled glove box with® and Q contents less than 0.1

ppm (M-Braun, Germany).
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Cycling stability of the S@C hybrids was measurgddischarging and
charging galvanostatically the cells in a potentalg of 3.0-1.0 V vs. LiLi at
a current density of 0.1 C (1 C = 1672 mA) gising an electrochemical testing
system (Neware Technology Co., China). The ratealuidity of the S@C
hybrids was measured from 0.1 C to 5 C in the saotential range. The
specific capacity of the S@C hybrids was calculatedhe basis of sulfur mass
in the S@C hybrids. Cyclic voltammetry measuremeavese carried out at a
scan rate of 0.1 mV’sin a potential rang of 3.0-1.0 V vs.*llii (MSTAT-1,
Arbin). Electrochemical impedance spectra (EIS)eneeasured in a frequency
range of 100 kHz to 0.01 Hz and at a potentiostigoal amplitude of 5 mV
by a frequency response analyzer (1255B solartaqipped with an
electrochemical interface (1287, Solartron). Ak thlectrochemical tests were

performed at 25 + 1°C.

Results and discussion

Structure characterization

XRD analysis (Fig. S2) of the pyrolyzed amylose the different methods
shows that their diffraction patterns are similEne broad peak at around®23
and the relatively weak peak at around, 4®rresponds to the (002) and (100)
reflections of pretended (what does this mean R graphitic domair's’
demonstrating partial graphitization of the carbon.

Figs. 1la—d show the SEM images of the raw amyloskiis carbonized

products by multi-step, one-step and KOH etchirgjséasd pyrolysis,
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respectively. The insets are the large magnificaitisages of the corresponding
samples to show more details of the particles. @densfrom Fig. 1la, the raw
amylose powder has a spherical shape with sizamarigom 5 to 15um, and
most of them are ofa. 10 um. Mesopores are observed on the surface of most
of the amylose particles, as shown in the inseé dverall morphology of the
multi-step pyrolyzed product is similar to thattbe raw amylose, but shows
reduced particle size as seen from Fig. 1b. Moreo®m the SEM
observation of its crushed particle after beingefedd in liquid nitrogen, as
shown representatively in the top inset of Fig. ithis found that there is
macroporous in size afa. 2 — 3 um inside the particle. The raw amylose
particles cannot be crushed even assisted by ligiidgen freezing, so their
inside structure is failed to be characterizedaddition, most of the mesopores
occurring on the surface of the raw amylose patgictlisappear after the
multi-step pyrolysis, but instead showing roughfate, as shown in the bottom

inset of Fig. 1b
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Fig. 1 SEM images of the raw amylose (a) and after multi-step (b), one-step pyrolysis (c) and KOH
etching-assisted (d) pyrolysis. The insets are their corresponding large magnification morphologies.

In comparison, the spherical morphology of the ramylose was
completely destroyed after the one-step pyroh&i®wing a typically crushed
shape after milling by agate mortar, and no poresabserved by SEM, as
shown in Fig. 1c and the inset. The product obthimg KOH etching-assisted
pyrolysis shows fluffy spongy-like structure, whighdifferent from either of
the multi-step pyrolysis, or the one-step pyrolysis shown in Fig. 1d and the
inset. KOH can react with carbon, forming potassicanbonate (KCOs) at
about 600 °C by the following equatiéiK.CO; further decomposes into GO
and potassium oxide at temperatures higher tharfC00

6KOH+2C - 2K+ 3H,+ 2K,co,  (3)

Figs. 2a and b are the:Nadsorption isotherms and the pore size
distribution curves of the pyrolyzed products, exgjvely. Fig. 2a shows that
all the samples show type | isotherm adsorptioro@ting to the Brunauer
classificatior?® Steep condensation steps occur only whenPiRe value is
lower than 0.05 and no other condensation stepsta®erved in the other range.

The result indicates that the detected pores oflifierent samples are mainly
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microporous. Fig. 2b shows that the pore size rangestly in 1.0-2.0 nm,
which are extremely small. Combining the macropseroore inside the spheres
(Fig. 1), it is obtained the multi-step pyrolyzedrloon (MHPC) has a
hierarchical porous structure with macroporous @& microporous shell, and
the one-step pyrolyzed (OSPC) and KOH etching-essipyrolyzed carbon
(KEAC) has only micropores. Moreover, the MHPC haswe amounts of pores
than the other two, and the majority of the pote®ssize ofca. 1.2 nm (Fig.
2b). The surface area and pore volume for thereiffidy pyrolyzed carbon are
listed in Table 1. As the pores with size largemtii00 nm cannot be measured
by the BET method, the macropore inside the MHP@ighas are not included
in Fig. 2 and their volume is not involved in thalwe listed in Table 1. As seen
in Table 1, the MHPC has a specific surface are&7&.6 n? g, which is
higher than that of the KEAC (508.2mi%), and is much higher than that of the
OSPC (277.6 /mg?). Even without including the macropores, the vaduof
the micropores of the MHPC is still the highest agnthe three types of carbon,
being 0.32 crhg?, while those of the OSPC and KEAC are 0.13 ané 0r&
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Fig. 2 N, sorption isotherms (a) and pore size distribution (b) of the differently pyrolyzed carbon

Table 1 Surface area and pore volume of the differently pyrolyzed carbon and the S@C hybrids

Surface area Pore volume

(mg?) (cmig?)
MHPC 6726 0.32*
OSPC 277.6 0.13
KEAC 508.2 0.26
S@MHPC 5.3 0.01
S@OSPC 5.4 0.01
S@KEAC 4.6 0.01

* the volume of the inside marcoporous core of MtéPC particles is not involved.

As known from the TG curve of the raw amylose (FB@d), vapor of BHO
was highly generated at 260-360 °C. High tempegaki#O vapor has high
energy, which damages the micelle structure of asgyimolecules and makes
amylose into a pasté. This is likely the main reason for the low potgsind
low surface of the one-step pyrolyzed carbon, whemguick heating (5 °C
mint) up to 900 °C was used. Whereas for the multi-ygis, the low heating
rate in the temperature range of 240-350 °C is estgg to lower greatly the
evaporation rate of #D. The low heating rate, coupled with the high fleate
of the carrying gas, favours greatly the removalthed moisture, and hence
reduces the damage of the high energ® Mapor on the spherical shape of the
original amylose. As a result, the spherical shap¢he original amylose is
preserved. For the KEAC, due to the strong etcluihd{OH to carbon, the
damaged spherical shape was further carved to fpbngy-like structure. The
gases (KO, CO, CQ and H, Fig. S1) generated during the pyrolysis process

are supposed to be the main factor for the formadibthe micropores in the
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differently pyrolyzed carbon. The formation of theacroporous core inside the
MHPC is also likely to benefit from the low evaptoa rate of H2O vapor and
the high flow rate of the carrying gas.

Raman spectra of the differently pyrolyzed carbod their S@C hybrids
are shown in Figs. 3a and b, respectively. The tspeaf the differently
pyrolyzed carbons look similar. The peak centeredaa1600 cm' is the G
band, corresponding to the stretching vibrationgh@égraphene layer; the peak
centered ata. 1350 cmt is the D band of carbon, associating with disceder
graphite lattices. The ratios of the intensity ofbBnd and G band for the
differently pyrolyzed,p/lc, show a similar value ofa. 1.7, indicating a short
range ordered and long range disordered structuré¢hem (you mean both
short and long range orders exist in the strucjure?addition, the MHPC,
OSPC and KEAC all show a’'Gand in the range of 2500-2800 tm
corresponding to an overtone of the G band, whichus commonly in
graphitic materials, but not in amorphous carboif.This confirms the present
carbon contains graphitic domains. Such léand is also reported in a
carbonized shaddock peel, showing comparativelgred graphitic structur®.
Graphitization, even partially, is a substantiaérpguisite in improving the
conductivity of carbonaceous materiddswhich is helpful in facilitating the
transportation of electrons of sulfur during electremical cycling.

The D, G and Gbands from carbon also appear in the S@C hybfiades.
In/lc value of the different S@C hybrids shows a closkeier ofca. 2.1, which
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is slightly higher than that of the original carbamdicating a decreasing level
of order in the structure. Increase leflc after impregnating sulfur is also
reported in other S/C systems, such as the carbdriid-HNDC and sulfur
system, where sulfur is reported to interact with dangling bonds of carbon,
resulting in extended $i€-C bonds® In addition, sulfur is not detected by the
Raman measurement, indicating that individual sulélnould be mostly
removed during the extra heating at 300 °C forrDdter the sulfur infiltration
process, and there is also extremely limited suwdiposed on the surface of the

S@C hybrid particles
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Fig. 3 Raman spectra of the three types of carbon (a) and the three S@C hybrids (b).

Though sulfur is not detected by Raman analysisDX&alysis of the
S@MHPC, S@OSPC, S@KEAC hybrids (Fig. S3) showsttie&e are strong

sulfur diffraction peaks in all the patterns of 8@ C hybrids, which are highly
17



identical to orthorhombic sulfur (JCPDS 08-0247) Nisible difference is

observed between the diffraction peaks of sulfuhahybrids and those of the
pristine sulfur. The diffraction peaks of sulfureaall very sharp, indicating a
highly crystallized structure. The hump peaks froambon (Fig. S2) are not
observed in the patterns of the S@C hybrids, wiscprobably due to the
lowered crystallization of the carbon after suliimcorporation as shown in the
Raman measurement.

The SEM morphology of the S@MHPC hybrid is showrFig. 4a. The
insert of Fig. 4a is a schematic structure of tt@MHPC hybrid particle.
Comparison of Fig. 4a and Fig. 1a shows that the sf the S@MHPC hybrid
is not visibly different from that of the originBdHPC patrticles. The spherical
shape and the size of the MHPC particles are wédlimed after incorporating
with sulfur. Congregated sulfur as reported in #us{porous carbon fiber
composité’ is not found in the S@MHPC hybrid. It is confirmebat
congregated sulfur should be removed mostly aftereixtra heating at 300 °C
for 30 min in flow argon. In addition, differentoim the rough surface of the
MHPC particles, the surface of the S@MHPC partittedks smooth. A thin
coating of sulfur absorbed tightly on the roughface of the MHPC patrticles is
also reasonable. Such micron-sized spherical S@@dwith different sizes is
hopefully favorable in getting high-tap density ahédnce the volumetric
density of the batteries, which is important foagircal applications. Fig. 4b
shows representatively a crushed S@MHPC partitle [gft) and its EDS
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mapping of sulfur (the right). It is seen that thacroporous core in the MHPC
particles still maintains in the S@MHPC hybrid. Tinacroporous core is not
fully filled with sulfur after the sulfur immersioprocess. It indicates that the
long and narrow channels in the thick shell do factlitate the flow of sulfur.
However, Fig. 4b shows that sulfur is evenly disited in the particle shell,
indicating fully filled micropores. Fig. 4c and d@vs the morphologies of the
S@OSPC and S@KEAC hybrids, respectively, which sésam similar to their
original carbon (Fig. 1c and d), indicating thatfwu exists mostly in the
micropores of the OSPC and KEAC also. Further EB&yais also shows that
sulfur is evenly distributed in the S@MHPC, S@OSkd S@KEA hybrids

(Fig. S4)

Fig. 4 SEM morphologies of the S@MHPC hybrid (a), a representative crushed S@ MHPC particle (left) and its EDS
mapping of sulfur (right), S@OSPC(c) and S@KEAC (d) hybrids. The insert of Fig. 4a is a schematic structure of
the S@MHPC hybrid particle.

19



The TG and the derivative weight loss curves of 8@C hybrids are
shown in Fig. 5. The weight loss is attributedhe evaporation of sulfur. It is
seen that the onset evaporation temperature of@irsirf the hybrids are all
higher than that of the individual one. Among thetme S@MHPC hybrid
shows the highest onset evaporation temperatut®®C, which isa. 30 °C
higher than that of the individual sulfur. In adloit, it is clear that the
S@MHPC hybrid shows a two-step evaporation prodessating that there
are different evaporation characteristics. The tep of the S@MHPC hybrid
takes place at 250—-350 °C and centeraaR95 °C, corresponding to a weight
loss of 15 wt%. The second step takes place at533D2C and centers ah.
480 °C, corresponding to a weight loss of 22 wt%iotally stable value of 47
wt% is obtained. Moreover, it is seen that the evaton of sulfur at the high
temperature range is much slower than that ataWvetémperature range. It is
probably that sulfur confined in the much deep omchannels of the
S@MHPC is much difficult to evaporate. While bot@SSPC and S@KEAC
hybrids show only one-step evaporation, centeringaa250 °C and 290 °C,
and finishing ata. 280 °C and 335 °C, respectively, all at lower penatures
than the S@MHPC hybrid. The total weight loss oé tB@OSPC and
S@KEAC hybrids, which are the S contents of therialgh are 24 wt% and 37
wt%, respectively. Both are lower than that of 8@ MHPC. The depth of the
micro-channels of the OSPC and KEAC particles alstver than that of the
MHPC particles. As shown in Fig. 4, at least, th@@SPC and S@QKEAC
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hybrids show an overall smaller particle size thhe S@C hybrid. In
comparison, individual sulfur evaporates quicklyl @ine evaporation ends .
310 °C. So far, it is obtained that there is efiectinteraction between the

confined S and carbon substrate for all the hybrids
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Fig. 5 TG and the derivative weight loss curves of the S@C hybrids prepared from the differently pyrolyzed
carbon.

The calculated amount of sulfur that the micropanethe MHPC patrticles
can accommodate based on the porosity of the MHR®I€ 1), taking the
densities of the MHPC and sulfur to be 1.39 and 2@&m?®, respectively, are
40 wt.%, which is 7 wt% lower that the S contenttié S@MHPC hybrid
detected by TG analysis (47 wt.%). It is likelytthi@ere is also some amount of
sulfur filled in the macropore inside the MHPC aizsorbed on the surface of
the MHPC particles, though there is still a macrega the S@MHPC particles
(Fig. 4b). The sulfur contents that the micropdrethe OSPC and KEAC can
accommodate calculated by the same way are 22 varb 35 wt.%,

respectively, which are very close to the valueteaded by TG analysis (24
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wt% and 37 wt%). The TG data of the sulfur impragdaS@C systems
without the extra heating at 300 °C after the suifumersion process are
shown in Fig. S5. It is seen that the weight lokshe three systems shows a
similar value of 56-57 wt.%, which are all sligbtMer than the added content
of sulfur due to lose during the sulfur immersiongess, but they are all higher
than the sulfur contents in the S@C hybrids, camfig the removing of the
free sulfur during the extra heating at 300 °C raftee sulfur immersion
process.

The surface area and the pore volume of the S@@Gdsyare also listed in
Table 1, which show largely reduced values, congpamith those of the
original carbon hosts. The S@C hybrids show cladees of only 4.6-5.4 g
cm® for the surface area and a same value 0.Flgdifor the pore volume. The
results confirm that the micropores in the carbosté are mostly filled with

sulfur.

Electrochemical properties

Fig. 6a shows the cycling stability and the Coularédfficiency at 0.1C of the
S@MHPC, S@OSPC and S@KEAC hybrids. The S@MHPC thydaxhibits
an initial discharge capacity of 1490 mA # gt 0.1 C, which is 88% of the
theoretical capacity of sulfur and retains a cagaai 798 mA h ¢ up to 200
cycles, corresponding to the capacity retention5df6. In addition, the
Coulombic efficiency decreases from 99% for thestficycle to 95% after

several cycles, and then maintains at 95% in thsesyuent cycles, which is
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supposed due to the weakly trapped sulfur on thmtacel of the S@MHPC
hybrid was easily dissolved in the electrolytets initial several cycles. The
degradation of the capacity and Coulombic efficiemmcthe first several cycles

is severer, however, the capacity fading is stathen the weakly trapped

sulfur was consumed.
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Fig. 6 Cycling stability at 0.1C (a) and rate capability (b) of the S@MHPC, S@OSPC and S@KEAC hybrids.

In comparison, the S@OSPC hybrid shows an iniisdldarge capacity of
1280 mA h ¢, which is over 200 mA h-blower than that of the S@MHPC
hybrid. The capacity after 200 cycles is only 36% Img?, corresponding to the
capacity retention of only 27%, much severer capdading than that of the

S@MHPC hybrid, especially in the initial severaties as seen from Fig. 6a,
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implying low sulfur utilization with severe polydide dissolution. It is
obtained that the micron-sized spherical hieraalhporous structure with high
porosity of the MHPC is much beneficial in trappisglfur than that of the
OSPC. The initial capacity, initial Coulombic ef@acy and the capacity
retention after 200 cycles of the S@KEAC hybrid 2421mA h ¢, 89% and
33%, respectively, which are all lower than thos¢he S@MHPC hybrid, but
higher than those of the S@OSPC hybrid. The Coulorefiiciency of the
S@OSPC and S@KEAC hybrids upon cycling is seveeatgntages lower
than that of the S@MHPC hybrid, showing an reldyidewer stable value
ranging in 87—-93% as overall

Fig. 6b shows the rate capability of the S@C hybatl0.1 Cupto5C. Itis
seen that the capacities of the S@MHPC hybrida).1 C, 3 C and 5 C are
907, 681, 487 and 226 mA h'grespectively, which are all much higher than
those of the S@OSPC and S@KEAC hybrids. Due tohigh ohmic and
kinetic over potential at high rate, the capacigmase with increasing current
rate. In addition, a capacity of 1000 mA 1 @ recovered when the current
density is returned back to 0.1 C, which is stiiif) though there is capacity
degeneration after cycling at different rates. bhmparison, the S@OSPC
hybrid fails to cycle at 1 C and its capacity &®.is only 380 mA h ¢. The

S@KEAC hybrid fails to cycle at 3 C and its capaeit 1C is only 420 mA h

g™
The significantly improved capacity, cyclic stahili and high-rate
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capability of the S@MHPC hybrid is due to its ureqstructure: the inner
marcopore can accommodate the volume change dithinan polysulfide in
the micro-channels in the shell; the long and namdcro-channels in the shell
not only confine and sequester sulfur and its fansed polysulfides,
preventing effectively the dissolution of the palifgles in the electrolyte, but
also maintain an intimate contact of sulfur andypolfides to the carbon
substrate, providing sufficient electron condudyivior the hybrid; the large
surface area and high porosity provide more sits Idading insulating
LioS/Li>S; and favor the lithium-ion transportation; the pErgraphitization
offers high electron conductivity. However, for tl@SPC and KEAC, the
superiority is not so sufficient, therefore, the S&PC and S@KEAC hybrids
show inferior electrochemical properties to the SR hybrid.

Although the electrochemical properties of the S@gbrids from
different laboratories cannot be quantitatively pamed because of different
electrode preparation and testing programs, itilisuseful to observe progress
made among the research communities. Comparistimeafapacity and cyclic
performance of the present S@MHPC hybrid with tho$ethe typically
reported sulfur cathode using other carbonized bgsrhosts that we find is
shown in Table 2. It is seen that the initial desgje capacity and the capacity
retention after 100 cycles at 0.1 C of the preS@MHPC hybrid are much
higher than those of the S@shaddock pesgistem. The initial discharge
capacity and the capacity after 200 cycles at Odf the S@MHPC hybrid are
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also much higher than those of the S@cdttand S@apricot shéllsystem
which are also cycled for 200 cycles but at 0.2I1fCthe magnitude of the
present capacities at 0.1 C cannot be quantitstc@pared with the reported
values at a higher rate of 0.2 C, however, it engat the capacity retention of
the present S@MHPC hybrid at 0.1 C after 200 cysle®ry close to those of
the S@apricot shell system at 0.2 C after 200 syelad the S@silk cocoon
system at 0.5 C after 80 cyckeFhough the present capacity retention of the
S@MHPC hybrid at 0.1 C after 200 cycles seems lothan that of the
S@cotton system after 200 cycles also but at 0*2t @ noted that its initial
capacity is somewhat lower than the reported S@eipshell systefmat the
same rate of 0.2 C, which favors capacity retentiois different (difficult ?) to
compare the cyclic stability of the present S@MHBgbrid with the
S@bamboo charcdilsystem, as a rate of 0.5 C is used and 500 cyckes
tested for the later. However, the capacity of 90& h g of the present
S@MHPC hybrid at 0.5 C after cycled at 0.1 C arsd@. respectively, for each
10 cycles (Fig. 6b), is much higher than the ihitegpacity of 685 mA h¢for
the S@bamboo charcoal system at 0.5 C. Moreowercdpacity of 681 mA h
glat 1C of the present S@MHPC hybrid (Fig. 6b) is parable to that of the
S@cotton systerhand is higher than the 640 mA R fgr the S@apricot shell,
the 500 mA h g for the S@shaddock péeind the 481 mA h Yfor the
S@bamboo charcoal systems.

It is clear that the present S@MHPC hybrid has alestrated superior
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capacity, capacity retention and rate capabiliynpared with most of the other
reported S@C hybrids with biomass derived carbde. 9pecial surface area of
the present MHPC (672%?) is not so high as those of the cotton (1286 m
gh),4 apricot shell (2269 tg?l),> S@silk cocoon (3243 hrgt)® and shaddock
peel (937 ragl)’ derived carbon, the long and narrow channelsérsghherical
shell are likely to confine sulfur, preserving thelysulfide from dissolving in
the electrolyte, resulting less shuttle effect awftering a high electrical
conductive contact of the active material with da@gbon substrate. The sulfur
content in the present work is comparable to tludsbe S@apricot shéllnd
S@silk cocoohisystems, but is somewhat lower than those of te@ton?
S@shaddock peebnd S@bamboo charcdabystems. Exploring the way to
fill a higher amount of sulfur to the macroporousres inside the MHPC
particles is expected in the future work to inceedise sulfur content of the

S@MHPC hybrid.

Table 2 Electrochemical performance of the S@C cathodes based on different biomass derived porous

carbon
Carbonized biomass Current Initial Cycle Sulfur  Capacity  Capacity atth Refs.
materials rate* capacity (m/ number** content retention noted numbe

h g% (%)  ratio (%) (mAh gb)
HPC 0.1 1490 200 48 54 798 Our work
HPC 0.1 1490 100 48 68 1015 Our work
Cotton 0.2 1017 200 68 75 760 4
Apricot shell 0.2 1277 200 53 56 710 5

Silk cocoon 0.5 1443 80 48 56 804 6
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Shaddock peel 0.1 1190 100 62 3t 77¢ 7

Bamboo charcoal 0.5 685 500 58 60 414 25

** The cycle rates in the Table are those useddsting cycling performance in the references
*The cycle numbers in the Table are the reportedimam numbers in the references.

Fig. 7a—c shows the discharge/charge profiles @f dhifferent S@C
hybrids with a cut-off potential of 1-3 V vs. llii of selected cycles at 0.1 C. It
is seen that all the hybrids show mainly two disghgplateaus and one charge
plateau. The discharge plateau at the comparatiti@in potential range,
corresponding to the transition of elemental suttulong-chain polysulfides
(Li2Sk, 4<x<8), drops slightly upon the discharge process, Wwindicates that
the transition is partially affected by the diffosiof lithium ions. The plateau at
the comparatively low potential range, correspogdnthe further reduction of
the polysulfides to LSJ/Li>S are flat, especially for the S@MHPC hybrid,
indicating that the reduction occurs at a consiolgratable potential, which is
almost diffusion-independent. The latter processegates more capacity than
the former, which is a major process. For the S@KH®brid (Fig. 7a), the
discharge plateau is slightly lowered &g. 0.05 V after initial several cycles,
and turns to recover with the further cycling andimains almost stable up to
the tested 200 cycles. However, the discharge aqulat®f the S@OSPC and
S@KEAC hybrids shift gradually to low potential upoycling, indicating an
increasing reduction polarization. The charge plateepresents the reverse
reaction from LiS,/Li>S to polysulfides and finally to sulfur, or tosEs if the

oxidation is insufficient. The initial charge plates for all the three S@C
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hybrids are considerably flat. However, only the BKPC hybrid maintains a
flat and stable potential upon cycling up to 208ley, while the S@OSPC and
S@KEAC hybrids all show increasing sloping plateauwgon cycling,

indicating an increasing polarization with a sluglgoxidation.

3.25
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200 100 50 105 1 200 100 50 105 1 200 100 50 10 5 1
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Fig. 7 Charge-discharge profiles of the S@MHPC, S@OSPC and S@KEAC hybrids of selected cycles at
0.1C.

The overpotential, the potential gap between ch&ogélation) and the
main discharge (reduction) plateausV(as shown in Fig. 7a—c), of the
S@MHPC hybrid shows an almost stable value of ¥.20r the first cycle and
the 200" cycle as obtained from the redox peak differerafethe differential
capacity to potential of the discharge/charge caifd€/dV curves, Fig. S6a, b),
suggesting an efficient kinetic reaction processhwa small barrier. The
overpotentials of the S@OSPC and S@KEAC hybridthéinitial cycle are
not evidently difference from that of the S@MHPOohg, which are 0.22 V
and 0.21 V, respectively. However, the values iaseeto 0.51 V and 0.43 V,
respectively, for the S@OSPC and S@KEAC hybridthat20d' cycle (Fig.
S6c, d and e,f). The polarization becomes much reevapon cycling,

especially for the S@OSPC hybrids. In additionseen from Fig. 7b and c, the
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increase of the overpotentials of the S@OSPC an&KEA® hybrids takes
place mainly in the initial several cycles. The pggential increases very
limitedly from the 58 cycle to the 200 cycle as shown in Figs. 7b and c,
indicating a stable tendency of electrochemicaktiea upon cycling. It is
confirmed that the unique hierarchical porous stmecof the MHPC alleviates
effectively polysulfide from dissolving into theeefrolyte, and hence there
would be less poorly conductive discharge proddidtieS/Li>S; generated on
the electrode surface. The high surface area agid porosity of the MHPC
also allows more sites for the deposition of treulating LbS/Li>S; and allows
facile lithium-ion transportation. As a result, tS@MHPC hybrid keeps a low
polarization during cycling.

The overpotentials of the S@C hybrids at highrent rates, which are
obtained from the redox peak differences of thed¥Xurves (Fig. S7-9) of
the first cycle at that rate, the discharge capecibf which are shown in Fig.
6b, are illustrated in Fig. 8. As the S@OSPC hylaited to cycle over 0.5 C
and the S@KEAC hybrid failed to cycle over 1C, thmierpotentials are only
obtained up to 0.5 C and 1C, respectively. As s&em Fig. 8, the
overpotential increases evidently with the ratej #re differences among the
different hybrids enlarge with the current rate.eThverpotential of the
S@MHPC hybrid increases slightly from 0.20 V at C.Xo 0.22 V at 0.5 C,
while that of the S@OSPC hybrid increases evideintgn 0.22 V at 0.1 C to
1.0 V at 0.5 C. The overpotential of the S@MHPCrid/is only 0.32 Vat 1l C
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and 0.62 V at 3 C, which are all lower than thathef S@OSPC hybrid at 0.5 C.
The value is only 1.0 V for the S@MHPC hybrid ewtra high rate of 5 C, the
same as that of the S@OSPC hybrid at 0.5 C. Thepotentials of the
S@KEAC hybrid are always in between the values i S@OSPC and
S@MHPC hybrids at the corresponding rate. The abeselt suggests further
that the spherical hierarchical porous structuredbaen is beneficial in

improving kinetic performance of the sulfur cathode
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Fig. 8 Overpotentials of the S@MHPC, S@OSPC and S@KEAC hybrids (with respective of the delithiation and the
main lithiation of polysulfide to Li,S,/Li,S) at different rates.

Fig. 9a—c shows the cyclic voltammetry (CV) plotdlee initial five cycles
of the S@C hybrids. For the S@MHPC hybrid, as $emn Fig. 9a, there are
two major peaks centering &h. 2.28 and 2.03 V (vs. Lii) in the first
cathodic sweep, corresponding to the transitiormfrelemental sulfur to
polysulfides (LbSx, 4<x<8) and the further reduction of the polysulfides to
LioS/Li>S as common, respectively, which is in agreemerth whe two
discharge plateaus in Fig. 7a. The two minor peakdsering at 1.68 and 1.40 V

in the first cathodic sweep are attributed to theversible reduction of
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LiNO3.38 3° Similar peaks also appear in the S@OSPC and S@ KiiAdds,
as seen in Fig. 9b and c. In the first anodic swé®re is a strong and sharp
peak centering ata. 2.48 V, attributed to the conversion of:%®iLi>S; to
Li>Se/Ss, which is also consistent with the main chargeteala in Fig. 7a.
Because of the hysteresis in the CV technifube cathodic peaks shift to a
lower potential and the anodic peak shift to a aighotential compared to the
discharge/charge plateau potentials. There is & wieaulder peak centering at
ca. 2.69 V, which is considered from the conversiamf Li>Sg to sulfur’! The
cathodic peak corresponding to the transition fraufur to the polysulfides
shifts slight from 2.28 V to 2.32 V after 5 cyclédoreover, the main anodic
peak shows a ignorable shifts from 2.48 to 2.47ftéreb cycles. In addition,
the position of the peak relating to the reductidrpolysulfide to LpSy/Li2S
almost does not change upon cycling. Overall, tlarpzation of the
S@MHPC hybrid shows relatively a stable low levethe tested cycles, which
is attributed to the well encapsulated sulfur i@ épherical microporous carbon
shell and hence less amount of polysulfides digsglin the electrolyte. As a
result, there is less amount of insulatingS/Li>S; depositing on the electrode,
and there is also intimate contact of S/polysuffidath the carbon substrate,

which favor both electron transfer and lithium-idiffusion.
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Fig. 9 CV profiles of the S@ MHPC (a), S@OSPC(b) and S@KEAC(c) hybrids.

In comparison, there are also two major cathodakpen the CV curves
of the S@OSPC hybrid, but center at lower poten({al98 and 2.21 V) and are
much broader than those of the S@MHPC hybrid. Theralso only one
anodic peak appearing, centeringat2.67 V, but is broad. The peak potential
Is higher than that of the S@MHPC hybrids (2.48 Whe larger redox
overpotential and broader peak indicate larger xeplarization and lower
redox Kkinetics, which is in agreement with that asteéd from the
discharge/charge plateaus (Fig. 7b). The weak dkroydeak occurring at 2.69
V for the S@MHPC hybrid cannot be observed in Ff. It is probably
overlapped by the broad peak or there is no suak.g@ne anodic peak without
coupling a weak shoulder peak is commonly found&@C systems, such as
graphene oxide/sulfur cathotfeporous carbon nanofibers/sulfur cathdté?
In addition, One main anodic peak coupling with eaakw shoulder peak at
higher potential ranging in 2.6-2.8 V is also obedrin some other S@C
systems, such as S@porous hollow carbon catlodeal coaxial nanocable

sulfur cathod®& and nanostructured sulphur-carbon nanotube catfiosleich
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is suggested due to the further oxidation ofSkito elemental S after the main
oxidation of LpS/Li>S; to Li2Ss, when a high conductive carbon matrix is
applied. In this case, it confirms that the hightyrous hierarchical structure of
the MHPC facilitates electron transfer due to tleenbgenous distribution of

sulfur in the microporous shell and the intimatateat of sulfur to the carbon

substrate. Moreover, the overpotential of the regeaks of the S@OSPC

hybrid increases evidently during cycling, indiogtia severe increasing

polarization, consistent with the result from thectiarge/charge profiles (Fig.

7b).

For the S@KEAC hybrid (Fig. 9c¢), the two main catitopeaks also
locate at higher potentials and the main anodik p@eates at lower potentials
compared with those of the S@MHPC hybrid, but thiétssare slightly smaller
than those of the S@OSPC hybrid. The weak shopleak corresponds to the
reduction of L¥Sg to S also occurs, which is at 2.72 V. It is obtainedt titee
spongy-like porous structure is superior to the O$Preaction kinetics, but is
inferior to the MHPC.

Fig. 10 is the Nyquist plots of the S@MHPC, S@OSk#d S@KEAC
hybrids. The solid symbols denote the experimesdtd, and the lines represent
the fitting results from the calculation based lo@ €quivalent circuit inserted in
Fig. 10. Fig. 10 shows that every spectrum is caaadoof a semicircle at the
high-to-medium frequency region and an inclinece lin the low frequency
region. The intercept of the semicircle on the seas at the high frequency is
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ascribed to the ohmic resistance resulting fronctedégte, electrode and
separator, which is denoted Rs The semicircle correlates the charge transfer
resistance Rcy) at the interface of the active material and etdgte. The
inclined line represents the Warburg impedancepa@ated with lithium-ion
diffusion in the electrode particlé3.4® Obtained from the fitting result, the
S@MHPC hybrid shows Bctvalue of 19Q, which is lower than the 138 for
the S@OSPC hybrid and the @0for the S@KEAC hybrid. The much smaller
Rt value of the S@MHPC hybrid indicates a much higleectronic
conductivity and a much higher reaction kineticsheT result further
demonstrates that the macroporous core and miaapahell structure of the
spherical carbon provides better electronic conoecif the incorporated sulfur

and the carbon substrate than the structures afttiez two types of carbon.
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Fig. 10 Nyquist plots of the different S@C hybrids.

Conclusions

A micron-sized spherical carbon with hierarchicalyarcoporous core and
microporous shell with a surface area of 672grhis successfully synthesized
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from a sustainable biomass material of amylose nuki-step pyrolysis. After
incorporating sulfur with melting infiltration, thleng and narrow channels in
the shell are fully filled with sulfur, but the ntamporous core is mostly
maintained. This S@C hybrid with a sulfur conteot18 wt% shows a high
initial capacity of 1490 mA h-gat 0.1 C and a capacity of 798 mA A ajter
200 cycles as cathode material for lithium-sulfattéries. Capacities of 681
and 487 mA h ¢ is obtained at 1 C and 3 C rates, respectivelys B@C
hybrid also shows low polarization and high redmekics during cycling.

It is obtained that sulfur is well confined in tleng and narrow channels of
the spherical carbon, alleviating effectively thiesdlution of polysulfides to
the electrolyte and offers intimate contact of dlséive material with the carbon
substrate. The large surface area provides suffigites for the deposition of
the insulating LiSy/Li>S. The unique structure offers both facile electron
transfer and lithium-ion diffusion. The synthesigogess does not need any
assisted chemical solution, which is consideredrenmnentally friendly. While
the one-step pyrolysis and the chemical reagemdtadspyrolysis methods are
found only to produce inferior structured porousboa, which offer inferior
electrochemical properties after incorporating wulfThe multi-step pyrolysis
method and the synthesized spherical hierarchicalbrous carbon is
considered having potential application in deveigpcarbonaceous materials

from biomass materials for energy storage.
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