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vancements in portable electronic devices and electric powered transportation has drawn
motg attention to high energy density batteries, especially lithium-sulfur battery due to the lower cost
its high energy density. However, the lithium-sulfur battery is still quite far from

.

ation mostly because of incompatibility between all major components of the battery —
the_cath anode and electrolyte. Here we demonstrate a methodology that shows promise in
significantlyy improving battery stability by multilayer encapsulation of sulfur particles, while using
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conventional electrolytes, which allows a long cycle life and an improved coulombic efficiency battery
at low electrolyte feeding. Our multilayer encapsulated sulfur battery demonstrates a coulombic
efficiency as high as 98%, when a binder-free electrode is used. We also show that the all-out self-
Whe cell after 168 hrs can be reduced from 34% in the regular sulfur battery to less than 9%
in the battery with the multilayer encapsulated sulfur electrode.

L

1. Introduco
There are er one billion cars on the road running on fossil fuels and such over-consumption

leads to serious environmental issues. Therefore, the development of alternative strategies for
energy stoge are essential if clean energy technologies that can displace fossil fuels are to be

successful.mh the number of electric vehicles (EVs) has increased over the past few years,

they cannot yet d€liver the same user experience as gasoline powered cars, mainly because of the
cost and theEriving range of these vehicles using the current battery technologies. To resolve
such is eas for production of cheap, high energy-density, and long cycle life
rechargeai batteries are compelling. Among various types of batteries, the lithium-sulfur (Li-S)

battery is a pramising candidate since it delivers a remarkable theoretical capacity of 1672 mAh g™

(S)andat specific energy up to 2600 Wh kg™ compared with the state-of-the-art high
voltage ca e batteries with theoretical specific energy of approximately 600 Wh kg™. In addition,

elemental rlfur ifnvironmentally friendly, inexpensive and abundant.

The Li-S battery poses some challenges that need to be overcome. One of the major challenges of

the Li-S&at it generally suffers from the shuttling of soluble polysulfide species (Li,S,, x=4-
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8) during cycling, which results in a low coulombic efficiency and reduces its cycle life, typically to
less than 100 cycles. In addition, since sulfur™ and lithium sulfide are electronic insulators, the
eIectronH/ity of the cathode typically has to be augmented by addition of a significant
amount of arbon. To overcome these issues, most efforts have been directed to prevent

soluble Eolssu”des from shuttling, by encapsulation of sulfur with conducting membranes or porous

structures 2" most recently through designing 3D cathode architechtures®®**3233% or other sulfur
hosts>! \Qw improved stability as well as fast kinetics. Among conductive polymers,
ponpyrrolmn widely investigated ?>*****"] owing to its high electronic conductivity, low cost
of precurs se of synthesis. However, studies of polypyrrole encapsulated sulfur composites
have show Jor successes perhaps due to the presence of large pores (¥~5nm, Figure S1 in the
supportinglinformation) in the encapsulating polymer. In addition, encapsulated sulfur nano-
composite dissolution of a certain amount of sulfur by organic solvents to provide a void

space in order commodate the large volumetric expansion of sulfur upon lithiation.?®!

Here, for the fj e, we demonstrate a strategy to improve the stability of Li-S battery using a
multilayer encapsulation of sulfur nano-particles. To ensure an effective encapsulation of sulfur, the
following cSting layers are selected. We coat the sulfur nano-particles with MnO, particles as the
interior sh it was demonstrated that soluble lithium polysulfide species can be easily
oxidized to ate groups by MnQO, particles. The thiosulfate groups formed on the surface of
the MnO, Se proposed to anchor long-chain polysulfides by catenating them to form polythionates

and theMze their conversion to insoluble short-chain polysulfides which significantly

minimizes the s le effect.!””) We use polypyrrole as the exterior shell since (a) its porous structure

allows eIectronttptake, (b) its flexible network supports and contains the inner MnO, shell during
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discharging where the volumetric expansion of sulfur occurs, and (c) its remarkable electronic

conductivity improves the bulk conductivity of the electrode and provides electronic charge transfer

to the sulf# particles.

0
We show tgposite sulfur particles can deliver a significant improvement in the battery
H I
cycling perf@mance, even with high sulfur loading (>2.5 mg cm™). We also demonstrate that

through m@encapsulation of sulfur, the capacity decay due to the self-discharge issue can be
nsi

reduced co bly (less than 9% after 168 hrs of rest), compared with the significant self-
discharge m-m%) in a typical Li-S battery & our galvanostatic cycling of the nano-

composite workinglelectrode in cells with 5.0 mIE/g-S and 7.0 mIE/g-S shows that lower E/S ratio

results in a pacity retention, which can be attributed to a change in the pore morphology
when the is soaked with an excessive amount of electrolyte. This is in marked contrast
with otherat show consistently inferior cycle life at low E/S ratios.?? It should be noted
that el ical analysis of as-developed Li-S electrodes of this study have been performed

based on the rds suggested by the techno-economic modeling.*” Our engineered electrodes
help in achieving Li-S batteries with high sulfur loading as high as ~3 mg cm™and low electrolyte (E)

to sulfur (Siratio of approximately 5 mlE/g-S.

O

2. Multi-lager encapsulated sulfur nano-particle (SPPyMnO,)

¢

The sch

[

ram for the synthesis and morphology of SPPyMnO, nano-composites is

illustrated in Figur@1a. Sulfur nanoparticles were initially formed by reacting sodium thiosulfate

b

(Na,S,03) with entrated hydrochloric acid (HCI) in an aqueous solution of polyvinylpyrrolidone.

A
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The sulfur nano-particles where then coated with polypyrrole to form a sulfur/polypyrrole (SPPy)
nano-composite through the oxidative polymerization of pyrrole (monomer) in the presence of the
iron chIMI orange template (FeCl3/MO) at room temperature. The sulfur in the SPPy was
then react ssium permanganate (KMnQ,) at room temperature to form MnO, nano-

sheets tﬁrryﬁg e following reaction:™*"
6 KMnQ,

,0 —> 6 MnO, + K;SO, + Ks[H(SO,),] + KOH (1)

FeCls/MO i to be a complex and a reactive template that immediately forms after the

nusc

addition o range (MO) to a solution of FeCl;. This complex can serve as a morphology

guiding agent Il as an oxidant.? Our synthetic result shows that polypyrrole nucleates on the

d

surface ticles with the aid of this template. The template has previously shown to assist

growth of le nanotubes.”® During sulfur encapsulation, the template (FeCl,/MO) tends to

\Y

cover the surface of SPPy nano-spheres (please see the supporting information, Figure S2a) and

prevent pr

E

lent growth of polypyrrole which results in the formation of large clusters of the

polymer a ogeneous encapsulation of sulfur nanoparticles. The template may then be

0O

simply remo y using a dilute solution of hydrochloric acid and a solution of ammonium per-

h

sulfate, to l@ave the segregated spherical SPPy nano-particles behind (Figure S2b). We note that in

the abs

L

emplate, nonuniform layers of polypyrrole were formed, which led to partial

encapsulation of s@ifur nanoparticles (Figure S3).

Gl

A
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An SEM image of the polymer coated sulfur nano-particles (SPPy) is shown in Figure 1b. Figure 1c
shows the SEM image of the SPPy nano-particles which were further treated with KMnO, to form a
layer ofhtween sulfur nano-particles and the polypyrrole membrane, to yield the
SPPyMnO, TEM image of the SPPyMnO, nano-particles is shown in Figure 1d, which

conﬁrm?n!i-aggregating nano-particle formation with an average size of ~700nm.

It has beer@ly shown that the result of equation 1 is a crystalline structure of 6-MnQO,. while

the same reactlr; in the presence of a coating membrane results in the formation of amorphous

manganes no-sheets. The powder X-ray diffraction pattern of the SPPyMnQO,, shown in

Figure 2a, reveals that sulfur as the only crystalline phase in the composite. XRD pattern of the bare

sulfur nano; ieles confirms presence of orthorhombic (Fddd) sulfur nano-particles. The XRD
pattern of posites did not exhibit significant changes except for the presence of a broad
peak whicated with the amorphous nature of polypyrrole. The amorphous structure of
polypyr, i hown in Figure 2b and the inset shows the TEM image of SPPyMnQO, nano-

particles after digs@lution of the encapsulated sulfur nano-particles, using toluene as solvent, which

further confirms presence of MnO, nano-sheets with distinguishable boundaries and an

encapsulat’g layer of polypyrrole on top of sulfur nano-particles.

The FTIR sg @ polypyrrole and SPPy are shown in Figure S4. For both polypyrrole and SPPy the
absorpr%l and 928 cm™ are related to C-H out-of-phase and in-phase bending

vibrati i er.[44'45] The C=C double bond stretching vibrations in the pyrrole ring were
observed a¥ 1560 cm™ and 1480 cm™, and the peaks at 1710 cm™ and 1300 cm™ are exposed as C=N

and C-N bonds: r;ectively.[%'m For SPPy, the peak at 475 cm™ corresponds to the vibrational

spectrum g ombic sulfur crystals (a-Sg)*®. The FTIR spectrum of the template (FeCl;/MO) is

This article is protected by copyright. All rights reserved.
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also shown in Figure S4. The FTIR spectrum of the template (FeCl;/MO) is also shown in Figure S4.

This spectrum is in agreement with the identified peaks for methyl orange (marked with stars). The

t

P

peak at 610°cm__ corresponds to the vibrational frequency of the Fe-O bond. From the FTIR
spectrum te, it is evident that polypyrrole and SPPy are free of template materials

contaminafion igure S5 shows the result of XPS analysis of the SPPyMnO, powder. Figure S5a, the

1

Mn 2p specteumpexhibits two distinct peaks, Mn 2p3/, at 640.8 eV and Mn 2p;/, at 652.2 eV. The

C

binding en ifference between the Mn 2p3/2 and Mn 2p1/2 peaks is about 11.4 eV which is in

agreementivith the values reported for the Mn*" oxidation state. “**” Figure S5b shows the O 1s

S

spectrum yMnO, sample. The peak at 529.1 eV can be ascribed to (Mn—-0—Mn). The

U

presence , 0, C, N, and a small amount of K (< 3%) is confirmed, while possible

contaminaRis Na, Fe and Cl are not detected. The small amount of potassium could be due to the

)

[41]

existence 2.5(X ~ 0.15) or potassium ions in the composite.

Ma

The res ermogravimetric analysis (TGA) are shown in Figure 3. These results were used

to determige the amount of active material (sulfur) and calculate the specific capacity values in the

[

SPPy and SPP. 0, composites. The initial weight loss profiles between 30-117 °C are due to the

eliminatio esidual water and sublimation of sulfur prior to melting. The weight loss

O

associatedWith polypyrrole decomposition ends at approximately 230°C. The percentage of sulfur in

h

SPPy and SRPYyMn@, composites is determined to be 84.7 and 82.5 wt%, respectively. Figure S6

!

compares hermograms and the derivative curves between SPPy, SPPyMnO,, and neat

U

polypyrrolée: A result shows the higher thermal stability of the polypyrrole produced by the

A
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method presented in this paper compared to sulfur that is present in the SPPy and SPPyMnO,
composites. According to this figure, at 275 °C, while 100% of the sulfur is lost, most of the

polypyrrol 80%) has remained intact. Therefore, the weight loss below 275 °C corresponds to

3. Electrociiemicallperformance of SPPy and SPPyMnO,

-
&)

The cycling pgffofimance and coulombic efficiency of the cells with bare sulfur, SPPy and SPPyMnO,

$

cathode m t C/5, are compared in Figure 4a. The cyclability and coulombic efficiency of

U

SPPyMnO, ious amounts of electrolyte at C/5 and C/2 are also compared. This figure

suggests a Significant improvement in capacity retention of the SPPyMnO, electrode compared with

)

SPPy and b r electrodes, while bare sulfur showed the least capacity retention. At C/2,

d

SPPyMnO, Mai ed its capacity retention at 67% after 500 cycles with 7mlE/g-S of electrolyte and

at 74% wit -S. Polypyrrole has been shown to expand up to 20% in contact with liquid

Y

ntrance of the anions into the polymer matrix.*>*? In addition, excess liquid

electrol

electrolyte has been shown to improve ionic conductivity across the polypyrrole membrane.”® BET

{

measurements of polypyrrole nanospheres synthesized by the present methods showed specific

surface are @ as 820 m” g™. Therefore, improved ionic conductivity accompanying higher

electrolyte of the polypyrrole can explain the slightly higher utilization of sulfur for the cell

with a higher amount of electrolyte (7.0 ml/g-S) compared with the cell with lower electrolyte

th

content (5. . In addition, a comparison between the cyclability performance of a cell with

U

SPPyMnO, e and the pristine S-MnO, electrode from reference [41], in Figure S7, shows a

A
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significant improvement in the performance of the multilayer encapsulated sulfur electrode from

our work which verifies the stabilization provided by both the polypyrrole conductive polymer and

the inner :*:: :hell.
The coulo y of the cell with SPPyMnO, electrode remained above 95% throughout the

H I
cycling, whigh suggests substantial suppression of polysulfide shuttling resulting from the multilayer

encapsula@pecific capacity of the SPPy and bare sulfur electrodes decreased rapidly on
cycling by reac 936 mAh g™ and 238 mAh g after 75 cycles at C/5, respectively while despite the
higher C-ra .2@) of the cell with SPPyMnO, electrode it retained a specific capacity of 1054 mAh
g after 75Evera“, both electrodes showed lower coulombic efficiency (70% for bare sulfur,
93% for SPP, PPyMnO, (>95%). This capacity retention (>93%) is comparable to (a) single

layer core- posites electrode that was reported by Nazar’s group™*, which require providing

a void spament any damage to the protective layer due to the volumetric expansion of sulfur

during lithiatieamisssignificantly better than (b) polymer encapsulated sulfur particles ?*** and (c)

reported valu the mesoporous carbon hosts. Such an improvement can be attributed to the
efficient reduction in pore size and enhancement in the mechanical stability of the encapsulating

layer. This Sggests both porosity and physical confinement provided by the multilayer architecture

are necessOp high-order soluble polysulfides in the cathode.

VoItagerected at C/5 and C/2 rates in coin cells with sulfur loading of 1.0 mg/g-S and
electrol ratio of E/S ~5 ml/g-S, present two plateaus, for the SPPyMnO, electrode in
Figure 4b, Eorresponding to the two-step process of the Li-S battery. SPPyMnO, electrode delivers a

specific capacit; 51367 mAh g™ at C/5 (charge or discharge of 2 Li in 5 hours), corresponding to

81.7% of t etical capacity (1672 mAh g*). The bare sulfur electrode on the other hand, only

This article is protected by copyright. All rights reserved.
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delivers 47% of the theoretical value. Such high utilization in the nano-composite can be attributed
to the higher electrical conductivity of the SPPyMnO, electrodes despite the fact that the amount of
conducthn this electrode is 30% lower than the bare sulfur electrode. It should be noted
that contri MnO;, layer to the capacity is negligible since it only accounts for 2 wt% of

the SPPW!UZ nano-particles, according to TGA analysis, as shown in Figure 3. The voltage window

for all ceIIs@usted to 1.7-3.0V, to fully allow the cell to discharge.
hemi

4. Electroc | performance of binder-free, high sulfur content SPPyMnO,

Study of the techno-economic modeling BY of Li-S batteries suggests that sulfur loading of the

electrode ign im;ortant factor to achieve sulfur batteries for application in electric highway

vehicles. Tm we studied multiple electrodes with sulfur loadings as high as 2.7 mg-S cm™. To

increase the surface area and to improve the electronic conductivity of the cell, binder-free
elecuo@
organic

technique,!niform electrodes with sulfur loading of 2.5 mg-S cm™ and higher were formed. We

n fabricated by mixing SPPyMnQO, nano-composite with carbon (super P) in an

rm a nano-sulfur slurry followed by casting on a P50 carbon paper. Using this

caused hig

noticed that nce of the PVDF-binder would increase the resistivity in the electrode, which
@tion in the cell and subsequently led to the cell a failure after only few cycles.

Cathodes fparei with this method also exhibited typical discharge and charge plateaus for sulfur

eIectrodethen t';ted in coin cells. We first carried out cycling on a cell with electrode sulfur

loading of;cm’2 at C/5 for 20 cycles with subsequent cycling at 1C for 135 cycles. During

charging a t rate of 1C (applied current of 1.225 mA; cathode area of 0.49 cm®),

<C
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approximately 8 um of Li metal (30 umol) deposits on the lithium foil (assuming uniform and dense

plating), which causes the cell to internally short after 135 cycles. Therefore, while the cathode

performs *II such C-rate, apparently the anode cannot tolerate such large amount of lithium
plating. Si ell with sulfur loading of 2.7 mg-S cm™ shorted after 82 cycles at ~1C.
H I

Despite thiigh sulfur loading, specific capacity of these cells (~1350 mAh g™*) were only slightly

lower tha with lower sulfur loadings (1367 mAh g*) at the same rate of C/5. Surprisingly,

the coulombic efficiency for high sulfur loading electrodes was slightly better (approximately 98%)

than the lo r containing electrodes (95% efficiency), which can be attributed to the absence

of the insulating bifader in the high sulfur loading electrodes (Figure 5a). In Figure 5b, cell voltage

versus cyclt: for a cell with 2.7 mg-S cm™ of sulfur and applied current density of 4.5 mA cm™

demonstra age loss from 2.45V to 0.2V after 102 cycles during charging when the cell was

internally

5. SeIf—Ethe SPPyMnO, electrode versus bare-sulfur electrode:

SeIf-discha& behavior is one of the major challenges for Li-S battery commercialization which has

been repo@atedly.m >+381 The capacity decay due to self-discharge in the Li-S battery turned

out to be a tic issue compared to typical lithium ion batteries, since the capacity can decrease

about 50% %f its initial value, after 24 hours of storage at room temperature.[37]

i

The self—dischar:e analysis of our multilayer encapsulated sulfur nanocomposite (SPPyMnO,)

compared are-sulfur nano-powder electrode exhibited a significant reduction in the

capacity er 168 hours of rest, as is presented in figure 6. This can be attributed to the

This article is protected by copyright. All rights reserved.
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successful entrapment of polysulfides within the multilayer encapsulating membrane, which reduces
unwanted reactions between long chain polysulfides and the lithium anode. Figure 6 shows the
variatioMge capacities before and after 168 hours of storage at room temperature. The
discharge e Li-S battery with the bare sulfur electrode is decreased by 34% after 168
hours, vﬂﬂlﬁieatery with SppyMnO, electrode showed only 9% decay in its capacity. Sulfur

loadings in tth :ectrodes were 1.0 mg-S cm™ and the coulombic efficiencies for both cells were

approxima The discharge capacities in both electrodes were partially recovered after the
first dischming the rest, which suggests that the self-discharge issue is more likely as a
result of th ble polysulfide shuttling rather than from irreversible loss of the active
material.®

6. Conclusm

We demons at through multilayer encapsulation of sulfur particles the polysulfide shuttle can
be red ntly resulting in a more stable Li-S battery. Sulfur nano-particles are

encapsulat§ with manganese oxide particles as the inner layer and a layer of an electronically

conductive p er as the outer layer. The advantage is that the sulfur particles are surrounded by
the encaps xide layer which provides an effecting barrier to soluble polysulfides. The
polyme£ng|sadded as the outer layer to support the oxide layer and to improve the electronic
conductivity of thegelectrode. This strategy allows stable Li-S cells with high sulfur loading and
electrolyte tio as low as 5ml per grams of sulfur. We show that addition of the oxide layer

significantl es the cyclability of the Li-S battery. Compared with the non-encapsulated sulfur

<C
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electrode, our multilayer encapsulated sulfur electrode demonstrates improved columbic efficiency

and nominal self-discharge. We also demonstrated that our multilayer encapsulated binder-free

t

rip

electrode shows a somewhat improved coulombic efficiency (98%) over an electrode with 10%

binder (95 e fabrication, effectiveness and scalability are benefits of this methodology.

7. Experim@ntal Setion

C

Synthesis: Sulflir nahoparticles were prepared by reacting concentrated hydrochloric acid (1.0 ml,

S

36-37% wt%, ristar@ Plus) with aqueous solution of sodium thiosulfate (150 ml, 42.16 mM,

U

99%, Sigma-Aldrich) containing polyvinylpyrrolidone (PVP, 0.5 wt%, Mw~40,000, Sigma-Aldrich) for 1

hour. Themysulfur nanoparticles (150ml) were washed by centrifugation and dispersed into an

)

aqueous s PVP (60 ml, 1 wt%) to form a sulfur suspension.

d

To pre nano-composite, sulfur suspension (60 ml) was added to aqueous solution (80

ml) of iron ide (0.46 g, 35.45 mM, Sigma-Aldrich), methyl orange (10mg, 0.38 mM, Fluka)

\1

and PVP (0.75 wt%). Aqueous solution of pyrrole (20 ml, 150 mM, Sigma-Aldrich) was then added

dropwise ifR0 minutes. After reacting for 3 hours, SPPy was collected by centrifugation and was

1

washed thr with deionized water (160 ml) and dilute hydrochloric acid solution (160 ml,

O

0.25 M), alte ely. Afterwards, the brown centrifuged nano-powder was dispersed in aqueous

h

solution o monium persulfate (100ml, 43.8 mM, Sigma-Aldrich) and stirred for 45 minutes at

room te

[

Y Then, the light-brown nano-powder was washed three times with deionized
water (160ml). SPRY nano-composite powder was then dried in a gravity convection oven at 60°C for

24 hours or re with KMnO, to form SPPyMnO, nano-particles.

e
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To form SPPyMnO, nano-particles, SPPy nano-composite was dispersed into deionized water (40 ml).

Agqueous solution of KMnO, (80 ml, 2.5 mM, Sigma-Aldrich) was dropwise added to the SPPy

t

¥

suspensio as let to react under continuous stirring at room-temperature. After reacting for 3
hours, the PPyMnO, nano-composite was washed twice with deionized water (100 ml)

foIIoweEb vacuum drying.

1

Electrocherfyical surements: Low sulfur content working electrodes were prepared by mixing the

G

nano-powder with carbon black and PVDF binder by weight percentages of 70:20:10 in NMP to form

S

aslurry. T g’ was then tape-casted onto an aluminum foil using a doctor blade and was

initially dried at 508C for 24 hours, followed by vacuum drying, overnight. Bare sulfur slurry was

Ul

prepared sulfur nano-particles with carbon black and PVDF (50:40:10 by weight) in NMP.

N

All cells w at room-temperature for 6 hours prior to the test.

High sulfur orking electrodes were fabricated by mixing the nano-powder with carbon

d

black b percentages of 80:20 in DOL/DME (50:50) to form a slurry. The slurry was then

drop-c 50 carbon followed by drying at 50°C for 24 hours under argon atmosphere.

M

Half-cells were assembled into coin cells under argon atmosphere using lithium metal foil as the

f

counter elec . A solution of lithium bis(trifluoromethanesulfonyl)imide (TFSI) (1 M) in 1,3-

dioxolane imethoxyethane (DOL/DME, 1:1 v/v) containing lithium nitrate (1 wt%) was used

O

as the elecffolyte. A 16 channel BioLogic VMP3 multi-potentiostat/galvanostat was used to carry out

N

galvanostatic cyclipg of the cells from 1.7-3.0 V versus Li/Li".

&

Characterizations:Yransmission Electron Microscopy (TEM) images were taken using a FEIl Tecnai

Ul

(G2 Spirit TWI h an accelerating voltage of 40kV, and the Scanning Electron Microscopy (SEM)

A
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images were taken using a Zeiss Merlin High-resolution instrument with an accelerating voltage of
5kV. Elemental analysis was performed using energy-dispersive X-ray spectroscopy equipped to the
SEM aanents. Thermogravimetric analysis was carried out using a SDT Q600
Simultane instrument. The results of elemental analysis and thermogravimetric
anaIysis-we!MO calculate specific capacity values based on the mass of sulfur in each
composite. X-raydiffraction patterns were obtained by a PANalytical X’Pert Diffractometer.
Inductively plasma optical emission spectroscopies were performed using an Agilent

TechnologWeries ICP-MS spectrometer. Nitrogen adsorption tests were performed on a

Micromeri: 2020 Surface Area and Porosity analyzer.

Supporting | tion
Supporting InforMation is available from the Wiley Online Library or from the author.

=

Acknowledgement: This work is supported as part of the Joint Center for Energy Storage Research

(JCESR), an%nnovation Hub funded by the U.S. Department of Energy, Office of Science, Basic

Energy Scictron microscopy and X-ray diffraction was conducted within the MIT Center for

Materials Sgi d Engineering, a MRSEC Shared Experimental Facility supported by the National

Science under award number DMR-14-19807.

This article is protected by copyright. All rights reserved.

15



Figure 1. (a) Sc
of SPPy

Author

WILEY-VCH

sulfur polypyrrole

nano-particle
In situ

b4
redox

polymerization : 3 reaction

In situ

Sulfur

This article is protected by copyright. All rights reserved.

16

polypyrrole

tic of the process for the synthesis of SPPyMnO, nano-composite, (b) SEM image
image of the SPPyMnO,, and (d) TEM image of the SPPyMnO..



WILEY-VCH

SPPy nano-composite

Intensity

bare sulfur nano-powder

A i .hll (I PR UIPPE IY 111 O "

10 20 30 40 50 60 70
Angel (20)

Intensity

polypyrrole

10 20 30 40 50 60 70
Fi l_\ngle (29}’ ) .

igure 2. pattern of the bare sulfur nano-powder, SPPy, and SPPyMnQO, nano-composites. (b)
XRD pat
SEM imag

pyrrole produced through the oxidative polymerization of pyrrole. Inset is the
lyporrole/MnO, shell, after the dissolution of sulfur core.

ﬁ'\nr NManiierrint

Au

This article is protected by copyright. All rights reserved.

17



WILEY-VCH

100- ' L DR P

t

(=]
l

nl ICrin

82.5 wt%
84.7 wt%

Weight (%)
a o6
.9

F-Y
o
L

w
o
—l

—— SPPyMnO,

——SPPy R I .

0 100 200 300 400 500
Temperature (°C)

Figure3. T s of the pristine SPPy (red) and SPPyMnO2 (blue) nano-composites.

Author Ma

This article is protected by copyright. All rights reserved.

18



WILEY-VCH

1\

i
!
oAy

=

Q

e {“cr5

% Electrode: SPPyMnO5:C-black:PVDF (70:20:10) 440
(&

Sulfur loading: 0.95 mg/cm®

Electrode: Sulfur:C-black:PVDF (40:50:10)
Sulfur loading: ~1.0 mg/cm?

Coulombic Efficiency %

b 1
O 5mIE/g-S (SPPyMnO,) > 7mlE/g-S (SPPyMnO,)

L L B A L v
Electrode: SPPyMnO,:C-black:PVDF (70:20:10) b
3.09e/s~5mlig-s
28 Sulfur loading: 0.95 mg/cm®

nf\hl fa¥Val a
)

-
[=2]
1

] o SPPyMNO,- 1st Cycle at 0.2C i
1 ¢ SPPyMNO,- 1st Cycle at 0.5C 1

-
E-N

0 200 400 600 800 1000 1200 1400 1600
Capacity mAh g

Figure 4. ( rison of the efficiency and cycle performance of the bare sulfur, SPPy, and
SPPyM s. Cyclability of the SPPyMnO, electrodes with 7 ml/g-S and 5 ml/g-S are also
compared.b) Voltage profile for the first cycle of the SPPyMnO, electrodes at C/5 and C/2. Sulfur
loading of tested electrodes are 0.95 mg cm™.

the- N

AU

This article is protected by copyright. All rights reserved.

19



WILEY-VCH

t

100

80

1N

X
>
(%]
c
[ = N %
s £ 12004 © &
= wl
‘© 900+ =
© _ Q
% 600 Electrode: SPPyMnO,:C-black (80:20) on P50-Carbon paper 140 E
&) ] binder-free electrode %
U 300 - Electrolyte/Electrode = 5ml/g-E 420 8
p— 1 ¢ binder free SPPyMnO,electrode-2.5mgS/cm”
0 o binder free SPPyMnOZeIectrode-Z.ngSIcm’ 0
_— 0 25 50 75 100 125 150
c Cycle number
ﬂ Ib ] v ] ¥ ] ¥ ]
2'5 T 'ﬁ“mwmh-ﬂ T T T e R I T T, |
: = 2.0 1
a‘ o -
‘ Q =asencsieenioionissnnnnsnnionasnssinsinsnnserane
2 1.5- .
% | sulfur loading: 2.7 mg;f-::m2 ]
s = 1.04 Current Density: 4.5 mA/cm’ |
C —o— Discharge
0.5 —o—Charge T
0.0 T T T v T ¥ T ¥ T v
0 25 50 75 100 125

Cycle number

Figure 5. (
mg-S cm™ and 2.7 Wng-S cm™ at C/5 and 1C. (b) Corresponding plot of voltage versus cycle number

rison of the efficiency and cycle performance of SPPyMnO, electrodes with 2.5

Ey

for the cell mg-S cm™ showing the sudden drop in the voltage after 100 cycles of discharge
and charge ax current density of 4.5 mA cm™ due to the short-circuit.

A

This article is protected by copyright. All rights reserved.

20



WILEY-VCH

. 1600 . r . m r v r
F'm 1 —L . 168 hoursrestatr.t. 1
w2 1400 0—0 ¢ i
! E 1200- ' 9% capacity decay -
1000 - 4
N - 'E. 1 :
8 800 - 34% capacity decay .
S R (RSN
¢ 600- / 4
= 400 - 4
O | crate: 0.2 ]
O 200+ - -
Q. ] © SsPPyMno, © SPPyMnoO, (after 168 hours rest)
(/)] 0 A\ Bare Sulfur /\ Bare Sulfur (after 168 hours rest)
T T v T r T r T v
| 0 2 4 6 8 10
Cycle number
|
Figure 6. n of changes in the discharge capacity of bare sulfur and SPPyMnO, electrodes

with identi€l amount of sulfur at C/5 before (blue) and after (red) 168 hours of rest at room-
temperature.

an

A stable lithium sulfur battery is enabled by a multi-layer encapsulated sulfur nanocomposite
electrode. The inner coating layer is a metal-oxide capable of anchoring long-chain
polysulfides and the outer coating layer is a conductive porous polymer resulting in a battery
with more than 500 cycles.
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