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Porous ativated carbon derived from corncob without furthelementdoping wasemployedas a
coating interlayer on polypropylene (PP)eparatorin lithium sulphur (Li/S) battery. The higly
electically conductive activated carboserved as a pseudo current collect@maticallyreduéng the
interfaceresistance and thus impmdthe reactiorkinetics of thecell system Furthermorethe mirce
/mesoporous structure and large pore volumacti/atedcarbon providd an excellent environment to
trap soluble polysulfidentermediats resulting in shtile reaction and buffed the volume change of
sulphurduring cycling,prominentlyalleviatingcapacity fadingThe cellwith activated carboroating
layermaintained a high reversible specific capacity of 8388h g™ after 100 cycles at eurrentrate
of 0.3C (1 C = 1672 mA g), comparing to 496.tAh g™ of the cell withonly pristine PP separator
Extended cycle liféaestexhibiteda dischargecapacity 0f648 mAh @ after 350 cycles under 0.5 C.
Moreover thicknes influenceof activated carbomoating layerindicated that a thin layer & € m
coatingwas sufficientenoughto improve the electrochemicakerformanceof Li/S battery Thicker
coating was only able to slightly improve therformance obattery.
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1. INTRODUCTION

The new generation of cesfficient, high energy storage systems is essential forapiel
development of electric vehicles, renewable energy plants and smart[4fidsi/S battery is
considered as one of the most promising candidates due to its high theoretical specific capacity (1672
mAh g*) and high energy density @8Wh kg™), which significantly surpasses the stafeart lithium
ion batteried2-4]. Moreover the widespread abundance, low cost and-baxic nature of elemental
sulphur predestines its largecale @aplications. However, the commercialization of such a promising
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system is still hindered by three major issues. (ipBul and its discharge products 4&4, Li,»S) have
low electrical conductivity which leads to a low electrochemical accessibility andsidphur
utilization ratio. So that additional conducting medisuth asSuper P and acetylene blaiskneeded
which reduces theontentof active material. (i) Thelensity difference between sulphur andSL.i
leads to large volumehange during charggischarge process whicksuls in the degradation of the
sulphurcathodeafter cycling (iii) High-order polysulfides (LpS,, 40xO8) produced in the charge
discharge processes are solubl@anmal organielectrolyte causng so-called shuttle effects] and
resulting inlow sulphur utilization ratio andorrosion of the lithium anode, finally leading tayaick
capacity decay arshort battery lifg6].

In order to overcome the aforementioned hurdles, different approaches have been explored by
the researchers over the last several decades. One of the most effective strategies is to confin
polysulfides inside the cathode by applying porous materials, including micrepoesas carbon
materials and porous metal oxid@s10]. So farvarious types of porous carbon materials have been
employedto constructS/C cathode especiallypiomass derived carbon materialsch agpig bone[11],
litchi shells[12], bamboo[13], etc. A typical synthesis process of such a biomass derived carbon
includes a carbonization process and an activationess (physically or chemically). These activated
carbons possess large surface area (SSA) and large pore volume (PV) so that they can efficientl
absorb the polysulfideseading tomuch improved capacity retentioBesides, theelatively simple
and harmless synthesis procedure and using cheap biomass wastes as reskarttes apgroach
also scalable. However, different activated carbon derived from different biomass resources may lead
to different properties when employedthesulphurcathode. It is reported that the surface functional
groups of the carbon play a key role when usesuilphurcathode14-15]. Recently,our group[16]
develomd a corncob derived high surface area activated cattvanake S/Ccompositecathodefor
Li/S battery. However the performancavas notprominentlyimproved as we thought. Although
doping nitrogen into carbon matrix (through HjNGxidation and NH N-doping)to makeN-doping
carbon improved the electrochemical performance, the whole procedure got a dotamplicated
and exgnsive.

A. Manthiram[17] proposed a new idea of placing a bifunctional microporous carbon paper
interlayer between thsulphurcathode and norm&P membraneThe interlayer aatg not only as a
physical barrier opolysulfides but also as an extra current collectiucesthe internalimpedance
and shuttle effectleading tobetter sulphurutilization andenhanced capacity retention. Since then,
various carbon materials (Nafibers [18-20], grapheng21-22], etc.) biomass derived carboft9,

23-27] and metallic oxideg28-29] have been proved good choices as interlayers. However, few
biomass deriveccarbon materials with high surface area and large pore vohmneeportedas
interlayer so far because theyare usually applied to makeS/C composite cathodegue to the
consideration ofporous structureas an idealstructureto absorbpolysulfide. But to make such a
compositecathode,sulphurloading processs inevitably required(usually heating and melting load
method) whichmakes the procedure more complicated and enargging.

Herein, weemployedthe activated carbon derived from corncob as an interlayer coating to
improve the performance of the/S battery and investigadethe influenceof interlayer thickness to
determine a suitableoating mass. It was proved that the large surface area and pore volume efficiently
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absorbed the polysolfides and the coating layer reduced the internal resistance, resulting in a mucl
improved capacity retention and longer cell lifeiskvorth notingthat the same carbon without further
N-doping proved not a good candidate $3€ cathode as we previously repor{éé].

2. EXPERIMENTAL

2.1 Porous activated carbe@oated Separator Preparation

Porous activated carbamas prepared by the same procedure as we described [d&prim a
typical synthesis process, dry corncob powders were carbonized at 673 K for 4 hing fhitnogen
atmosphere. The obtained carbonized powders were then further ground into small particles by ball
milling at the rate of 400 min™. Then, the balmilled powders were suspended in KOatwsated
solutions (KOH/C ratie 4:1) and magneticallgtirred for 2 h at room temperature followed by drying
under vacuum at 393 K for 12 h. Finally, the impregnated mixture was transferred to a muffle furnace
and activated at 1078 for 4 h. The final products were washed with hydrochloric acid and debnize
water until the pH value reached about 7.0 and then dried aK388ler vacuum. The gwepared
products were denoted as AC.

The AC carbon was mixed with Pelynylidene fluoride (PVDF) in a weight ratio of 9:1 in-N
methyl2-pyrrolido (NMP). Then the atry was pasted onto a traditional polypropylene separator with
molds of different thickness (50, 100 and 1&@) and dried at 76C for 12h under vacuum. The
average coating mass loading was arounfl, 423 and 6.61 mgm and the average thicknessthe
coating layer was 29, 79 and &, respectively.

2.2 Pure SulphurCathode Preparation

The sulphurcathodes were prepared by conventional doctor blading method. The slurry was
prepared by mixing 7% elementsulphur 20 wt% Siper P and 1@t% PVDF in NMP. Then, the
slurry was spread onto an aluminum current collector, dried & #r 4 h under vacuum and then
cut into circular disks with a diameter of &#n. Thesulphurloading was around 1-7.9 mg cm’.

2.3 Characerization

The textural properties of the ACeneperformed by Msorption at 7K using a Micromeritics
ASAP 2020. The scanning electron microscopy (SEM, FEI SIRION 200/INCA, OXFORD) were used
to determine the morphologies and texture of the samppeific surface areas were calculated at a
relative pressure p/p0&05 0.2 using the multipoint BrunaueEemmetteTeller (BET) method while
the total pore volume was determined at p/P037. The pore size distributions were obtained using
the Quenche Solid Density Functional Theory (QSDFT) equilibrium model. The thickness of the
separator and carbon coating on the separator was determiadditoyjoyo thickness gage (54401).
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2 4 Electrochemical Measurements

CR2032type coin cells were assemblaedan argorfilled glove box, in which the oxygen and
water contents were less than 0.1 ppm. The electrolyte was 0.5 M LdSIgg)F-dissolved in a mixture
of 1,3-dioxolane DOL) / dimethoxyethanelYME) (1:1 volume ratio) containing OM LINO3.

The electrothiemical impedance spectroscodyly) data were obtained with an impedance
analyzer (Sl 1287 and 1260, Solartron) from 1 MHz toHzwith an AC voltage amplitude of 5 mV.
Thechargé discharge voltage profiles and cyclability data were collected wfogrammable battery
cycler (LANHE CT2001A, LAND) at1.8 2.7 V (vs. Li*/Li). For galvanostatidest, the cells were
discharged and charged atarrentrate of 0.05C (1 C = 1672mA g*) for the firstcycle and then
switchedto the designated rate (for example @,30.5C and 1C) from the second cycle. The cyclic

voltammetry(CV) test was conducted betwegry Vand2.8V for 3 cycles at a scan rate of OV s
1

3.RESULTS AND DISCUSSIONS
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Figure 1. (a) Nitrogen physisorption isotherm of Aarticle and (b) the corresponding pore size
distributionplot obtained by employing the,NDFT equilibrium model

Porous activated carbon was synthesized through the same procedure as previous report [15]
The texturalproperties were assumed to be the same. To validate it, texture of the AC powder was
examined by BET tegqtFigure 1). Distinct type | isotherm (Figure 1a) was observed, indicating the
presence of micrpores and mespores between-20nm in the carbon matal, which was similar to
the previous report [15]. The AC possessed high specific surface area (SSA) of2¢4amd pore
volume (PV) of 1.54 cthg™ as shown in Figure 1b. It also shared the same pore size distribution
(PSD) feature, ranging from Oaid 4nm.

The pure AC carbon was proved not a good candidate/@composite cathode mainly due to
its surface functional groupdHowever, the large pore volume is able to absorb and trap the
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intermediatepolysulfide products ofchargedischarge procesand carborcoaing on the traditional
membranecould actasan additional current collector which leads to a better utilization of the active
material.

Figure2 preseng the morphologyf AC powder andAC-coatinglayer. As shown inFigure 23,
the AC powdersshowed irregular particle morphologywith a diameter between 2 tt0 um. The
activated carbon was coated on one side®fseparatopy doctor blading method. livasobserved
that AC-coatingwas distributed homogenously on the PP surface and pedsencompact layer
(Figure 2b), while the crossectional SEM image of the AC coating (&g 2c) reveadd a compact
carbon layer with a thickness of aboute30.

mode HV mag M [spot [dw ) - 50 pm

SE_110.00 kV| 1 000 x | 5 HiRes Gold On Carbon

Figure 2. SEM images of (a) pristine corncob derived activated carbon particles, (b) carbon coating on
PP separator an(c) crosssectional view of the carbon coating layer

The successfly fabricaed AC-coated separatovas used as normal separator dnel AG
coding was put on the cathode side.idtexpectedthat the addition of the ACoating is ableto
enhane the elecichemical performance of the &i/batteries through (i) increasing tk&ectical
conductivity ofsystem and decraag the internal resistancéi) trappingthesoluble polysulfides, and
thus, effectively improwg the reutilizéion of the activesulphurmaterial[1].
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To validate the conductivity improvemenEIS measurements werérst carried outto
determinate thenpact oncathode resistancd the fresh LiS cellswith or without AC coatingFigure
3 shavs the Nyquist plots for both types of celld was quite obvious thagach plot displagda single
semicircle at higito-medium frequency range and an inclined line at lowuUescy rangewhich was
respectivelyrelated tocharge transfer resistance anwhss transferesistance[30]. However, the
diameter ofthe semicircles diffexd The profile of thecell with AC-coated PRseparatoexhibited a
much smaller diameter, suggesting a lower charge transferanesistThis improvementould be
ascribed to the high electrical conductivity of the -A@aing which acéd as a additionalcurrent
collector, reducing the internal resistance of the EEI. Moreover it is worth noting that the
interlayerwas made without angonductive carbon additives (e.g. Super P), wkiohld highlightthe
electrical conductivityf the activated carbon
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Figure 3. Nyquist plots of LiS cells with pure PP separator and -&@ated separatpfrequency
ranges from 1 MHz to 0.8z with an AC voltage amplitude of 5 mV

The cyclic voltammetry test was also carried out to investigate the electrochemical behaviors of

the twotypes of cells. Ass shown in Figure 4, for the cell with AGcoated PP separator, two well
defined reduction peaks at about ¥.3and 2.0 Vcorrespondo the reduction of elemensulphurto

soluble lithium polysulfides (L5, 4<n< 8) and further conversion of these lithium polysulfides to
insoluble LpS, (n = 1, 2), respectivel){16], indicatingthe multistep reductioprocessof elemental
sulphur On the other hand, the oxidati@urve presemd two continuous plateaus around 2/4
(D2.35 V andD2.43 V), which correspontb reversible oxidation reactions of,5p/Li,S tointo high
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order solublepolysulfides and further intogfki,Sg [31]. Noticeably, there are only slight changes for
CV peals in subsequent cycles-igure 4a), confirming the good electdoemical reversibility and
excellent stability osulphurcathode However, for the cell with pure PP separatéig(re 4b), there
was only one distinct reduction peak2.25V, one wide reduction peak near M7and one major
oxidation peak aD2.47V. CombingEIS results, we come to a conclusion that the good electrical
conductivity of the coated AC layer greatly redgdhe internal resistance of the cellating to a
much less polarization of the electrochemical systéemthe other hand,ug to theabsence otarbon
composite andargesulphurmass loading (1-1.9 mg cm®), the polarization of the cell with pure PP
separator is much worse thaf the ordinary Li/S battery [32-33], resulting in much bigger
reduction/oxidation peak shift.
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Figure 4. Cycl i ¢ voltammogr am s cA&waatedosépardtand (B) prestné | s

separatarscan ratef 0.1 mV s* andvoltagerangeof 1.7-2.8 V

The electrochemical cycling performance lafS cells was investigated by galvanostatic
chargingdischargingcycling and arepresented ifrigure5. The tsting program applied in this paper
was slighly different from other group$33-34]. The cells were first discharged and charged at a
currentrate of 0.05C for one cycle to fullyactivatethe active material, and then the testing rate was
switchedto 0.3C in subsequent cycleBigure5a preserstthe chargedischargevoltage profiles of the
cellsand they weracquired during the®]. 2", 13", 20", 50" and 108 cydes. Generally, for the cell
with AC-coated separator, the profile exhddivo plateaus around 2\8 and 2.0V during discharge
processwhich are considered to represent the conversion of elemental sulpf)uo (Soluble long
chain polysulfides(Li,S, 4< x< 8) and their further reduction to shomain polysulfides (LS,
1<x<4) and L3S, respectivelyl], in accordwith CV results (Figurel). The plateau length daifferent
cycles chang#slightly reflecting the good reversibility and redox reaction kinetics of the cell system
[20, 3-36]. However, for the cell without AC coatinglthoughthe profileis similar to the one with
AC coatingin the ' cycle dramaticchangein the 2% and 1" cycleswas observedin these cyles,
the discharge plateas much shorter compared tbeir counterpart&nd polarizationis also more
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serious The major reason of this odd phenomenon is due talikence of polysulfide trappaiC

and thepoor eletrical conductivity. Moreover, due to the large thickness of the sulphur layer, it
isdifficult for the electrolyte to infiltrate into the sulphur cathode, further lowering the utilization rate
of sulphur in the first few cycles.

Figure 5. Galvanostaticchargedischargetest of cells with pristine PP and @coated separators
(voltage range ofl.7-2.8 V). (ab) chargedischargevoltage profilesat 0.3 G (c) cycling
performancdor 100 cyclesat 0.3 C, (d) cycling performancéor 100 cyclesat0.5Cand 1 C
(e) longterm cycling performancef cell with AC-coated separatdor 350 cycles at 0.5 C.



