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a b s t r a c t 

Dissolution of polysulfides upon cycling of the sulfur cathode and their diffusion through the separator 

membrane – the shuttle effect – is a major factor which deteriorates performance and safety of lithium- 

sulfur (Li-S) batteries. Here, ultrathin, light-weight polyelectrolyte-clay layer-by-layer assemblies have 

been developed as versatile nanocoatings on the polypropylene (PP) separator to suppress the shuttle 

effect. The use of weak polyelectrolytes (polyethyleneimine, PEI, and polyacrylic acid, PAA) and montmo- 

rillonite (MMT) or halloysite (Hal) clay nanoparticles enabled full control over mass and charge balance 

of polyelectrolyte/clay film components, which was critical for achieving ion selectivity and reduction of 

the polysulfide diffusion. The differences in the geometry and structure of MMT and Hal (nanoplatelets 

vs. nanotubes), as well as in the pH-controlled charge density of PEI and PAA greatly affected the thick- 

ness, morphology, and the ultimate performance of the nanocoatings. In particular, deposition of 450 nm 

MMT-based coatings at pH 3 and 6 lead to an increase in electrolyte uptake, delayed the lithium den- 

drite growth and enhanced the discharge capacity of the cell from 300 mAh g −1 for bare to 690 mAh 

g −1 for coated PP separator over 200 charge-discharge cycles 0.5 C. At the same time, 250 nm-thick Hal- 

based coatings deposited at pH 3 resulted in an increase in the Coulombic efficiency from 50% for the 

bare PP separator to ~99% for the coated one, showing an outstanding performance. Additionally, the 

polyelectrolyte-clay nanocoatings significantly improve thermal and dimensional stability of the PP sepa- 

rator. The results demonstrate that ultrathin LbL clay-containing coatings on the PP separator membrane 

can drastically improve the cyclability of the Li-S cells. 

© 2020 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

The growing global energy demand [1] generates a need for 

he development of high-capacity energy storage systems. While 

urrently available rechargeable batteries provide a means for di- 

ect, rapid and reversible energy deposition, the cathode materials 

ased on lithium intercalation are limited by theoretical specific 

apacity and often include low-abundance and toxic metals [2] . As 

n abundant, cheap and nontoxic material, sulfur presents an at- 

ractive alternative for the next-generation battery technologies. 
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The lithium-sulfur batteries, which were first introduced in 

979 [3] , are one of the most promising energy technologies due 

o their low cost, safety, and high theoretical capacity and energy 

ensity [4] . The sulfur cathode has high theoretical capacity and 

nergy density of 1675 mAh g −1 and 2600 Wh kg −1 , respectively, 

hich are far superior to those of conventional lithium intercala- 

ion cathodes (274 mAh g −1 and 410 Wh kg −1 for graphite/LiCoO 2 

ells) [5] . However, performance of the Li-S batteries is often im- 

eded by their limited cycle life, low Coulombic efficiency and 

harge/discharge rate capability [ 6 , 7 ]. These limitations occur due 

o the back-and-forth diffusion of intermediate redox products, i.e. 

i 2 S x (4 < x ≤8) polysulfides, through a separator membrane, known 

s the shuttle effect [ 7 –10 ]. Diffusion of polysulfides through the 

embrane results in reduced reversibility and the Coulombic effi- 
nder the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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iency, as well as the deposition of insoluble Li 2 S and Li 2 S 2 prod-

cts on the Li anode, leading to anode passivation. 

One strategy explored for preventing the polysulfide shuttle ef- 

ect involves confining sulfur within porous conductive carbon and 

olymer matrices [ 10 –12 ]. While this approach was partially suc- 

essful in increasing conductivity and mitigating the capacity loss, 

t also has a drawback of reducing the content of sulfur in the 

athode material. Another approach focuses on improving perfor- 

ance of the separator. Coating of a porous PP separator with a 

ayer of various carbon materials was also explored as one ap- 

roach to block polysulfide diffusion [ 13 , 14 ]. However, weak in- 

eractions between carbon materials and polysulfide ions limit the 

apability of the carbon materials to trap polysulfides during long- 

erm cycling. 

The separator is also required to be chemically and mechani- 

ally stable under strong reducing/oxidizing conditions and at high 

emperatures. In addition, the Li dendrite formation and growth 

uring charge/discharge processes also places the Li-S batteries at 

isk of short-circuit. The main challenge is to engineer a highly 

table separator that can support high ionic conductivity of Li 

ons while selectively rejecting polysulfides and restricting the Li 

endrite growth. This challenge has been addressed through sur- 

ace modifications of the separator in approaches which focus on 

ontrolling both wettability of the separator with the electrolyte 

nd its capability to retain electrolyte for good ionic conductivity 

 15 –18 ]. Along with carbon [ 13 , 14 ], metal oxides [ 19 , 20 ], polymers

 21 –23 ] or nanocomposites [24] were used to construct micron- 

hick coatings using the solution casting technique in order to sup- 

ress polysulfide diffusion and improve capacity retention. Among 

olymers, lithiated Nafion was employed to enhance the cell rate 

apability [25] , improve wettability of the separator by electrolyte 

22] , and reduce the self-discharge rate of the Li-S cells [26] . How-

ver, the solution casting method is not easily controllable, yielding 

he coatings of variable uniformity and thickness. Moreover, the 

olution-cast coatings result in a significant increase of the sepa- 

ator thickness and mass, and therefore a decrease in the energy 

ensity of the Li-S cell. To overcome this issue, ultrathin, ultralight 

oatings have been used for surface modification of the separator. 

Ultrathin coatings can be deposited on the separator using the 

ayer-by-layer (LbL) technique. The LbL technique yields conformal 

anometer-thick coatings on a variety of substrates using envi- 

onmentally benign aqueous solutions. Moreover, the use of weak 

olyelectrolytes in LbL assemblies enables controlling the mass and 

harge ratio of assembled component via film assembly conditions 

27] . Previously, LbL assembly of weak polyelectrolytes was used 

o create a separator coating whose excess of negative charge sup- 

ressed diffusion of polysulfide anions in the electrochemical cell 

28] . However, all-polymer nanocoatings are fundamentally inca- 

able to simultaneously improve the thermal and mechanical sta- 

ility of the separator. 

Here, to our knowledge for the first time, we report construc- 

ion of nanocomposite clay-polyelectrolyte rather than all-polymer 

bL coatings on the separator of the Li-S cell. Specifically, films 

omposed of alternating layers of polyethylene imine (PEI), clay 

anoparticles (montmorillonite, MMT, or halloysite, Hal) and 

oly(acrylic acid) were assembled on the surface of a microporous 

olypropylene (PP) membrane. Inclusion of clay nanoparticles 

ithin the coatings is attractive because of their well-known hy- 

rophilicity, as well as chemical and thermal stability. Previously, 

bL assemblies of clay nanoparticles with polyelectrolytes were 

eposited on other type of non-porous substrates, and demon- 

trated advanced barrier and flame-retardant properties [ 29 , 30 ]. 

lay/polyelectrolyte multilayers have also been explored as water- 

wellable matrices for controlled retention and release of small 

olecules in biomedical applications [31] . The only known to us 

xample of the use of clay nanoparticles in Li-S cells demonstrated 
2 
n improved electrochemical performance achieved with polymer- 

ree MMT coating which were solution-casted on the PP separator 

32] . However, the separator mass was doubled as a result of such 

odification. In contrast to this work, nanocomposite LbL coatings 

eported here were ultrathin and contained assembled weak 

olyelectrolytes, whose charge and content, both tunable by the 

hoice of LbL components and assembly conditions, were critical 

or rejecting polysulfide species. At the same time, the presence of 

lay nanoparticles in the coatings significantly delayed the growth 

f lithium dendrites, improved wettability of liquid electrolyte and 

lectrolyte uptake and provided chemical and mechanical stability 

o the Li-S cell. Importantly, we compare the functionality of the 

oatings constructed using two different clay nanoparticles – MMT 

anoplatelets and Hal nanotubes, which have distinct layered 

tructures of aluminum octahedral and silica tetrahedral sheets 

ith 2:1 and 1:1 ratio, respectively [ 33 –35 ], and discuss their 

enefits for improving the electrochemical performance of the 

i-S cell. We suggest that the unique hollow tubular structure of 

al with a positive charge on the inner surface created by Al −OH 

roups, and a negative charge on the outer surface created by 

i −O −Si groups plays an important role in polysulfide migration 

hrough the coated separator [35] . Also Hal unique nanostructure 

ecently was shown to suppress the polysulfide dissolution via 

rapping it in the Hal cores within Hal/S composite cathode [36] . 

. Experimental section 

.1. Deposition of LbL nanocoatings 

Halloysite (Hal) or montmorillonite (MMT) clays (Sigma 

ldrich) were stirred and sonicated in deionized (DI) water 

or 24 h to obtain 2 g dm 

−3 stock solution, which was used 

o prepare 0.2 g dm 

−3 deposition solutions. Poly(acrylic acid) 

PAA) (M w 

= 450,0 0 0) and branched polyethyleneimine (PEI) 

M w 

= 750,0 0 0, 50 wt% in H 2 O, Sigma Aldrich) were diluted with

I water to prepare 0.2 g dm 

−3 polymer solutions. 

Polypropylene separators (PP, Celgard 2400) of 25-μm thickness 

ere immersed in a 5% hydrogen peroxide solution for two days 

rior to LbL deposition. Nanocoatings were then deposited on PP 

embranes at two different pH of 3 and 6, which are below and 

ear the acidity constant of PAA ( pK a ~ 6) [37] , in order to vary

he charge density in polyelectrolyte chains. The pH values in all 

olutions were adjusted to desired values using 1 M HCl and 1 M 

aOH. The separator membranes were first immersed in PEI so- 

ution for 8 min, rinsed with DI water for 2 min, and then im- 

ersed in 0.2 g dm 

−3 solutions of Hal or MMT for 8 min, fol-

owed by another rinsing with DI. An additional 8-min immersion 

n 0.2 g dm 

−3 PAA solution resulted in construction of single tri- 

ayer, (PEI/clay/PAA) 1 . The thicknesses of each layer were measured 

y ellipsometry and the values are given in the Table S1. The LbL 

ssembly, schematically illustrated in Fig. 1 , was repeated n times. 

fter deposition of a desired number of trilayers, the separators 

ere dried in a vacuum oven at 45 °C for 1 h to remove water accu-

ulated in the membrane pores, and to assure stable performance 

f the assembled electrochemical cells. 

.2. Material characterization 

Field emission scanning electron microscopy (FE-SEM) and 

ransmission electron microscopy images were obtained by using 

rossbeam 540, Zeiss and JEOL JEM 1400 plus. SEM with energy- 

ispersive spectroscopy (EDS) (JSM-IT 200) was used for elemen- 

al mapping. Thermal stability of the prepared films was examined 

y heating of the coated separators in the oven at 90 °C, 120 °C, 

nd 150 °C for 20 min. The Analyzing Digital Images (ADI) software 
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Fig. 1. Schematic representation of LbL assembly on a PP separator. 
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ackage was employed to quantify the effect of the thermal treat- 

ent on the separator dimensions. The percentage of the separator 

hermal shrinkage was determined using Eq. (1 ): 

 her mal shr inkage ( % ) = 

A − A 0 

A 0 

× 100% (1) 

here A 0 is the initial area of a separator of 19 mm in diameter 

2.834 cm 

2 ) and A is its area after the heat treatment. 

The thickness of the LbL films deposited on the silicon wafers 

as measured using a PHE-101 Discrete Wavelength Ellipsome- 

er (Angstrom Advanced). Optical properties of the substrates and 

hickness of the oxide layer were determined prior to film deposi- 

ion. 

For the electrolyte uptake test, the coated and con- 

rol uncoated separators were wetted in 1 M lithium 

is(trifluoromethanesulfonyl) imide (LiTFSI) solution in dioxolane 

nd dimethoxyethane (DOL/DME, 1:1 volume, Sigma Aldrich) for 

 min. Excess amounts of electrolyte droplets accumulated on the 

lm surface was removed by delicate task wipers (KimTech). The 

iquid electrolyte uptake (wt%) was calculated by Eq. (2 ): 

l ectrol yte uptake ( % ) = 

W − W 0 

W 0 

× 100% , (2) 

here W 0 and W is the weight of the initial and electrolyte-soaked 

eparator, respectively. 

Further characterization of the coatings included polysulfide 

iffusion tests that aimed to demonstrating migration of polysul- 

des through the coated separators. In a typical experiment, two 

ials were prepared: a 20 ml vial which was filled with 15 ml of 

etrahydrofuran (THF, Sigma Aldrich) and a smaller 3 ml vial which 

ontained 1.5 ml of 1 wt% Li 2 S 6 in THF. The separator was inserted

ithin a cap of the smaller vial to cover its 6-mm center opening. 

he vial was then placed upside down inside a bigger vial which 

ontained THF. Digital images were then taken to record penetra- 

ion of polysulfides through the separators with time. A 1 wt% 

i 2 S 6 solution in THF was prepared using stoichiometric amounts 

f sulfur powder and lithium metal. Li was weighed in a glove 

ox (LABmaster, MBraun Inc.) which was filled with high-purity 

99.9995 %) argon gas, and the dry mixture of Li and S was dis- 

olved in THF. The solution was stirred using a magnetic bar for 

4 h to ensure complete dissolution of the solids. 

The capability of Al 2 O 3 nanopowder (Sigma Aldrich), MMT and 

al clays to bind lithium polysulfides was studied using UV-vis 

pectroscopy. To that end, 1 g of Al 2 O 3 nanopowder, MMT or Hal 

ere dried under vacuum at 80 °C overnight and dispersed in 8 ml 

f THF. This solution was then mixed with a 2 ml of 15 mmol L −1 

HF solution of polysulfides with the overall atomic composition 

i 2 S 6 , and the mixture was incubated at room temperature for 

 h. The samples were then centrifuged at 600 rpm for 20 min 

sing a Sorvall ST8 centrifuge, and supernatants analyzed using an 

volution 300 UV-vis spectrometer (Thermo Fisher Scientific). Ab- 

orbance at 415 nm, characteristic for polysulfide species was used 
3 
or analysis [38] . The calibration curve (Figure S6) was constructed 

sing mineral-free Li 2 S 6 solutions. The quantified amounts of 

olysulfides adsorbed per gram of Al 2 O 3 powder or clay minerals 

re shown in Fig. S7A. 3 mmol L −1 Li 2 S 6 solution which did not 

ontain Al 2 O 3 or clay was used as a reference solution to calculate 

he difference in absorption. 

.3. Preparation of sulfur/carbon cathode 

Sulfur powder (98%, GOST 127.1, Tengizchevroil, Kazakhstan) 

nd conductive Ketjen black (KB, Ketjen Black International, Japan) 

ere mixed at a weight ratio of 7:3 using ball-milling (PUL- 

ERISETTE 7, FRITSCH GmbH). The resulting powder was heated 

t 280 °C for 3 h to facilitate intercalation of sulfur into the porous 

tructure of KB. The resultant S/KB composite contained 66 wt% 

f sulfur, as was determined by thermogravimetric analysis (TGA). 

he composite was mixed with acetylene black (AB, MTI, 99.5 

 purity) and polyvinylidene fluoride (PVdF, Kynar, HSV900) at a 

eight ratio of 80:10:10, respectively, and the mixture was dis- 

ersed in 1-methyl-2-pyrrolidinone (NMP, Sigma-Aldrich, ≥99.5% 

urity). The resulting cathode slurry was spread on a conductive 

arbon-coated aluminum foil (MTI, 20 μm thick) using the doctor 

lade technique, and dried in a vacuum oven at 60 °C for 24 h. In

rder to ensure good contact between the electrode and the cur- 

ent collector, the cathode was pressed by a roll press. The mass 

oading of sulfur in the cathode was ~1.5 mg cm 

−2 . 

.4. Electrochemical measurements 

The performance of electrochemical cells which were built us- 

ng the coated separators was examined using coin-type cells 

CR2032). The cells typically contained a lithium metal anode 

lithium chips of 16 mm in diameter, Hohsen Co., Japan) and a S/KB 

omposite cathode (66 wt% sulfur, 15 mm in diameter), separated 

y a bare or LbL-coated PP separator (19 mm in diameter). 1 M 

iTFSI solution in DOL/DME was used as a liquid electrolyte with 

he E/S ratio of ~10 μL mg −1 . The coin cells were assembled in a

love box filled with a high purity argon gas. All cells were incu- 

ated in ambient conditions for at least 5 h prior to electrochem- 

cal tests to allow sufficient time for wetting of the separators by 

he electrolyte. The cells were tested galvanostatically using a mul- 

ichannel battery tester (BT-20 0 0, Arbin) between 1 and 3 V vs. 

i + /Li at a 0.2 C discharge rate (1 C = 1675 mAh g −1 ). 

A multichannel potentiostat/galvanostat (VMP3, Bio-Logic Sci- 

nce Instruments) was utilized to perform cyclic voltammetry (CV) 

etween 1 and 3 V vs . Li + /Li at a scanning rate of 0.1 mV s −1 . The

lectrochemical AC impedance spectroscopy (EIS) measurements 

ere conducted by applying an AC potential of 10 mV over a fre- 

uency range between 50 mHz to 1 MHz to determine the effec- 

ive conductivity of the bare or LbL-coated separators. All measure- 

ents were performed using a symmetric Li/Li cell. The effective 
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Fig. 2. SEM micrographs of bare (a), and coated PP separators (b–f) modified with 

(PEI/MMT/PAA) 5 films deposited at pH 3 (b and c, b is a cross-sectional view) or 

6 (d), as well as with (PEI/Hal/PAA) 5 films deposited at pH 3 or 6 (e and f, respec- 

tively). In the images, (PEI/MMT/PAA) 5 films are abbreviated as MMT, (PEI/Hal/PAA) 5 
films - as Hal, and pH refers to film assembly conditions. 
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onductivity σ eff was calculated as follows: 

e f f = 

l 

A R el 

(3) 

here l is thickness of the separator, A is its area, and R el is resis-

ance of the electrolyte. 

. Results and discussion 

The major goal of this paper is to explore the capability of ultra- 

hin clay-polyelectrolyte separator coatings to suppress the poly- 

ulfide shuttle effect. Prior to electrochemical experiments, the ro- 

ustness of the coatings was examined using SEM. Fig. S1 reveals 

hat deposition of PEI/clay/PAA LbL coatings on the PP separa- 

or required at least five trilayers to uniformly coat the surface. 

herefore, all LbL coatings in this study were constructed using 

ve PEI/clay/PAA trilayers. Fig. 2 shows SEM images of bare and 

bL-coated microporous PP separators. The bare separator clearly 

howed ~50–100 nm pores which were homogeneously distributed 

ithin the polypropylene matrix, accounting for a 41% porosity [8] , 

hich became covered by the deposited clay-containing coatings. 

he C, O, Si and Al element mapping images of bare and LbL- 

oated separators with PAA as a top layer confirm the uniform 

istribution of clay minerals at the surface (Fig. S2). The growth 

f PEI/clay/PAA trilayer coatings was driven by electrostatic pairing 

etween PEI and PAA, between PAA and positively charged edges 

f MMT, as well as from the hydrogen bonding between clay and 

AA [ 31 , 39 ]. 

SEM cross-sectional imaging of 5-trilayer PEI/MMT/PAA coatings 

eposited at pH 3 provided an estimated upper-bound thickness of 
4 
0.5 ±0.1 μm ( Fig. 2 b). This estimate is consistent with deposition 

f a large amount of unprotonated PAA within the film. The growth 

f the nanocomposite coatings was also followed by ellipsometry 

hen polished silicon wafers were used as a substrate (Fig. S3 and 

able S1). The thickness of the first trilayer was 30 ±10 nm, and in- 

reased exponentially with trilayer number for all the systems. The 

hickness increase associated with each deposited layer of MMT 

~22 nm) or Hal (~15 nm) was much higher compared to thick- 

ess of PEI (~1.7 nm) and PAA (9 ±3 nm) layers, as determined by 

llipsometry within the first trilayer. These data allowed to esti- 

ate the composition of coatings as approximately 70% of MMT 

60 % of Hal) and 30–40 % of polymers by volume. Ellipsomet- 

ic thickness of five-trilayer PEI/MMT/PAA films (420 ±30 nm) de- 

osited on Si wafers was consistent with that determined by SEM 

or the coatings deposited on the PP separator. For all polyelec- 

rolyte systems, the separator thickness increased by 50 0–90 0 nm 

fter deposition of five-trilayer films to its both sides. Importantly, 

hese thicknesses are considerably smaller than those reported for 

norganic coatings ( > 4 μm) deposited on the separator using the 

olution casting technique [ 19 , 20 , 22 , 40 ]. 

The deposition of clay-containing coatings dramatically altered 

he PP separator morphology, with specific changes dependent on 

lay type and assembly pH ( Fig. 2 c–2f). It is seen that the use of

MT rather than Hal clay nanoparticles resulted in more homo- 

eneous surface coverage. This can be rationalized by considering 

rastically different geometries of MMT and Hal nanoparticles (flat 

nd tubular, respectively), which enabled assembly of MMT within 

ontinuous films with a “nanobrick wall” architecture composed of 

tacks of nanoplatelets [ 41 , 42 ]. In contrast, the tubular geometry 

f Hal inhibited the formation of continuous, homogeneous layers 

uring film assembly. 

Importantly, the structure and continuity of nanocomposite 

oatings were also strongly dependent on pH. While PEI/MMT/PAA 

oatings assembled at both pH 3 and 6 completely covered the 

eparator, burying its original porous structure, films assembled at 

H 3 were more heterogeneous. In particular, ‘bumps’ of a sub- 

icron size are seen in Fig. 2 c, which most likely are formed by 

elf-aggregated, hydrogen-bonded units of PAA which were largely 

rotonated at pH 3. Interestingly, the use of acidic conditions in 

 bilayer PEI/MMT system improved rather than deteriorated film 

rdering [41] , suggesting that heterogeneities in Fig. 2 c are indeed 

nduced by PAA. Also consistent with this explanation is the fact 

hat more homogeneous films were deposited from solutions at 

H 6, where self-aggregation of PAA was suppressed by its en- 

anced ionization ( Fig. 2 d). It is also likely that smoothness of 

he PEI/MMT/PAA films seen at pH 6 resulted from diffusivity of 

harged PAA chains, as previously suggested for this system [29] . 

The deposition and morphology of the nanocoatings were 

ven stronger affected by pH in the case of Hal-containing tri- 

ayers. Specifically, while PEI/Hal/PAA coatings assembled at pH 

 completely covered the underlying porous PP membrane, films 

onstructed at pH 6 had island-like morphology characteristic of 

oor adhesion and surface dewetting. It is likely that a decrease in 

harge density of PEI at pH 6 as compared to pH 3 ( pK a BPEI ~ 6.6)

43] lead to poor coating adhesion to the polypropylene surface, 

hile lack of interactions between Hal and PAA at pH 6 caused 

rregular coating growth. When films were assembled at a lower 

H (pH 3), however, an increased charge density in PEI chains 

nd formation of large interconnected bundles of Hal [44] enabled 

he formation of a continuous, substrate-adhering films. Obviously, 

ontinuity of LbL coatings, along with the film thickness and 

omogeneity, is expected to improve the barrier properties of the 

eparator to polysulfide diffusion, while incomplete membrane 

overage with the coatings should allow polysulfide ions to flow 

hrough the separator membrane. 
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Fig. 3. Thermal dimensional shrinkage (a) and electrolyte uptake (b) of bare and (PEI/Clay/PAA) 5 -coated PP membrane. In the thermal shrinkage experiments, separate 

samples of separator membranes were exposed to 90 °C, 120 °C, or 150 °C for 20 min. Abbreviations are the same as in Fig. 2 . 
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Fig. 4. A polysulfide diffusion experiment which involved the bare and 

(PEI/Clay/PAA) 5 -coated PP membranes. The images correspond to 1 min, 1 day and 

5 days since the beginning of the experiment. Abbreviations are the same as in 

Fig. 2 . 
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.1. Thermal stability and wettability/permeability of bare and coated 

eparators 

One unsolved challenge that impedes the development of bat- 

eries with long cycling lifespan is thermal shrinkage of the sep- 

rators at elevated temperatures and high current densities oc- 

urring during battery. Therefore, we aimed to study the effect 

f the coating deposition on the dimensional stability of the PP 

embrane at elevated temperatures. The clay components of the 

lms are excellent candidates for improving thermal stability of 

he separator membranes. Specifically, MMT-containing films were 

eported to exhibit the flame retardant behavior [30] , while hal- 

oysite nanotubes were found to preserve their structural integrity 

p to 1200 °C [35] . Fig. 3 shows that while the bare separator ex-

ibited a large, ~37 %, shrinkage when exposed to 150 °C for 20 

in, all clay-containing LbL coated membranes showed a signifi- 

antly smaller thermal shrinkage. Furthermore, suppression of the 

eparator shrinkage was highest for (PEI/clay/PAA) 5 films assem- 

led at pH 3 rather than 6, with 17 and 14 % shrinkage for the sep-

rator coated with MMT- and Hal-containing films, respectively. At 

he same time, assembly at pH 6 was less efficient in inhibiting the 

eparator shrinkage, with 27% shrinkage for the separator coated 

ith both MMT- and Hal-containing films. The lower efficiency of 

PEI/clay/PAA) 5 deposited at pH 6 is probably due to more diffuse, 

ofter structure of clay/polyelectrolyte films at pH 6, in which the 

lay-polyelectrolyte contacts can slide in response to a mechani- 

al force. Moreover, (PEI/Hal/PAA) 5 coatings assembled at this pH 

rovided only partial coverage, making the exposed surface of the 

are separator vulnerable for thermal damage. 

Another important property of a separator is its wettability 

ith electrolyte. Poor absorption of the electrolyte can impair the 

onic transport and increase the cell internal resistance, leading to 

 decrease in ionic conductivity or a direct cell failure. To facil- 

tate absorption of electrolyte and provide long-term electrolyte 

etention within the separator, hydrophilicity of the intrinsically 

ydrophobic separator membranes is often increased via plasma 

reatment or surface modification with polymers or inorganic par- 

icles [ 17 , 18 , 20 , 24 , 45 ]. Hydrophilic and polar components of LbL

oatings were expected to enhance compatibility of the separator 

ith the electrolytes. The electrolyte uptake by the LbL coatings 

as explored using a 1 M solution of LiTFSI in DOL/DME. Fig. 3 b

llustrates wettability and electrolyte uptake by the bare and LbL- 

oated separators. As shown in the inset in Fig. 3 b, a droplet of a

iquid electrolyte did not spread over the surface of the bare sep- 

rator, while it wetted the surface of the separator coated with 

he (PEI/MMT/PAA) 5 film. The improved wettability of the coated 

eparators correlated with the enhanced electrolyte uptake. While 

he electrolyte was not retained by the bare PP separator, all the 

oated separators retained the electrolyte in the amount of 220–
5 
70 wt % of their dry weight. The higher electrolyte uptake by 

he (PEI/MMT/PAA) 5 -coated as compared to (PEI/Hal/PAA) 5 -coated 

eparators ( Fig. 3 b) are explained by larger thickness of the MMT- 

ontaining coatings. Also note that the coatings deposited at a 

igher pH of 6 showed higher electrolyte uptake, most likely be- 

ause of the more polar environment within the film created by 

onizated PAA. 

The capability of the trilayer LbL coatings to serve as a bar- 

ier to polysulfide migration was then tested in diffusion experi- 

ents which involved 1 wt.% solutions of Li 2 S 6 in THF and a two- 

ial setup shown in Figure S4. The separators were inserted within 

lastic caps of smaller vials to cover the center opening (see Ex- 

erimental Section). The dark brown color of Li 2 S 6 solutions in the 

maller vials enabled visual observation of the transfer of polysul- 

des through the bare and LbL-modified separators. 

As shown in Fig. 4 , the polysulfide diffusion was clearly ob- 

erved after 1 day of the experiment with 1 wt% Li 2 S 6 solutions. 

 lighter color in the receiving THF solution in the case of 

bL-coated separators compared to those of the bare separators 

ndicated an improved blocking of the polysulfide diffusion by all 

our types of the (PEI/clay/PAA) 5 coatings. Figure S4 shows that 

he use of a higher concentrations of Li 2 S 6 solutions ( i.e . 3 wt%)

ave similar results. Importantly, despite a larger thickness of the 
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Fig. 5. Illustration of the polysulfide shuttle effect suppression by a (PEI/Clay/PAA)- 

coated separator. 
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6

p

p

ve-trilayer MMT-containing coatings (~450 nm), the separators 

ith a thinner Hal-containing coating (~250 nm) assembled at pH 

 outperformed other systems, efficiently retaining the inner-vial 

ark color after 5 days, and showing the lowest permeability to 

olysulfides at longer times. As expected, however, incomplete 

embrane coverage by Hal-containing with 5 trilayers assemblies 

t pH 6 ( Fig. 2 f) allowed for a considerable flow of polysulfides

hrough the coated separator membranes. The capability of MMT 

nd Hal minerals to adsorb polysulfides was than studied and 

ompared with a reference material – an aluminum oxide (Al 2 O 3 ) 

anopowder, which is commonly used as with the cathode or 

o separator coatings and is known to strongly bind polysulfides 

nd improve the cycling performance of Li-S batteries [ 20 , 24 , 46 ].

igure S6 shows that MMT and Hal adsorbed Li 2 S 6 more efficiently 

han control Al 2 O 3 powder (3 and 2.7 mg g −1 adsorbed amounts, 

espectively, vs . 2.0 mg g −1 for Al 2 O 3 ). The difference can result

rom a larger surface-to volume ratio of nanosized natural clay 

articles as compared to Al 2 O 3 with the particle size of 0.1-0.5 μm. 

espite the higher adsorption value for MMT in a powder form, 

he Hal nanoparticles assembled within LbL films more effectively 

uppress the transport of polysulfides. One contributing factor can 

e the more through the more effective tortious diffusion path- 

ay created by Hal nanoparticles: due to their tubular structure, 

ssembled Hal nanoparticles can create more nanoscale domains 

nd thus provide higher tortuosity as compared to stacked MMT 

anoparticles. Note that suppression of polysulfide migration 

y the isolated domains of stacked Hal nanotubes was recently 

eported for a composite carbon-coated /sulfur cathode of the Li-S 

atteries [36] . Another contributing factor is the unique charge dis- 

ribution of Hal nanotubes, i.e. the negatively charged outer shell, 

nd positively charged inner surface [35] . Recent studies show 

hat Hal can be used to improve the lithium ionic conductivity for 

el and solid polymer electrolytes [47] . It was suggested that the 

pposite surface charge on the Hal faces separates lithium salt into 

ithium ions that absorbed on the outer negatively charged silica 

urface, and anions that are expected to be adsorbed at the inner, 

ositively charged alumina surface [47] . These characteristics make 

alloysite nanotubes excellent vehicles for carrying numerous 

ypes of cargos, when negatively charged species are sacked into 

he tube’s lumen and positive ones adsorbed on the tube’s outer 

urface [34] . Along with the nanotubular morphology (see TEM 

ata in Figure S7), such distribution creates conditions for cationic 

erm selectivity [34] , when negatively charged polysulfide ions 

an be selectively trapped within the interior of Hal nanoparticles 

36] , while small Li + ions could permeate through the membrane 

ith minimal diffusional constraints ( Fig. 5 ). 

.2. Electrochemical studies 

Electrochemical studies were then performed with the LbL- 

oated PP separators. Ionic conductivity of a separator depends 

n its thickness, porosity/morphology and the capability to uptake 

 liquid electrolyte. Typically, an increase in the separator thick- 

ess and a decrease of its porosity suppress, while an enhanced 

lectrolyte uptake increases ionic conductivity. The overall effect 

f surface modification on ionic conductivity depends on the rel- 

tive contributions of the above effects. To explore the effect of 

lay-containing coatings on the conductivity of the separator to 

onic species, electrochemical impedance spectroscopy (EIS) mea- 

urements were performed using symmetric Li/separator/Li cells. 

igure S8 shows the Nyquist representation of the results for the 

oated and uncoated separators as plots of negative imaginary part 

Z im 

) vs . real part (Z re ) of the impedance. These plots were used to

etermine resistivity (R) from the high-frequency intercepts of the 

yquist plots with the Z re axis, and to calculate ionic conductivity. 

bL coating of the separators resulted in an increase in cell resis- 
6 
ivity due to an increase in thickness and a decrease in porosity as 

ompared to the bare PP separator. In the case of (PEI/Hal/PAA) 5 
oatings, the high resistivity of the cell, which was observed in 

pite of the low coating thickness, offset the positive effect of 

he enhanced electrolyte uptake by these coatings and resulted in 

onic conductivity similar to those observed with the bare separa- 

or. In contrast, while (PEI/MMT/PAA) 5 coatings were thicker than 

PEI/Hal/PAA) 5 films, the greatly enhanced electrolyte uptake over- 

owered the opposing effects of thickness and porosity, leading to 

 conductivity increase from 0.1703 mS cm 

−1 for the bare separa- 

or to 0.1720 and 0.1724 mS cm 

−1 for the separator modified with 

PEI/MMT/PAA) 5 films deposited at pH 3 and 6, respectively. Select 

haracteristics of bare of the coated separators, such as thickness 

f the coatings, liquid electrolyte uptake and ionic conductivity are 

ummarized in Table 1 . 

We then aimed to study the performance of polyelectrolyte- 

lay coatings in suppressing the growth of lithium dendrites - the 

ajor cause the battery failure. To that end, the coated and bare 

eparators were sandwiched in the Li–Li symmetrical cells and 

harged and discharged at a current density 4 mA cm 

−2 for 1 h 

f each charge and discharge. As shown in Fig. 6 , the cell with

are PP membrane exhibited a stable potential of ~ 200 mV dur- 

ng initial 50 h. After 55 h, however, large fluctuations of the po- 

ential from 500 mV to 1100 mV occurred indicating the uncon- 

rolled growth of Li dendrites, which lead to a short circuit and 

estruction of the separator. In contrast, the cell assembled with 

bL-coated separators showed a relatively higher overpotential due 

o an increased separator thickness and higher resistivity of the 

ell. The (PEI/MMT/PAA) 5 films assembled at pH 3, which had the 

argest thickness and uniform morphology (see Fig. 2 ), showed the 

est performance, preventing growth of Li dendrites for as long 

s100 h. Hal-containing coatings assembled at pH 3 significantly 

elayed the cell short circuit to 75 h, while those assembled at pH 

 showed lower suppression of the dendrite growth due to incom- 

lete surface coverage of the separator. The higher Li dendrite sup- 

ression ability of MMT-containing coatings might be also related 
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Table 1 

Physical characteristics and properties of bare and coated separators. 

Thickness (μm) Electrolyte uptake (%) Ionic conductivity (mS cm 

−1 ) 

PP membrane 25.00 ±0.01 135 ±10 0.1703 ±0.0010 

(PEI/MMT/PAA) 5 pH 3 25.90 ±0.05 240 ±10 0.1720 ±0.0010 

(PEI/MMT/PAA) 5 pH 6 25.70 ±0.05 270 ±10 0.1724 ±0.0010 

(PEI/Hal/PAA) 5 pH 3 25.50 ±0.05 220 ±10 0.1697 ±0.0010 

(PEI/Hal/PAA) 5 pH 6 25.50 ±0.05 235 ±10 0.1704 ±0.0010 

Fig. 6. Galvanostatic cycling voltage profiles for a Li-Li symmetrical coin cells cycled 

at 4 mA cm 

−2 (4 mAh cm 

−2 ) with the bare and (PEI/Clay/PAA) 5 -coated separators. 
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o its flat geometry compare to tubular shaped Hal. Recently, a 10 

m thick separator made of highly rigid vermiculite flakes as typi- 

al inorganic clay minerals was reported to efficiently prevent the 

rowth of Li dendrite due to mechanical resistance [48] . Neverthe- 

ess, this effect is substantial considering 250–450-nm thickness of 

he coating, which was dramatically lower than several- micron- 

hick inorganic coatings reported earlier [49] . Moreover, as shown 

n Fig. S9, the resistance of the separator to the dendrite growth 

ould be further improved by a facile increase in number of de- 

osited PEI/clay/PAA trilayers. 

Along with high ionic conductivity, electrochemical stability 

f the separators is critically important for an efficient and re- 

eatable charge-discharge cycling of the electrochemical cells. The 

yclic voltametry (CV) studies enable testing electrochemical sta- 

ility of the cell components via measurements of the reduction- 

xidation potentials and detecting unfavorable electrochemical side 

eactions. Fig. 7 and Figure S10 show CV curves measured in the Li- 

 coin-type cells with the bare and LbL-coated separators vs . Li + /Li. 

n these experiments, the cell had a S/KB cathode with 66 wt% of 

ulfur, a Li anode, and the bare or a (PEI/Clay/PAA) 5 -coated sepa- 

ator wetted in 1 M LiTFSI in DOL/DME electrolyte. The CV curves 

or the cells with the bare and LbL-coated separators were almost 

dentical. The two distinct peaks in the cathodic scan are indicative 
7 
f a two-step reduction of elemental sulfur to the high-order poly- 

ulfides S 2 −
8 

and S 2 −
6 

at ~1.85 V, as well as further reduction to S 2 −
2 

nd S 2 − at ~2.25 V [50] . In the subsequent anodic scan, a broad ox- 

dation peak emerged in the 2.6 to 2.9 V range. This peak is associ- 

ted with conversion of S 2 −
2 

and S 2 − to the high-order polysulfides 

nd elemental sulfur [50] . The absence of any additional peaks in 

he CV curves for the cell with the LbL-coated separator indicates 

lectrochemical stability of the coatings within the 1-3 V range. 

To further explore the effect of LbL coatings on polysulfide dif- 

usion, the cycle performance of the Li-S cells with the bare and 

oated separators was studied at a 0.2 C rate (1 C = 1675 mAh) 

s presented in Fig. 8 . Fig. 8 a-e show a typical charge-discharge 

rofiles of the Li-S cell with two well-defined discharge plateaus 

t ~2.3 and ~2.0 V [ 8 , 9 ], and one complex charge curve for both

he bare and coated separators. A voltage range of charge-discharge 

lateaus is consistent with the current-voltage data in Fig. 7 . 

he initial discharge capacity of the cell with the bare separator 

as 915 mAh g −1 . The cells with the coated separators yielded 

n increased initial discharge capacity of ~120 0-130 0 mAh g −1 

 Fig. 8 b–e). In addition, a lower polarization was observed in the 

harge-discharge profiles of the cells with coated separators. This 

ositive effect is likely due to the improved hydrophilicity and 

lectrolyte retention of the separators after coating with the clay- 

ontaining films. 

One of the most important characteristics of the electrochemi- 

al cell is its Coulombic efficiency, i.e. the ratio of specific discharge 

o charge capacity. Fig. 8 f shows that the cell with the bare sep-

rator exhibited a strong overcharge phenomenon resulting in a 

ow Coulombic efficiency of ~50 %, which indicates a significant 

eterioration of the electrochemical reversibility due to polysul- 

de shuttle effect. Poor cyclability and low coulombic efficiency 

re expected for S/KB composite cathode with content of sulfur as 

igh as 66 wt%. This result is easy to understand when consider- 

ng a highly porous structure of the PP membrane which allowed 

or facile diffusion of long-chain lithium polysulfides to the anode 

here they reacted directly with the lithium in a parasitic reac- 

ion to generate the lower-order polysulfides. During charge pro- 

ess these species diffused back to the sulfur cathode and oxidized 

o long-chain polysulfides again which contribute to the overcharge 

or self-discharge), resulting in a low Coulombic efficiency [51] . In 

ontrast, all cells with the coated separator showed much higher 

oulombic efficiencies. Importantly, the cell with the separator 

oated with (PEI/Hal/PAA) 5 films assembled at pH 3 demonstrated 

he Coulombic efficiency of 95–99 % ( Fig. 8 a) which was almost 

wice higher than that for the cell with the uncoated separator. 

he greater reversibility of the charge-discharge process resulted 

n improved cycle performance of the cells with the modified sep- 

rators ( Fig. 8 g). The capacity retention at 0.5 C after 200 cycles 

45-65 %) was improved by all (PEI/clay/PAA) 5 coatings except the 

ne with Hal deposited at pH 6, as compared to the control bare 

eparator (~30 %). 

A rate step-progressive test for the cells with the S/KB cathode, 

nd with the bare and coated separators has been carried out as 

resented in Fig. S11. The cells were galvanostatically cycled at a 

urrent density of 0.1 C for 5 cycles, and then the current density 

as gradually increased up to 2 C. Stable discharge capacities of 
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Fig. 7. CV curves for the cells with the bare membrane (a) and the separators coated with (PEI/MMT/PAA) 5 (b) and (PEI/Hal/PAA) 5 (c) films deposited at pH 3. The scanning 

rate was 0.1 mV s −1 . 

Fig. 8. The charge-discharge profiles at 0.2 C for the Li-S cells with the bare (a) and coated (b–e) PP membrane modified with (PEI/MMT/PAA) 5 deposited at pH 3 (b) and 6 

(c), or with (PEI/Hal/PAA) 5 deposited at pH 3 (d) and 6 (e), as well as Coulombic efficiency vs . cycle number (f) and cycle performance for the cells with the bare and coated 

separators at 0.5 C (g). Abbreviations are the same as in Fig. 2 . 
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170, 1015, 830, 335 and 90 mAh g −1 were obtained for S/KB at 

he current densities of 0.1, 0.2 C, 0.5 C, 1 C, and 2 C, respectively.

he cathode conductivity is a key factor in achieving a high rate 

erformance of Li-S cell. Nevertheless, the (PEI/Clay/PAA) 5 coatings 

t separators slightly improved the C rate performance. 610 and 

40 mAh g −1 discharge capacities were achieved at 1 C and 2 C, 

espectively, with the separator coated with (PEI/Hal/PAA) 5 films 

ssembled at pH 3, which is due to the increase of the active ma- 

erial utilization at high cycling rates achieved through localization 

f soluble polysulfides in the cathode side and suppression of their 

igration. 

In order to investigate the morphological stability of the coated 

eparator membranes during cycling, the cell with the separator 

oated with the Hal-containing nanocoatings were carefully col- 

ected from the cell after 100 electrochemical cycles and examined 

sing SEM. Fig. S12 shows that (PEI/Hal/PAA) 5 coatings assembled 

t pH 3 showed no morphological changes on neither side of the 

eparator. The results reveal that the polyelectrolyte-clay trilayer 

oatings were robust and stable during long-term cycling. 

The performance of the separators can also be affected by the 

hickness of the LbL coatings. Taking the advantage of the LbL 

echnique to precisely control film thickness at the nanoscopic 

cale, we explored the electrochemical performance of the Li-S 

ells as a function of trilayer number. Figure S9 b shows the de- 

endence of the Coulombic efficiency of the Li-S cells on trilayer 

umber n for (PEI/clay/PAA) n films. The Coulombic efficiency of 

he cells with (PEI/MMT/PAA) n films deposited at both pH 3 and 

 steadily increased from 50 % to 60-65 % between n = 0 and n = 5,

nd continued to increase up to ~80–88 % for n = 15. In the case

f (PEI/Hal/PAA) n films deposited at pH 6, the Coulombic effi- 

iency was lower than 65 % up to n = 8, which is due to incom-

lete coverage of membrane’s large pores. However, with a fur- 

her increase in trilayer number (n > 10), the Coulombic efficiency 

ncreased sharply, reaching 95% for films with n = 15. Importantly, 

ith the Hal-containing films deposited at pH 3, the high Coulom- 

ic efficiency of ~99 % was achieved after coating with only 5 

rilayers, whose deposition resulted in the deposition of ~0.3-μm 

lms on both sides of the separator (Figure S2). At the same time, 

or (PEI/MMT/PAA) n films, which had much higher thickness (~0.45 

m for n = 5 films deposited on each side, Figure S3), a larger num-

er of trilayers was required to suppress polysulfide diffusion. Nev- 

rtheless, comparison of our results with the recently published 

nes on separator coatings (Table S2) shows that the reported 

oatings have thickness of several microns, while our coatings are 

ub-micron-thick. Our optimized sub-micron (PEI/Clay/PAA) n coat- 

ngs remarkably improved the cell performance, without a signifi- 

ant addition to the separator’s weight and thickness. Along with 

he type of clay nanoparticle, the film deposition pH played a sig- 

ificant role in the electrochemical performance of Li-S cells with 

oated separators, which is due to the fact that structure and con- 

inuity of nanocomposite coatings were strongly dependent on pH. 

herefore, PEI/Hal/PAA coatings deposited at pH 3, which enabled 

99 % Coulombic efficiency using deposition of as few as five trilay- 

rs were identified as superior candidates for improving the elec- 

rochemical performance of Li-S cells. 

. Conclusion 

In summary, we demonstrated that LbL modification of the 

ommercial polypropylene separator with polyelectrolyte-clay tri- 

ayer coatings has strongly affected the physico-chemical and elec- 

rochemical properties of the coated separator, as well as the ul- 

imate performance of the Li-S cell. The unique structure, geom- 

try and charge of clay nanoparticles (halloysite, Hal vs montmo- 

illonite, MMT) programmed the differences in the coating mor- 

hology, composition and the ion-conducting properties. The use 
9 
f weak polyelectrolytes for assembly with clay nanoparticles has 

rovided an additional control of the coating properties via ad- 

usting the deposition pH. The clay-polyelectrolyte coatings had 

ubstantially improved electrolyte uptake and suppressed thermal 

hrinkage of the separator, as well as inhibited polysulfide diffusion 

n the electrochemical cells. Uniform and mechanically durable 

oatings served as an effective mechanical barrier for lithium den- 

rites growth and significantly delayed the short circuit failure of 

he Li/Li symmetric cells. The efficiency of dendrite growth sup- 

ression was dependent on the coating thickness and the coat- 

ng type. Importantly, five-trilayer sub-micron LbL coatings built at 

H 3 with Hal nanotubes strongly suppressed the polysulfide shut- 

le effect, enabling 99% Coulombic efficiency of the lithium-sulfur 

lectrochemical cells. For all the coating types, high Coulombic ef- 

ciency could be achieved by increasing number of the deposited 

rilayers. This work in general demonstrates that surface modifi- 

ation of the polymer separators with clay-containing presents a 

romising way for improving performance of the Li-S cells. 
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