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Core-Shell	Nanospheres	for	Advanced	Lithium-Sulfur	Batteries		
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Lithium-sulfur	 (Li-S)	batteries	 are	 receiving	 significant	 attention	as	 an	alternative	power	 system	 for	 advanced	electronic	
devices	because	of	their	high	theoretical	capacity	and	energy	density.	In	this	work,	we	have	designed	manganese	dioxide	
(MnO2)	nanosheets	functionalized	sulfur@poly(3,4-ethylenedioxythiophene)	core-shell	nanospheres	(S@PEDOT/MnO2)	for	
high	performance	lithium-sulfur	(Li-S)	batteries.	The	PEDOT	layer	is	used	to	address	the	low	electrical	conductivity	of	sulfur	
and	acts	as	protective	layer	to	prevent	dissolution	of	polysulfides.	The	MnO2	nanosheets	functionalizing	on	PEDOT	further	
provide	high	active	contact	area	to	enhance	the	wettability	of	the	electrode	materials	by	electrolyte	and	further	interlink	
the	polymer	chains	 to	 improve	 the	conductivity	and	stability	of	 the	composite.	As	a	 result,	S@PEDOT/MnO2	exhibits	an	
improved	capacity	of	827	mAh	g-1	after	200	cycles	at	0.2	C	(1C=1673	mA	g-1),	a	further	~50%	enhancement	comparing	to	
S@PEDOT	(551	mAh	g-1)	without	MnO2	 functionalization.	 In	particular,	 the	discharge	capacity	of	S@PEDOT/MnO2	 is	545	
mAh	g-1	after	200	cycles	at	0.5	C.	Our	demonstration	here	indicates	that	the	functionalization	of	inorganic	nanostructures	
on	 conducting	 polymer	 coated	 sulfur	 nanoparticles	 is	 an	 effective	 strategy	 to	 improve	 the	 electrochemical	 cycling	
performance	and	stability	of	sulfur	cathodes	for	Li-S	batteries.	

1.	Introduction	
The	 widespread	 usage	 of	 portable	 electronic	 devices	 and	 rapid	
growth	 of	 electric	 vehicles	 require	 the	 development	 of	 next-
generation	 batteries	 with	 higher	 capacity	 and	 energy	 density.	 To	
achieve	 a	 quantum	 leap	 in	 the	 specific	 energy	 density	 of	 current	
generation	 batteries,	 new	 electrode	 materials	 with	 high	 storage	
capacity	are	required.1-2	Indeed,	over	the	past	few	years,	extensive	
research	 has	 been	 conducted	 on	 the	 development	 of	 such	 high	
capacity	 electrode	 materials.3-5	 Amongst	 the	 next	 generation	
battery	 systems	with	 high	 energy	 storage,	 the	 lithium-sulfur	 (Li-S)	
batteries	are	considered	very	attractive.	Elemental	sulfur	has	a	high	
theoretical	capacity	of	1673	mAh	g-1	and	an	energy	density	of	2600	
Wh	 kg-1.	 These	 are	 much	 higher	 than	 the	 conventional	 cathode	
materials	(capacity	of	∼250	mAh	g-1	and	energy	density	of	∼400	Wh	
kg-1)	 in	 lithium-ion	 batteries.6-10	 In	 addition,	 sulfur	 exhibits	 many	
other	 favorable	 characteristics,	 including	 abundance,	 low	 toxicity,	
environmental	friendliness	and	low	cost.11-13	

Despite	 these	 advantages,	 practical	 scale-up	 applications	 of	 Li-S	
batteries	are	hindered	by	low	conductivity	(5×10-30	S	cm−1	at	25	°C)	
and	large	volumetric	expansion	of	sulfur	upon	lithiation	(~80%).14	In	
particular,	 the	 discharge	 reaction	 of	 sulfur	 involves	 stepwise	
reduction	 processes	 and	 produces	 various	 forms	 of	 soluble	
intermediate	 lithium	 polysulfides.	 These	 can	 dissolve	 in	 the	 liquid	
electrolyte	 and	 cause	 a	 rapid	 irreversible	 loss	 of	 active	 materials	
upon	 repeated	 cycling.	 In	 addition,	 the	 high	 solubility	 of	 the	
intermediate	lithium	polysulfides	can	move	to	lithium	anode	and	be	
reduced	 to	 short-chain	 polysulfides,	 which	 move	 back	 to	 the	
cathode	 and	 are	 reoxidized	 into	 long-chain	 polysulfides,	 called	
shuttle	effect.	This	further	reduces	the	coulombic	efficiency	and	the	
cycle	life	of	Li-S	batteries.15	
To	 address	 these	 aforementioned	 challenges	 of	 Li-S	

batteries,	 great	 strides	 have	 been	 made	 in	 the	 past	 several	
years.	For	example,	Nazar	and	co-workers	have	pioneered	the	
concept	 of	 using	 ordered	 mesoporous	 carbon	 to	 constrain	
sulfur	 within	 its	 channels,	 followed	 by	 modification	 of	
polyethylene	 glycol,	 providing	 a	 chemical	 gradient	 to	 retard	
diffusion	 of	 soluble	 polysulfides	 out	 of	 the	 electrode.	 This	
approach	 addresses	 the	 conductivity	 issue	 and	 improve	
trapping	 of	 polysulfides,	 resulting	 in	 a	 high	 reversible	
capacity.16	 Various	 other	 carbon	 nanostructures	 have	 then	
been	 used	 to	 produce	 sulfur-carbon	 composites,	 such	 as	
carbon	 nanofiber,17	 carbon	 nanotube,18	 carbon	 hollow	
sphere,19	 micro/mesoporous	 carbon,20	 and	 graphene.21	
However,	 sulfur	 still	diffuses	out	 from	open-pore	structure	of	
carbon	 during	 the	 charge-discharge	 process.	 This	 is	 due	 to	
weak	 intermolecular	 interactions	 between	 the	 nonpolar	
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carbon	 and	 polar	 LixS	 clusters	 (0<x≤2)	 as	well	 as	 the	 physical	
encapsulation	of	sulfur	insufficiently	alleviating	the	dissolution	
of	 polysulfides	 in	 a	 long	 term.22	Moreover,	 the	 fabrication	 of	
the	 sulfur-carbon	 composites	 usually	 requires	 elaborate	
procedures,	 involving	 high-temperature	 process	 or	 corrosive	
acid.19,20	These	defects	significantly	limit	the	manufacturability	
of	the	sulfur-carbon	cathode	materials.	
Alterlatively,	conducting	polymers	such	as	polyaniline	(PANI),23-25	

poly(3,	 4-ethylenedioxythiophene)	 (PEDOT),26,27	 polydopamine	
(PDA),28,29	 and	polypyrrole	 (PPY),30,31	have	aroused	much	attention	
to	improve	the	performance	of	Li-S	batteries	due	to	their	flexibility,	
good	 electrochemical	 stability,	 simple	 preparation	 and	 favorable	
morphologies.32-34	 For	 example,	 Zhao	 and	 co-workers	 have	
prepared	 core-shell	 sulfur-polythiophene	 composite,	 in	 which	
polythiophene	acts	as	a	conducting	additive	and	a	porous	adsorbing	
agent,	 enhancing	 the	 electrochemical	 performance	 of	 sulfur	
electrode	(830.2	mAh	g-1	at	100	mA	g-1	after	80	cycles).35	Chen	and	
co-workers	 have	 prepared	 sulfur	 nanoparticles	 with	 an	 outer	
conducting	PEDOT	layer.	This	provides	abundant	electron	transport	
active	sites	while	acting	as	a	protective	layer	to	prevent	dissolution	
of	 polysulfides.36	 Although	 conducting	 polymer	 coating	 on	 sulfur	
can	 effectively	 improve	 electron	 transport	 and	 protect	 the	
dissolution	 of	 polysulfides	 in	 electrodes,	 the	 electrochemical	
performance	 of	 sulfur-conducting	 polymer	 composites	 is	 still	 not	
good	enough.	We	suppose	that	the	 limited	 improvement	 is	due	to	
the	 low	 contact	 area	 and	 poor	 wettability	 of	 the	 conducting	
polymer	 network	 electrode	 with	 the	 electrolyte,	 and	 again	 the	
dissolution	of	polysulfides.	We	 then	propose	 that	 functionalizing	a	
thin	layer	on	to	the	conducting	polymer	chains	could	strengthen	the	
interlink	 between	 them,	 as	 well	 as	 increase	 the	 contact	 area	 and	
wettability	 of	 the	 polymer	 network	 with	 electrolyte.	 This	 could	
enhance	the	electrochemical	performance	of	Li-S	batteries.	
Herein,	we	 report	MnO2	 nanosheets	 (MnO2-NSs)	 functionalizing	

sulfur@PEDOT	 core-shell	 nanoparticles	 (S@PEDOT/MnO2)	 for	 Li-S	
batteries.	Flexible	PEDOT,	due	to	its	high	electrical	conductivity	(550	
S/cm)	and	excellent	electrochemical	stability,	is	used	to	address	the	
low	 electrical	 conductivity	 of	 sulfur	 nanoparticles	 (S-NPs)	 and	
prevent	 polysulfide	 dissolution.	 It	 has	 also	 been	 reported	 that	 a	
nanosheet-based	 shell	 could	 provide	 a	 stable,	 porous	 framework,	
effective	grain	boundaries	and	a	short	diffusion	pathway	for	Li+	and	
electron	transport.37	Thus,	we	further	functionalize	the	PEDOT	layer	
with	 MnO2-NSs	 by	 a	 facile	 soaking	 process.	 We	 expect	 that	 the	
MnO2-NSs	 functionalization	 over	 the	 conducting	 polymer	 network	
could	provide	high	active	contact	area	and	enhance	the	wettability	
of	 the	 electrode.	 Such	 functionalization	 could	 further	 improve	 the	
conductivity	 and	 stability	 of	 sulfur	 cathode	 via	 interlinking	 the	
polymer	 chains	 and	 MnO2-NSs.	 Importantly,	 there	 exist	
electrochemically	interactions	between	Li+	and	MnO2,	leading	to	the	
generation	 of	 a	 more	 stabilized	 shelly	 structure.	 This	 shelly	
structure	can	function	as	a	robust	protective	 layer	to	entrap	sulfur	
and	 lithium	 polysulfides	 inside	 the	 cathodes,	 hence	 efficiently	
extending	 the	 cell	 cycle	 lifespan.	Moreover,	 metal	 oxides	 such	 as	
MnO2	 possess	 hydrophilic	 Mn-O	 groups	 and	 surface	 hydroxyl	
groups,	which	may	enhance	the	interaction	between	the	MnO2	and	
sulfur,	 further	 bind	 favorably	 with	 polysulfides	 anions.	 This	 could	
permit	 fixed	 confinement	 of	 sulfur/polysulfides,	 restrain	 the	
reaction	 kinetic	 hindrance	 and	 minimize	 shuttle	 effect.	 Indeed,	

using	 these	 requirements	 as	 design	 guidelines,	 our	 fabricated	
S@PEDOT/MnO2	 demonstrates	 very	 good	 electrochemical	
performance,	with	a	stable	capacity	up	to	827	mAh	g-1	at	0.2	C	after	
200	 cycles.	 Even	 at	 0.5	 C	 after	 200	 cycles,	 a	 discharge	 capacity	 of	
545	mAh	g-1	is	achieved.	

2.	Experiment	Section	

2.1	S-NPs	preparation	

All	the	chemicals	are	bought	from	Sigma-Aldrich	in	ACS	reagent.	The	
S-NPs	are	synthesized	by	adding	concentrated	HCl	(0.8	ml,	10	M)	to	
an	aqueous	solution	of	Na2S2O3�5H2O	(100	ml,	0.04	M)	containing	
a	 low	 concentration	 of	 polyvinylpyrrolidone	 (Mw	 ~55,000).	 After	
reaction	 for	 2	 h,	 the	 sulfur	 NPs	 (100	 ml)	 are	 washed	 by	
centrifugation	and	redispersed	in	water.	

2.2	S@PEDOT	preparation	

120	 µL	 of	 3,	 4-ethylenedioxythiophene	 (EDOT),	 0.12g	
camphorsulfonic	 acid	 and	 0.6g	 (NH4)2S2O8	 are	 added	 into	 the	
solution	 of	 S-NPs.	 The	mixture	 is	 stirred	 at	 room	 temperature	 till	
the	 color	 of	 the	 suspension	 is	 changed	 to	 greyish-green.	 The	
precipitates	are	then	isolated	from	the	solution	by	centrifugation.	

2.3	S@PEDOT/MnO2	preparation	

MnO2-NSs	 are	 grown	 on	 to	 S@PEDOT	 by	 soaking	 the	 as-prepared	
S@PEDOT	 in	 10	mM	KMnO4	 solution	 for	 5	min.	 The	 products	 are	
then	 washed	 repeatedly	 with	 ethanol	 and	 deionized	 water.	 The	
brown	powder	obtained	this	way	is	next	dried	at	60	°C	for	12	h.	

2.4	Characterizations	

X-ray	 diffraction	 (XRD)	 patterns	 are	 obtained	 using	 a	 Bruker	
diffractometer	at	40	kV,	40	mA,	with	Cu	Kα	radiation	(λ=1.54056	Å).	
X-ray	 photoelectron	 spectroscopy	 (XPS)	 analysis	 is	 done	 on	 a	 VG	
Multilab	2000.	The	 thermogravimetric	 (TG)	analysis	 is	 recorded	by	
using	 a	 thermal	 analyzer	 (Setaram,	 Labsys	 Evo)	 in	 nitrogen	
atmosphere	with	temperature	ramp	of	5	°C	min-1.	The	morphology	
of	all	the	products	is	performed	on	Hitachi	S-4800	scanning	electron	
microscopy	 (SEM)	 equipped	 with	 a	 field-emission	 gun	 at	 an	
accelerating	 voltage	 of	 5	 kV.	 Transmission	 electron	 microscopy	
(TEM),	 high	 resolution	 transmission	electron	microscopy	 (HRTEM),	
high	 angle	 annular	 dark	 field-scanning	 transmission	 electron	
microscopy	 (HAADF-STEM)	 and	 scanning	 transmission	 electron	
microscopy-energy	 dispersive	 spectroscopy	 (STEM-EDS)	 are	
performed	on	FEI	Talos-200X	at	an	accelerating	voltage	of	200	kV.	
Contact	 angle	 (CA)	measurements	 are	 performed	 using	 an	OCA35	
automatic	contact	angle	instrument.	

2.5	Electrochemical	measurement	

The	 working	 electrodes	 are	 prepared	 by	 mixing	 75	 wt%	 active	
materials,	 15	 wt%	 acetylene	 black	 and	 10	 wt%	 polyvinylidene	
fluoride	 (PVDF)	 binder	 in	 N-methyl	 pyrrolidinone	 (NMP).	 The	
slurries	 are	 homogeneously	 coated	 on	 to	 aluminum	 foil	 current	
collectors.	The	electrodes	are	dried	at	60	°C	for	12	h	under	vacuum.	
Subsequently,	 the	electrodes	are	cut	 into	disks	with	a	diameter	of	
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12	mm.	 The	 CR2025	 coin-type	 cells	 are	 fabricated	 as	 the	working	
electrodes	 and	 lithium	metal	 foils	 as	 the	 counter	 electrodes.	 The	
electrolyte	 is	 1.0	 M	 lithium	 bis(trifluoromethanesulfonyl)imide	
(LiTFSI)	 in	 1,3-dioxolane	 and	 1,2-dimethoxyethane	 (volume	 ratio,	
1:1)	with	 1	wt%	 LiNO3	 as	 an	 additive.	 The	 LiNO3	 is	 added	 to	 help	
passivate	 the	 surface	 of	 the	 lithium	 anode	 and	 to	 reduce	 shuttle	
effect.	The	coin	cells	are	assembled	 in	an	argon	atmosphere	glove	
box.	 The	galvanostatic	 charge/discharge	 tests	 are	 carried	out	on	a	
LAND	 CT2001A	 battery	 tester	 in	 a	 potential	 range	 of	 1.4-2.8	 V	
(versus	Li/Li+).	Cyclic	voltammetry	(CV)	(scan	rate:	0.1	mV	s-1,	cut-off	
voltage:	 1.4-2.8	 V)	 is	 studied	 using	 a	 CHI	 660D	 electrochemical	
workstation.	Electrochemical	impedance	spectra	(EIS)	are	measured	
with	an	electrochemical	workstation	(Autolab	PGSTAT	302N)	in	the	
frequency	range	from	100	kHz	to	10	mHz.	We	note	that	the	specific	
capacities	are	based	on	the	mass	of	sulfur	only.	

3.	Result	and	discussion	

	
Scheme	 1.	 Schematic	 illustration	 for	 the	 synthesis	 of	 the	
S@PEDOT/MnO2	composite.	

The	 fabrication	 process	 sequence,	 starting	 from	 S-NPs	 to	
S@PEDOT	 and	 then	 to	 S@PEDOT/MnO2	 is	 illustrated	 in	
Scheme	1.	The	monodispersed	S-NPs	are	firstly	synthesized	in	
aqueous	 solution	of	 sodium	 thiosulfate	 and	hydrochloric	 acid	
in	 the	presence	of	PVP	at	 room	temperature.	As	can	be	seen	
from	the	large-area	scanning	electron	microscopy	(SEM)	in	Fig.	
1a,	 the	 monodispersed	 S-NPs	 have	 almost	 spherical	 shape,	
with	 ~500	 nm	 diameter.	 We	 note	 that	 S-NPs	 have	 a	 rough	

surface,	 owing	 to	 the	 SO2	 bubble	 generation	 during	 the	
synthesis	 (Fig.	 1b).	 Compared	 to	 the	 conducting	 polymer-
coated	 sulfur	 composite	 with	 >1	 μm	 particle	 diameter	
reported	 previously,38	 our	 S-NPs,	 with	 a	 smaller	 diameter	
(~500	 nm)	 is	 expected	 to	 improve	 the	 Li+	 transportation	 and	
the	electrochemical	availability	of	sulfur.	
Next,	the	PEDOT	layer	is	coated	on	S-NPs	by	in-situ	chemical	

oxidative	 polymerization	 of	 3,4-ethylenedioxythiophene	
(EDOT)	monomer.	In	this	process,	EDOT,	camphorsulfonic	acid	
and	 (NH4)2S2O8	 oxidant	 are	 added	 into	 the	 S-NPs	 suspension	
under	 moderate	 stirring	 at	 room	 temperature.	 This	 reaction	
yields	the	PEDOT	layer	on	S-NPs	outer	surface	(Scheme	1	and	
Fig.	 1c).	 After	 PEDOT	 coating,	 the	 diameter	 of	 S@PEDOT	 do	
not	 noticeably	 increase.	 However,	 an	 obvious	 uniform	 thin	
shell	is	formed	around	the	outer	surface	of	S-NPs,	presenting	a	
visible	 core-shell	 structure	 (Fig.	 1d).	 Definitely,	 the	 flexible	
PEDOT	shell	will	accommodate	the	volume	expansion	of	sulfur	
during	 lithiation,	 improve	 the	 electrical	 conductivity	 of	 the	
whole	composite,	and	alleviate	polysulfides	dissolution.	
Finally,	a	simple	method	is	used	to	anchor	amorphous	MnO2	

nanosheets	onto	the	S@PEDOT	surface	via	the	redox	exchange	
of	permanganate	ions	with	the	functional	group	on	PEDOT	by	
facile	 soaking	 in	 KMnO4	 solution	 (Scheme	1	 and	 Fig.	 1e).	 The	
obtained	 S@PEDOT/MnO2	 keeps	 the	 spherical	 morphology,	
while	 a	 MnO2	 layer	 is	 uniformly	 grown	 on	 to	 the	 surface	 of	
PEDOT.	 Fig.	 1f	 shows	MnO2	 nanosheets	 anchoring	 on	 to	 the	
PEDOT	 layer.	 We	 argue	 that	 the	 rough	 surface	 of	
S@PEDOT/MnO2	provides	 larger	 contact	area	 to	enhance	 the	
wettability	of	 electrode	with	electrolyte	and	promote	a	 short	
diffusion	 pathway	 for	 Li+	 and	 electron	 transport.	 This	 further	
improves	 the	 electrochemical	 performance	 of	
S@PEDOT/MnO2.	In	addition,	the	double	barrier	of	conductive	
PEDOT	 nanolayer	 and	 MnO2-NSs	 on	 S-NPs	 could	 effectively	
suppress	 the	 loss	 of	 active	 material	 and	 reduce	 the	 shuttle	
effect	during	 the	charge/discharge	processes,	as	 illustrated	 in	
Fig.	1g.	

	

Fig.	 1	Typical	 low	and	high	magnification	SEM	images	of	all	 the	products.	 (a-b)	S-NPs,	 (c-d)	S@PEDOT,	 (e-f)	S@PEDOT/MnO2	and	(g)	schemed	
double	barrier	in	S@PEDOT/MnO2.	
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Fig.	2	TEM	characterizations	of	S@PEDOT/MnO2.	(a)	bright	field	(BF)	image	at	low	magnification,	(b)	BF	image	at	high	magnification,	(c)	dark	field	(DF)	image,	
(d)	HRTEM	image	of	the	PEDOT	layer	and	MnO2	nanosheets,	(e)	HAADF	image,	and	EDS	mapping	of	(f)	S,	(g)	N,	(h)	C	and	(i)	Mn.	

Transmission	electron	microscopy	 (TEM)	 is	used	 to	 identify	
the	 heterostructure	 of	 S@PEDOT/MnO2.	 As	 sulfur	 is	 easily	
sublimated	 under	 electron	 beam	 irradiation,	 we	 here	 use	
toluene	 to	dissolve	most	of	 the	 sulfur	 in	 S@PEDOT/MnO2	via	
swelling	of	PEDOT	(This	process	is	very	important	to	avoid	the	
comtamination	 of	 sublimiated	 sulfur	 to	 the	microscope).	 Fig.	
2a	 displays	 a	 large-area	 image	 of	 S@PEDOT/MnO2	 after	
toluene	treatment.	Both	the	hollow	spherical	shape	and	some	
solid	 nanospheres	 with	 the	 sulfur	 inside	 are	 observed,	
indicating	 the	 core-shell	 heterostructure.	 Fig.	 2b	 and	 2c	
present	 the	 bright	 field	 (BF)	 and	 dark	 field	 (DF)	 image	 at	 the	
same	area	for	several	nanoparticles,	respectively.	These	show	
S@PEDOT/MnO2	 with	 a	 rough	 surface.	 HRTEM	 image	 of	 the	
PEDOT/MnO2	 layer	 outside	 S-NPs	 confirms	 that	 some	MnO2-
NSs	 finely	anchor	on	 to	 the	PEDOT	 layer	 (Fig.	2d).	We	do	not	
observe	 obvious	 lattice	 fringes,	 confirming	 the	 amorphous	
crystalline	states	of	the	PEDOT	and	MnO2-NSs.	Fig.	2e	presents	
the	 high	 angle	 annular	 dark	 field-scanning	 transmission	
electron	 microscopy	 (HAADF-STEM)	 image,	 clearly	 displaying	
the	 core-shell	 heterostructure.	 Fig.	 2f-i	 demonstrates	 the	
corresponding	 scanning	 transmission	 electron	 microscopy-
energy	 dispersive	 spectroscopy	 (STEM-EDS)	 mapping	 profiles	
of	 S@PEDOT/MnO2.	 These	 images	 show	 that	 S,	N,	 C	 and	Mn	
are	uniformly	distributed	 in	S@PEDOT/MnO2,	 confirming	 that	
the	MnO2-NSs	 functionalized	 PEDOT	 layer	 uniformly	 coats	 S-
NPs.	No	obvious	scattered	MnO2-NSs	are	observed	after	strong	
sonication	 for	 30	min,	 indicating	 that	MnO2-NSs	 are	 strongly	
anchored	on	PEDOT	shell.	

	

Fig.	3	 (a)	XRD	patterns	of	S-NPs,	S@PEDOT,	and	S@PEDOT/MnO2.	 (b)	
XPS	 spectra	 of	 S@PEDOT/MnO2	 for	 Mn	 2p.	 (c)	 TGA	 curve	 of	
S@PEDOT/MnO2.	 (d)	 Contact	 angle	 measurement	 of	 S@PEDOT	 and	
S@PEDOT/MnO2.	

	
The	X-ray	diffraction	(XRD)	measurements	are	conducted	to	

determine	 the	phase	structure	of	 stepwise	products	 (Fig.	3a).	
The	peaks	of	S-NPs	centering	at	23.4	 °	and	28.0	 °	match	well	
with	 the	 (222)	 and	 (040)	 reflections	 of	 Fddd	 orthorhombic	
phase	 of	 sulfur	 (JCPDS	 No.	 08-0247).39	 The	 sharp	 and	 strong	
diffractions	indicate	a	well-defined	crystal	structure.	No	peaks	
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from	other	phases	are	detected,	 indicating	a	high	purity	of	S-
NPs.	 Both	 the	 characteristic	 peaks	 of	 S@PEDOT	 and	
S@PEDOT/MnO2	 are	 similar	 to	 those	 of	 S-NPs.	 This	 confirms	
the	 amorphous	 phases	 of	 PEDOT	 and	 MnO2-NSs,	 consistent	
with	the	TEM	observations.	
The	 X-ray	 photoelectron	 spectroscopy	 (XPS)	 spectrum	 of	

S@PEDOT/MnO2	is	presented	in	Fig.	3b.	It	shows	the	peaks	of	
Mn	 2p3/2	 and	 Mn	 2p1/2	 locate	 at	 641.8	 and	 653.5	 eV,	
respectively,	 corresponding	 to	 the	 spin	 energy	 in	 MnO2	
according	to	the	previous	studies.40,41	
The	thermogravimetric	(TG)	measurement	is	further	used	to	

determine	 the	 sulfur	 content	 in	 S@PEDOT/MnO2.	 Fig.	 3c	
displays	 the	 TG	 curve	 of	 S@PEDOT/MnO2	 obtained	 in	 N2	
atmosphere.	 The	 weight	 loss	 at	 170-350	 °C	 corresponds	 to	
sulfur	 sublimation.16	 Therefore,	 the	 sulfur	 content	 of	
S@PEDOT/MnO2	is	calculated	to	be	87	wt%.	
Contact	 angle	 measurement	 with	 water	 droplets	 is	

conducted	 to	 investigate	 the	 wettability	 of	 the	 electrode	
material	 with	 electrolyte	 (Fig.	 3d).	 Without	 MnO2	
functionalization,	S@PEDOT	demonstrates	the	contact	angle	of	
98°	±	0.5°,	suggesting	a	relative	hydrophilic	surface.	However,	
the	contact	angle	of	S@PEDOT/MnO2	decreases	 to	64°	±	0.5°	
after	MnO2-NSs	modification.	This	indicates	a	more	hydrophilic	
surface	 and	 the	 existence	 of	 lower	 surface	 tension	 between	
electrolyte	and	S@PEDOT/MnO2	interface,	confirming	that	the	
S@PEDOT/MnO2	surface	becomes	more	hydrophilic	and	could	
be	 beneficial	 for	 the	 electrolyte	 wetting,	 permeating	 and	
preserving.	

	

Fig.	4	(a)	CV	curves	of	S@PEDOT/MnO2	at	a	sweep	rate	of	0.1	mV/s.	(b)	
Voltage	profiles	of	S@PEDOT/MnO2	at	0.2	C.	

To	 evaluate	 the	 structural	 benefits	 of	 the	 double	
modification	 (metal	 oxide-polymer)	 of	 S@PEDOT/MnO2	

composites	 for	 improving	 the	 cathodic	 performance,	 a	 series	
of	electrochemical	measurements	are	investigated	using	2025-
type	 coin	 cells	 with	metallic	 Li	 foil	 as	 the	 counter	 electrode.	
Figure	 4a	 shows	 the	 CV	 curves	 of	 the	 S@PEDOT/MnO2	
electrode	at	a	sweep	rate	of	0.1	mV/s	 in	the	voltage	range	of	
2.8	-	1.4	V	for	the	first	three	cycles.	Two	main	reduction	peaks	
are	 observed	 at	 ~2.3	 and	 ~2.0	 V	 during	 the	 cathodic	 scan,	
suggesting	a	 two-step	 reduction	of	 sulfur.	The	peak	at	~2.3	V	
corresponds	to	the	reduction	of	sulfur	and	electrolyte	to	form	
lithium	polysulfides	 (Li2Sn,	 4≤n<8).

42	 This	 can	be	expressed	by	
the	following	two	equations:	

!"!!! + !"!!→ !"!!!!! + !"!!!!!      1  
!"!!! + !"!!! → !"!!!!! + !"!!!!!    2 	

where	 x-y	 and	 1+y	 are	 larger	 than	 2.	 The	 peak	 at	 ~2.0	 V	
represents	 the	 decomposition	 of	 the	 polysulfides	 chain	 in	
lithium	polysulfides	 to	produce	 insoluble	 lithium	sulfide	 (Li2S2	
and/or	Li2S).	In	the	oxidation	process,	the	main	peak	at	~2.6	V	
corresponds	 to	 the	 transformation	 of	 Li2S2	 and/or	 Li2S	 into	
polysulfides.	High	oxidation	potential	in	CV	is	attributed	to	the	
polarization	caused	by	the	phase	transition	from	insoluble	Li2S	
and/or	 Li2S2	 to	 soluble	 short-chain	 polysulfides.	 In	 the	
successive	cycles,	 the	oxidation	peaks	decrease	as	 the	cycling	
increases,	 the	 two	 reduction	 peaks	 are	 relatively	 stable,	
indicating	 good	 electrochemical	 stability	 of	 S@PEDOT/MnO2,	
in	 which	 the	 double	 barrier	 of	 conductive	 PEDOT	 nanolayer	
and	 MnO2-NSs	 on	 S-NPs	 effectively	 suppresses	 the	 loss	 of	
active	 material,	 restrains	 the	 reacion	 kinetic	 hindrance,	 and	
also	 reduces	 shuttle	 effect	 during	 the	 charge/discharge	
processes.	
Fig.	4b	depicts	the	discharge/charge	voltage	profiles	for	the	

first	three	cycles	of	the	S@PEDOT/MnO2	electrode	at	a	current	
density	of	0.2	C	(1	C=1673	mA	g-1).	The	three	voltage	plateaus	
is	 similar	 to	 the	 redox	peaks	 in	 the	CV	tests	with	 two	voltage	
plateaus	 (I	 and	 II)	 upon	discharging	and	one	voltage	plateaus	
(III)	 upon	 charging.	 The	 initial	 discharge	 of	 the	
S@PEDOT/MnO2	electrode	shows	a	high	capacity	of	1150	mAh	
g-1.	 The	 two	 discharge	 voltage	 plateaus	 appear	 at	 ~2.3	 and	
~2.0	 V,	 assigned	 to	 the	 two-step	 reactions	mentioned	 above	
during	the	discharge	process.	In	the	charge	curve,	the	voltage	
plateau	 at	 ~2.3	 V	 corresponds	 to	 the	 oxidation	 process,	
indicating	 reduced	 shuttle	 effect	 involving	 the	 conversion	
between	short-chain	polysulfides	and	long-chain	polysulfides.	
Fig.	 5a	 shows	 the	 cycling	 performances	 of	 the	 S-NPs,	

S@PEDOT	 and	 S@PEDOT/MnO2	 electrodes	 at	 the	 current	
density	of	0.2	C,	 respectively.	The	S-NP	electrode	exhibits	 the	
poorest	 electrochemical	 behavior	with	 rapid	decay	 in	 specific	
capacity	 and	 short	 cyclic	 life.	 The	 initial	 discharge	 capacity	 is	
626	mAh	g-1.	However,	 it	 quickly	 declines	 to	 a	 low	 capacitive	
value	(83	mAh	g-1	after	200	cycles),	representing	only	13.3%	of	
the	 initial	 capacity.	 This	 is	 a	 typical	 cyclic	 behavior	 of	 Li-S	
batteries	 with	 liquid	 electrolyte.	 As	 the	 active	 sulfur	 directly	
contacts	 the	 electrolyte,	 soluble	 intermediate	 polysulfides	
cause	a	 serious	 shuttle	effect	 in	 the	battery	 system,	 resulting	
in	 a	 loss	 of	 active	 sulfur.	Moreover,	 a	 fraction	 of	 the	 yielded	
polysulfides	 molecules	 migrates	 out	 of	 the	 cathode	 and	
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deposits	on	 lithium	anode,	which	may	not	be	 reversibly	used	
again.	 In	 addition,	 undesired	 side	 reactions	 between	 these	
highly	reactive	polysulfides	anions	and	electrolyte	solvents	can	
also	accelerate	the	capacity	loss.6,	7	
In	 comparison,	 for	 the	 S@PEDOT	 electrode,	 its	 cycle	 life	 is	

greatly	improved	after	the	PEDOT	coating.	The	initial	discharge	
capacity	of	 the	S@PEDOT	electrode	 is	1093	mAh	g-1	 at	0.2	C.	
The	 capacity	 slowly	 fades	 to	 551	mAh	 g-1,	 indicating	 capacity	
retention	of	50.4%	after	200	cycles.	Generally,	at	the	beginning	

of	the	cycle,	some	 lithium	polysulfides	could	dissolve	 into	the	
liquid	 electrolyte	 resulting	 in	 a	 loss	 of	 capacity.	 Afterward,	
PEDOT	 shell	 could	 become	 a	 stable	 interface	 between	 liquid	
electrolyte	 and	 lithium	 polysulfides,	 allowing	 Li+	 to	 pass	
through	 and	 charge	 transfer,	 and	 effectively	 preventing	
soluble	 lithium	 polysulfides	 from	 dissolving	 into	 electrolyte	
during	 cycling.	 In	addition,	 the	highly	 conducting	PEDOT	shell	
in	S@PEDOT	provides	abundant	electron	transport	active	sites	
that	enable	the	quick	transfer	of	electrons.	

	
Fig.	 5	 (a)	 The	 cycling	 performances	 of	 the	 S-NPs,	 S@PEDOT,	 and	 S@PEDOT/MnO2	 electrodes	 at	 a	 current	 density	 of	 0.2	 C.	 (b)	 The	 cycling	
performance	 of	 S@PEDOT/MnO2	 electrode	 at	 0.5	 and	 1.0	 C.	 The	 insets	 are	 the	 corresponding	 initial	 discharges	 capacities	 and	 capacity	
retensions.	(c)	Voltage	profiles	of	S@PEDOT/MnO2	electrodes	cycled	at	current	densities	of	0.5	and	1.0	C.	(d)	The	rate	performance	of	the	S-NPs,	
S@PEDOT,	and	S@PEDOT/MnO2	electrodes	at	various	current	densities	from	0.2	to	3.0	C.		
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In	particular,	after	the	incorporation	of	MnO2-NSs,	the	initial	
discharge	 capacity	 of	 the	 S@PEDOT/MnO2	 electrode	 is	 1150	
mAh	 g-1	 and	 it	 still	 remains	 at	 827	mAh	 g-1	 after	 200	 cycles,	
corresponding	 to	 a	 capacity	 retention	 of	 71.9%	 and	 a	 small	
decay	of	0.14%	per	cycle.	This	demonstrates	a	~50.1%	capacity	
enhancement	 compared	 to	 S@PEDOT	 (551	 mAh	 g-1).	 Also	
impressively,	 the	 coulombic	 efficiency	 still	 remains	 over	 98%	
after	such	long-term	cycling,	indicating	its	intrinsic	reversibility	
even	at	long-term	cycling.	This	is	very	important	for	its	further	
commercial	 application.	 We	 argue	 that	 the	 improved	
performance	 of	 S@PEDOT/MnO2	 results	 from	 the	 MnO2-NSs	
modification.	 The	MnO2-NSs	 grown	on	 S@PEDOT	 surface	 can	
provide	high	active	surface	area	to	 improve	the	wettability	of	
electrode	 material	 with	 the	 electrolyte	 to	 enhance	 the	
reaction	 kinetics.	 On	 the	 other	 hand,	 the	 MnO2-NSs	 are	
beneficial	 for	 Li+	 easily	 access	 to	 the	 cathode	 surface	 by	
interspace	 diffusions	 and	 adsorption:	 (!"#!)!"#$%&' + !"!+
!!↔ (!"##$%)!"#$%&' .9,43	 Moreover,	 MnO2-NSs	 can	
strengthen	 the	 interlink	 of	 the	 PEDOT	 network	 and	 act	 as	 a	
further	 protective	 layer	 to	 entrap	 the	 polysulfides	 inside	 the	
cathodes,	 hence	 efficiently	 extending	 the	 cycle	 lifespan.	
Therefore,	the	performance	of	our	S@PEDOT/MnO2	electrode	
is	 higher	 than	 many	 previously	 reported	 sulfur	 composites	
with	conducting	polymers	and	even	carbon	materials.35,36,44-48	
For	example,	the	PEDOT-PSS	(poly(styrenesulfonate))	modified	
mesoporous	carbon/sulfur	particles	only	displays	a	capacity	of	
600	mAh	g-1	after	60	cycles	at	0.2	C.47	Sulfur	NPs	supported	by	
multi-walled	carbon	nanotubes	and	coated	with	polyaniline	as	
cathode	has	been	demonstrated	with	a	capacity	of	~580	mAh	
g-1	after	100	cycles	at	0.2	C.48	
Fig.	 5b	 presents	 the	 cycling	 performance	 of	 the	

S@PEDOT/MnO2	electrode	at	high	current	densities	of	0.5	and	
1.0	C	for	200	cycles,	respectively.	 It	demonstrates	the	specific	
discharge	 capacity	of	 910	mAh	g-1	 at	 0.5	C	 for	 the	 first	 cycle.	
After	 200	 cycles,	 a	 discharge	 capacity	 of	 545	 mAh	 g-1	 with	
capacity	 retention	 of	 59.9%	 is	 obtained.	 At	 a	 higher	 current	
density	of	1.0	C,	a	stable	cycling	performance	is	observed	with	
an	initial	capacity	of	685	mAh	g-1	and	a	reverse	capacity	~360	
mAh	 g-1	 after	 200	 cycles,	 corresponding	 to	 52.5%	 capacity	
retention.	Those	electrochemical	performance	also	have	been	
summarized	 in	the	 inset	bar	graph	of	Fig.	5b.	The	remarkable	
capacities	and	cyclability	at	high	current	densities	indicate	the	
double	shell	structure	can	help	to	 immobilize	the	polysulfides	
and	 mitigate	 capacity	 fading.	 Fig.	 5c	 shows	 the	 discharge-
charge	 profiles	 of	 S@PEDOT/MnO2	 electrodes	 at	 different	
current	 densities	 of	 0.5	 and	 1.0	 C.	 It	 can	 be	 seen	 that,	 the	
discharge	profiles	at	both	current	densities	show	two	plateaus	
around	 2.0	 and	 2.3	 V,	 which	 are	 maintained	 even	 at	 high	
current	 density	 of	 of	 2.0	 C,	 suggesting	 little	 kinetic	 barrier	 in	
the	electrode	reaction.	
The	 rate	 capabilities	 of	 the	 S-NPs,	 S@PEDOT,	 and	

S@PEDOT/MnO2	 electrodes	 are	 further	 investigated	 to	
examine	the	effectiveness	of	MnO2-NSs	modification	(Fig.	5d).	
The	 discharge	 capacities	 gradually	 decrease	 as	 the	 rate	 is	
increased	from	0.2	C	to	3.0	C	for	these	three	electrodes.	Again,	
the	S@PEDOT/MnO2	electrode	exhibits	superior	rate	property	
at	 different	 current	 densities,	 delivering	 the	 discharge	

capacities	 of	 1164,	 1002,	 896,	 767	 and	 631	 mAh	 g-1	 at	 the	
current	 densities	 of	 0.2,	 0.5,	 1.0,	 2.0	 and	 3.0	 C,	 respectively.	
When	the	current	density	backs	to	0.2	C,	a	reversible	capacity	
of	1005	mAh	g-1	can	still	be	obtained	with	a	capacity	retention	
of	 86.3	 %,	 suggesting	 its	 perfect	 stability	 and	 excellent	
reversibility	 at	 different	 rates.	 However,	 the	 S@PEDOT	
composite	 without	 MnO2	 functionalization	 shows	 an	 inferior	
performance	with	the	reversible	capacities	of	1045,	835,	667,	
480,	 and	 297	 mAh	 g-1	 at	 0.2,	 0.5,	 1.0,	 2.0	 and	 3.0	 C,	
respectively.	 Obviously,	 the	 S@PEDOT/MnO2	 composite	 can	
effectively	diminish	the	disadvantages	of	S-NPs	and	S@PEDOT,	
indicating	 that	 the	 unique	 double	 shell	 S@PEDOT/MnO2	

composite	 with	 metal	 oxide-polymer	 modification	 has	
improved	 Li+	 diffusion	 efficiency	 and	 is	 relatively	 stable	 at	 a	
high	 current	 density.	 In	 addition,	 both	 the	 PEDOT	 electron	
conducting	 network	 and	 MnO2	 coating	 layer	 act	 as	 effective	
physical	barrier	to	restrain	the	yielded	polysulfides,	promoting	
the	utilization	of	the	active	material	and	the	reaction	kinetics,	
and	further	the	charge	transportation	(Fig.	1g).	

	

Fig.	 6	 EIS	 spectra	 of	 S-NPs,	 S@PEDOT,	 and	 S@PEDOT/MnO2	 electrodes	
before	(a)	and	after	(b)	200	cycles.	

To	 further	 clarify	 the	 improving	 effect	 of	 double	
modification	 (metal	 oxide-polymer)	 of	 S@PEDOT/MnO2	

composites,	the	electrochemical	impedance	spectroscopy	(EIS)	
tests	of	S-NPs,	S@PEDOT,	and	S@PEDOT/MnO2	electrodes	are	
conducted	 before	 and	 after	 200	 cycles.	 Before	 cycling,	 it	 can	
be	 seen	 that	 the	 impedance	 plots	 for	 all	 of	 the	 open-circuit	
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potential	states	are	composed	of	a	depressed	semicircle	in	the	
high-frequency	domain	and	a	 sloping/straight	 line	 in	 the	 low-
frequency	region	(Fig.	6a).	The	semicircle	in	the	high-frequency	
domain	 corresponds	 to	 the	 charge-transfer	 process,	 which	
reflects	the	resistance	over	Li+	diffusion	through	the	contacting	
interface.	 The	 straight	 line	 in	 the	 low-frequency	 domain	
corresponds	 to	 a	 semi-infinite	 warburg	 diffusion	 process.	 A	
lower	 charge	 transfer	 resistance	 (Rct)	means	more	 conducive	
to	 electrochemical	 reaction	 kinetics.	 Obviously,	
S@PEDOT/MnO2	exhibits	 a	much	 lower	Rct	 (59	Ω)	 than	 those	
of	 S@PEDOT	 (155	 Ω)	 and	 S-NPs	 (260	 Ω),	 indicating	 that	 the	
conducting	 PEDOT	 and	 MnO2-NSs	 shell	 facilitates	 electrical	
conduction	 and	 reduces	 the	Rct.	 This	 benefits	 to	 improve	 the	
electron	 and	 ion	 kinetics	 in	 the	 composite	 electrode,	
consequently,	 enhancing	 the	 electrochemical	 performance	 of	
S@PEDOT/MnO2	 electrode.	 As	 presented	 in	 Fig.	 6b,	 after	
cycling	 for	 200	 times,	 the	 total	 impedance	 gradually	 increase	
with	 the	 increase	 of	 cycling	 number.	 The	 Rct	 value	 of	 the	
S@PEDOT/MnO2	electrode	 increases	 to	71	Ω,	 showing	a	20%	
increase	(Table	S1,	ESI†).	The	Rct	values	of	the	S@PEDOT	and	S-
NPs	 electrodes	 increase	 to	218	and	450	Ω,	 demonstrating	 an	
increasement	 of	 41%	 and	 73%,	 respectively	 (Table	 S1,	 ESI†).	
These	results	verify	that	S@PEDOT/MnO2	has	more	conductive	

and	stable	structure	than	S@PEDOT	and	S-NPs,	leading	to	the	
less	Rct	change	than	those	of	S@PEDOT	and	S-NPs,	and	exhibits	
the	 best	 electrochemical	 performance	 among	 the	 three	
samples.	
To	 clearly	 show	 the	 advantage	 of	 the	 MnO2	 nanosheets	

modification	of	S@PEDOT,	we	have	used	SEM	to	observe	 the	
S-NPs,	 S@PEDOT	 and	 S@PEDOT/MnO2	 electrodes	 after	 200	
cycles	 at	 0.2	 C.	 Fig.	 7	 shows	 the	 SEM	 images	 of	 the	 three	
electrodes	 before	 and	 after	 cycling.	 For	 the	 S-NPs	 electrode,	
the	 sulfur	 nanoparticles	 can	 be	 obviously	 seen	 (Fig.	 7a).	
However,	after	cycling,	there	is	no	single	sulfur	nanoparticle	in	
the	 electrode	 (Fig.	 7b).	 This	 indicates	 that	 the	 yielded	
polysulfides	 are	 easily	 dissolved	 into	 the	 organic	 electrolyte	
and	then	diffuse	to	the	anode	side	during	cycling	process.	The	
loss	 of	 active	 material	 leads	 to	 poor	 electrochemical	
performance.	After	 coating	PEDOT	on	 S-NPs,	 the	morphology	
of	S@PEDOT	is	mainly	maintained	after	200	cycles	at	0.2	C	(Fig.	
7c	 and	 7d).	 It	 is	 interesting	 to	 see	 that	 there	 are	 some	 flat	
areas	 in	 the	cycled	S@PEDOT	electrode.	Most	possibly,	 these	
flat	 areas	 are	 the	 broken	 S-NPs	 from	 the	 S@PEDOT	
nanoparticles.	 This	means	 that	 the	 PEDOT	 coating	 can	 partly	
prevent	 sulfur	 loss,	 still	 leading	 to	 capacity	 fading	 during	 the

	

Fig.	7	SEM	images	of	(a,	b)	S-NPs,	(c,	d)	S@PEDOT	and		(e,	f)	S@PEDOT/MnO2	electrodes	before	and	after	running	for	200	cycles	at	0.2	C	in	coin	
cells.	 (g)	 A	 schematic	 illustration	 of	 working	 mechanism	 on	 the	 S@PEDOT/MnO2	 electrode.	 Proper	 pathways	 for	 electron	 transfer	 in	 the	
discharge	stage	have	also	been	displayed.	
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cycling	 process.	 Fig.	 7e	 and	 7f	 present	 the	 S@PEDOT/MnO2	
electrode	 before	 and	 after	 running	 200	 cycles	 in	 coin	 cells,	
respectively.	 They	 clearly	 show	 that	 the	 S@PEDOT/MnO2	
nanoparticles	 still	 keep	 the	 original	morphology.	 This	 directly	
verifies	 that	 the	 MnO2	 functionalization	 of	 PEDOT	 shell	
effectively	 prevents	 electrode	 degradation.	 Thus	 the	
S@PEDOT/MnO2	 electrode	 shows	 highly	 improved	
electrochemical	performance	and	structural	stability.	
To	show	the	different	solubility	behaviour,	we	have	soaked	

the	 three	 electrodes	 in	 ethanol	 for	 5	 min	 to	 clarify	 the	
polysulfides	dissolution	before	and	after	200	cycles.	The	digital	
photographs	of	 the	electrode	 in	ethanol	 are	 shown	 in	 Fig.	 S1	
(ESI†).	 It	 can	 be	 seen	 that	 the	 S-NPs,	 S@PEDOT	 and	
S@PEDOT/MnO2	electrodes	have	transparent	solution	before	
cycling	 (Fig.	 S1a-c,	 ESI†).	 However,	 the	 solution	 colors	 of	 the	
cycled	 S-NPs	 (Fig.	 S1d,	 ESI†)	 and	 S@PEDOT	 (Fig.	 S1e,	 ESI†)	
quickly	 turn	 into	 yellow	 and	 pale-yellow,	 respectively.	 This	
means	 the	 easy	 dissolution	 of	 polysulfides	 without	 effective	
encapsulation	 for	 S-NPs	 and	 S@PEDOT.	 On	 the	 contrary,	 the	
solution	 of	 the	 cycled	 S@PEDOT/MnO2	 is	 still	 transparency	
(Fig.	S1c	and	1f,	ESI†),	indicating	that	double	shell	of	MnO2	and	
PEDOT	 can	 truly	 act	 as	 barrier	 to	 effectively	 confine	 the	
sulfur/polysulfides	 rather	 than	 to	 dissolve	 them	 into	 the	
organic	electrolyte.	
On	 the	 basis	 of	 above	 observations	 and	 analyses,	 a	

S@PEDOT/MnO2	 composite	 with	 good	 rate	 capability	 and	
cycling	 stability	 is	 successfully	 constructed.	 The	 remarkable	
electrochemical	performance	should	be	ascribed	to	the	unique	
core-shell	 structure	 with	 double	 metal	 oxide	 and	 polymer	
modification.	 We	 propose	 a	 working	 mechanism	 of	 the	
S@PEDOT/MnO2	electrode	in	Li-S	batteries,	as	illustrated	in	Fig.	
7g.	 For	 S-NPs	electrode,	 sulfur	without	encapsulation	directly	
contacts	 the	 electrolyte.	 This	 produces	 soluble	 polysulfides	
and	leads	to	serious	shuttle	effect	as	well	as	the	further	lossing	
of	 active	material.	On	 the	 contrary,	 after	 PEDOT	 coating,	 the	
polysulfides	dissolution	can	be	partly	prevented.	 In	particular,	
the	 S@PEDOT/MnO2	 demonstrates	 highly	 enhanced	
performance,	 benefitting	 from	 the	 combined	 advantages	 of	
both	 PEDOT	 and	 MnO2-NSs	 as	 following:	 (1)	 The	 PEDOT	
provides	high	electrical	conductivity	and	good	electrochemical	
stability;	 (2)	 The	 growth	 of	 MnO2-NSs	 over	 PEDOT	 chains	
enhances	 the	 conductivity	 and	 stability	 of	 the	 composite	 by	
interlinking	 the	 polymer	 chains	 and	 providing	 high	 active	
surface	area	 to	 improve	 the	wettability	electrode	material	by	
the	 electrolyte	 and	 to	 enhance	 the	 reaction	 kinetics;	 (3)	 The	
amorphous	 MnO2	 nanosheets	 adsorb	 cations	 (Li

+)	 on	 the	
electrode	 surface	 from	 electrolyte	 and	 provide	 a	 short	
diffusion	path,	making	the	PEDOT	layer	serve	as	a	fast	path	for	
electron	 transport;	 (4)	 The	double	 shell	 of	PEDOT	and	MnO2-
NSs	 act	 as	 effective	 protective	 layers	 to	 entrap	 the	 active	
polysulfides	inside	the	cathode.	

4.	Conclusions	

In	 summary,	 a	 MnO2-NSs	 functionalized	 core-shell	
S@PEDOT/MnO2	heterostructure	with	~87	wt%	sulfur	content	
is	designed	for	advanced	Li-S	batteries.	This	unique	core-shell	

nanostructure	 helps	 to	 trap	 the	 yielded	 polysulfides	 and	
minimize	 their	 dissolution.	 Further,	 the	 growth	 of	 MnO2-NSs	
on	PEDOT	via	interlinking	the	polymer	chains	can	provide	high	
active	 surface	 area	 to	 increase	 the	 wettability	 of	 the	 active	
materials	 with	 the	 electrolyte	 and	 further	 enhance	 the	
conductivity	 and	 stability	 of	 the	 composite.	 Benefiting	 from	
these	 advantages,	 the	 core-shell	 S@PEDOT/MnO2	
heterostructure	 demonstrates	 a	 highly	 enhanced	
electrochemcial	 performance	 comparing	 to	 other	 samples.	 A	
discharge	capacity	of	827	mAh	g-1	 after	200	cycles	at	0.2	C	 is	
maintained.	 In	 particular,	 the	 discharge	 capacity	 of	
S@PEDOT/MnO2	 is	545	mAh	g-1	after	200	cycles	at	0.5	C.	Our	
demonstration	 here	 indicates	 that	 inorganic	 nanostructures	
functionalizing	conducting	polymer	coated	sulfur	nanoparticles	
is	 an	 effective	 strategy	 to	 restrain	 the	 reaction	 kinetic	
hindrance	 and	 to	 improve	 the	 electrochemical	 cycling	
performance	and	stability	of	sulfur	cathodes	for	Li-S	batteries.	
We	believe	 that	our	 simple	 strategy	 is	 an	effective	 technique	
for	 improving	 the	 electrochemical	 cycling	 performance	 and	
stability	of	electrodes	in	Li-S	batteries.	
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Table S1 Rct values and increasements of the S-NPs, S@PEDOT and S@PEDOT/MnO2 

electrodes before and after 200 cycles 

	

Rct S (Ω) S@PEDOT (Ω) S@PEDOT/MnO2 (Ω) 

0 cycle 260 155 59 

The 200th cycle 450 218 71 

Increasement (%) 73 41 20 

 

 

 

	

Fig. S1 Digital photographs of (a, d) S-NPs, (b, e) S@PEDOT, and (c, f) S@PEDOT/MnO2 

electrodes in ethanol before and after 200 cycles. 
	


