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Inhibiting Shuttle Effect in Lithium-Sulfur Battery 
using Layer-by-Layer Assembled Ion-Permselective 
Separator 

Minsu Gu,a Jukyoung Lee,a Yongil Kim,a Joon Soo Kim,b Bo Yun Jang,b* Kyu 
Tae Lee,a* and Byeong-Su Kima,c*  

A novel strategy for introducing ion-permselective property in a conventional polyethylene 
(PE) separator to inhibit the shuttle effect of polysulfides in high-performance lithium-sulfur 
batteries is reported. This was accomplished by taking advantage of the pH-responsive 
multilayers of weak polyelectrolytes such as poly(allylamine hydrochloride) (PAH) and 
poly(acrylic acid) (PAA) assembled on the PE separator using layer-by-layer (LbL) assembly. 
It was found that the cationic permselectivity (permeability of cation/anion) of an ultrathin 
multilayer coated separator is highly tunable with respect to the number of bilayers and 
external pH, benefiting from fine tuning of the internal charge density of the multilayered films. 
The movement of polysulfide anions was significantly inhibited by five bilayers of PAH/PAA 
(ca. 98% with multilayers assembled at pH 3/3), while the movement of Li cations was 
preserved. As a result, the ion-permselective separator demonstrated a high initial reversible 
capacity of ca. 1418 mAh g-1 with multilayers assembled at pH 3/3 because of the good 
permselectivity and the enhanced wetting property of the LbL treated separator for electrolytes, 
leading to a significantly improved Coulombic efficiency as compared to a conventional PE 
separator, i.e., almost 100% over 50 cycles. We anticipate that the permselectivity controllable 
coating method will be applied for various other membrane technologies. 
 

Introduction 

Increasing energy demands, coupled with the limited 
availability of fossil fuels and their associated environmental issues, 
have stimulated intense research on energy storage and conversion 
systems. Although lithium-ion batteries are the leading choice for 
energy storage today, they cannot sufficiently satisfy long-term 
storage requirements due to the inherent limitation of gravimetric 
energy density to meet various energy demands such as the 
transportation market and energy storage systems.1 As one of the 
complements beyond lithium-ion batteries, lithium-sulfur (Li-S) 
batteries have recently received attention as promising power 
sources because of their remarkable theoretical specific capacity 
(1675 mAh g-1) and energy density (2600 Wh kg-1), which are three 
to five times higher than those of conventional lithium-ion batteries, 
together with the low cost of abundant sulfur.2, 3 

Despite these promising features, there are still some issues that 
need to be resolved, including the poor electronic conductivity of 
sulfur, dissolution of intermediate polysulfides, and large volume 
expansion (~80%).4-6 In particular, the dissolved intermediate of 
polysulfides (Li2Sx, 2<x<8) can diffuse from the cathode to the 
anode through the separator and this so-called “shuttle effect” can 
lead to rapid decay of the capacity and poor Coulombic efficiency 
during charging/discharging cycles. In that regard, there has been 
significant progress in improving these electrodes by using porous 
carbon,7-9 hollow carbon spheres,10-12 carbon nanotubes (CNT),13-15 

graphene oxide (GO),16-22 conductive polymer coatings23-25 and 
inorganic coatings26-28 on sulfur particles. On the other hand, despite 
the separator also being critical to the performance of Li-S batteries, 
little research has been carried out on the separator. Some examples 
include, Manthiram and co-workers who reported that polysulfide 
can be trapped in a 3-dimensional carbon paper as an additional 
layer on the separator.29, 30 Liu and co-workers showed that lithiated 
Nafion ionomer separator film, which is used in proton exchange 
membrane fuel cells, can be applied to Li-S batteries.31 Cheng and 
co-workers introduced a flexible sulfur-carbon nanotube cathode 
membrane without any metal current collector and binder.32 Wei and 
co-workers recently demonstrated a strategy of introducing an 
electrostatic shield using sulfonate (SO3

-) groups of Nafion coating 
on the Celgard membrane.33 In addition, composite gel polymer 
electrolyte has been used as a membrane, instead of separator, in Li-
S batteries.34-36 However, it is still highly desirable to improve the 
performance of conventional separators.  

Alternatively, our approach in this study was to inhibit the 
shuttle effect of polysulfides by coating the conventional 
polyethylene (PE) separator with ion-permselective ultrathin 
films of polyelectrolytes using the layer-by-layer (LbL) 
assembly method. LbL deposition is a versatile thin film 
fabrication technique that forms multilayer thin films by 
depositing alternating layers of oppositely charged materials.37, 

38 One of the advantages of using the LbL method is that it can 
easily control the composition and thickness of the nanoscale  
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Scheme 1. Schematic representation of layer-by-layer (LbL) 
assembled (PAH/PAA)n multilayer coated PE separator for 
inhibiting the shuttle effect of polysulfide across the separator 
in a Li-S battery. 
 
coating using a variety of materials of choice. Because of these 
unique features, LbL assembly has been applied to various 
membrane technologies such as proton exchange membrane 
fuel cells,39 direct methanol fuel cells,40-43 vanadium redox flow 
batteries,44-46 Li-air batteries,47 desalination,48 and nanofiltration 
membranes.49 Furthermore, LbL assembly allows for fine 
tuning of the internal charge density of multilayer films with 
changes in the external pH when weak polyelectrolytes such as 
poly(allylamine hydrochloride) (PAH) and poly(acrylic acid) 
(PAA) are employed.50-52 For example, it is known that the 
degree of ionization of PAH (pKa ~ 9) and PAA (pKa ~ 5) is 
highly sensitive to the pH of the dipping solution which 
influences the relative fraction charged to uncharged group 
such as NH3

+/NH2 for PAH and COO-/COOH for PAA as well 
as the population of ionic bonds.  

Herein, we fabricated an ion-permselective membrane on a 
conventional PE separator using LbL assembly to alleviate the 
shuttle effect of polysulfides in Li-S batteries (Scheme 1). This 
allows the positively charged Li-ion to freely diffuse through 
the separator, whereas the movement of the negatively charged 
polysulfide will be inhibited by due to the electrostatic 
repulsion of the ion-permselective multilayer films bearing 
large amounts of carboxylic acid groups. 
 
Experimental 

Layer-by-layer assembly of (PAH/PAA)n multilayer coated 
separator 
A PE separator (4.5 cm × 8.0 cm) was treated with oxygen plasma 
(Harrick plasma, PDC-32G) for 1 min to introduce a hydrophilic 
surface. The PE separator was dipped in a positively charged PAH 
solution (Sigma-Aldrich, Mw ~15,000, 5 mg/mL) at each pH 
condition for 10 min. It was then dipped into DI water at the same 
pH condition three times for 1 min each. Subsequently, the PE 
separator was dipped in a negatively charged PAA solution (Sigma-

Aldrich, Mw ~250,000, 5 mg/mL) at each adjusted pH condition for 
10 min, and washed with DI water at the same pH condition three 
times for 1 min, affording one-bilayer of (PAH/PAA)1. The above 
procedures were repeated to achieve the desired number of bilayers 
(typically, n = 2 – 10). These as-assembled (PAH/PAA)n multilayer 
coated PE separators were dried at room temperature.   

 
Cell assembly and electrochemical test 
The active materials were composed of CMK-3 and sulfur at 50:50 
weight ratios. Samples of electrochemically active materials were 
mixed with carbon black and polyvinylidene fluoride (PVdF) at 
80:10:20 weight ratios. These as-prepared active materials were 
loaded on an Al foil current collector. The Li ion cells were 
assembled in an argon-filled glove box. The electrochemical 
performance of the Li ion batteries was evaluated using 2032 coin 
cells (Hohsen Co., Japan), with a Li metal anode and 1.3 M lithium 
bis(trifluoromethanesulfonyl)imide (LiTFSI) in tetraethylene glycol 
dimethyl ether (TEGDME) electrolyte solution. LbL coated PE film 
was used as a separator. Galvanostatic experiments were performed 
in the voltage range of 1.5 to 2.6 V at a 0.05 C-rate and a 
temperature of 30 °C.   

 
Ion-permselective property test  
Cyclic voltammetry (CV) measurements were performed according 
to the literature.52 A three-electrode cell was used at a scan rate of 
100 mV s-1. The PAH/PAA multilayer coated ITO glasses at each 
pH were used as the working electrodes. A platinum wire was used 
as a counter electrode, and Ag/AgCl (3.0 M NaCl) was used as a 
reference electrode. The electrolyte solution was prepared by adding 
5 mM of either Fe(CN)6

3- or Ru(NH3)6
3+ to 0.50 M Na2SO4 at pH 6. 

The measured current was divided by the area of the ITO electrode 
immersed in electrolyte solution (in our case 1.05 cm2) to obtain the 
current density value. 

 
Characterizations  
Attenuated total reflectance-infrared (ATR-IR) spectra were 
analyzed with a FT-IR spectrophotometer (Varian, 670-IR). The 
surface morphology of the samples was investigated using a 
scanning electron microscope (FESEM, FEI, Nanonova 230). The 
contact angle was obtained using a contact angle analyzer (KRÜSS, 
DSA 100). The thickness of the as-prepared samples on the silicon 
substrates was measured by ellipsometry (J. A. Woollam Co. Inc., 
EC-400 and M-2000V).  
 
Results and Discussion 

Since both polymers employed in this study are weak 
polyelectrolytes, we investigated the assembly of PAH and 
PAA polyelectrolytes based on three different conditions in this 
study, namely pH 3/3, 6/3, and 8.5/8.5 for PAH/PAA. Initially, 
we monitored the stepwise fabrication of PAH/PAA multilayer 
films on a silicon wafer by using a spectroscopic ellipsometry. 
As shown in Figure 1a, the growth of the (PAH/PAA)n is linear 
with respect to the number of bilayers in both pH 3/3 and 
8.5/8.5 conditions; however, it becomes exponential in the case 
of the pH 6/3 condition. It was found that the average thickness 
of one bilayer of (PAH/PAA) film corresponds to 3.6 nm (pH 
3/3), 20.1 nm (pH 6/3), and 2.1 nm (pH 8.5/8.5), respectively. 
Similar to other reported systems, the assembly pH of each 
polymer is critical in determining the final thickness and 
composition of the resulting multilayers; for example, when 
both PAH and PAA are deposited at pH 3/3, the PAH is fully 
ionized while PAA is ionized less than 1% considering its pKa 
value of ~5. Thus, the loopy PAA chains that contain a large 
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Figure 1. a) Thickness growth curve of the (PAH/PAA)n 
multilayer thin films on a silicon wafer with respect to the 
assembly pH conditions and b) schematic representation of the 
internal structure of (PAH/PAA)n multilayer thin films 
assembled at different pH conditions. Thickness was measured 
in five independent measurements with ellipsometry. 
 
amount of free carboxylic acid groups make complexes with 
example, PAA is now fully ionized (more than 60%) while the 
degree of ionization in the PAH chain is modestly diminished. 
Therefore, PAH adsorbs tightly onto the highly ionized PAA 
surface chains, forming a thinner layer. On the other hand, the 
pH 6/3 condition, moderately charged PAH alternated with 
partially charged PAA polymers, yields the thickest films. This 
is because the pH of the dipping solution not only affects the 
ionization of polyelectrolytes in solution, but it also changes the 
ionization of the polyelectrolytes multilayers on which 
adsorption occurs. Specifically, the pre-adsorbed PAA chains 
undergo a drastic charge density increase when the pH changed 
from 3 to 6, which in turn recruit more PAH chains to 
compensate for the increased charge density of the PAA chains, 
eventually leading to the formation of the thickest bilayers with 
an exponential growth behavior. 

Once we confirmed the successful fabrication of 
multilayer films, we fabricated (PAH/PAA)n multilayers on the 
conventional PE separator at three different pH conditions. In 
order to enhance the wettability of the conventional 
hydrophobic PE membrane, the PE separator was initially 
subjected to oxygen plasma treatment for 1 min. The oxygen 
plasma treatment changed the contact angle of a water droplet 
on the surface of PE from 119° to 87°. In addition, it was 
observed that the oxygen plasma treatment did not significantly 
damage the surface structure of PE separator under scanning 
electron microscopy (SEM) (Figure S1). Attenuated total 
reflectance-infrared (ATR-IR) spectroscopy was employed to 
monitor the characteristic peaks of the multilayer coated PE 
corresponding to the functional groups present in the 
polyelectrolytes as in Figure 2. Five bilayer films of 
(PAH/PAA)5 coated PE separator all showed the characteristic 
peaks of the PE separator with a scissoring band of the 

 
Figure 2. ATR-IR spectra of (PAH/PAA)5 multilayer coated 
PE-separator at each assembly pH.  
 
methylene (-CH2-) backbone of PE at 1462 and 1473 cm-1. the 
C=O stretching vibration peaks of carboxylic acid (-COOH) at 
1712 cm-1 and carboxylate (-COO-) peaks at 1541 cm-1 and 
1400 cm-1. As expected, the transition from carboxylic acid 
groups to the carboxylate of PAA is well observed with 
increasing pH of the dipping solution. For instance, according 
to the peak intensity in the IR spectra, the relative fraction of 
carboxylate (COO-) to carboxylic acid (COOH) at pH 3/3, 6/3, 
and 8.5/8.5 was determined to be 0.5, 1.31 and 3.33, 
respectively. This distinctly proved that the pH sensitive 
behavior of PAH/PAA multilayer films affect the LbL 
architecture, as shown in previous thickness growth curve 
(Figure 1). 

On the basis of the stable coating of the polyelectrolytes 
on the PE separator, we studied the surface morphology of the 
PE separator with a different number of bilayers that are 
assembled at respective pH conditions using a scanning 
electron microscopy (SEM) in Figure 3. The first few layers of 
the polyelectrolyte coatings were hard to discern clearly due to 
the low contrast, yet we found that bare PE separators with a 
unique network of interconnected large pores were present. 
With increasing the number of bilayers, however, the pores of 
the bare PE separator were gradually blocked by the coated 
(PAH/PAA)n multilayer films. In particular, the pores of the PE 
separator were almost completely blocked by the thickest films 
of (PAH/PAA)5 assembled at pH 6/3 in accord with the 
previous results of thickness measurements. Moreover, the 
surface property of the multilayer coated PE was also 
investigated with contact angle measurements, which revealed 
the internal composition of the polyelectrolytes within the 
multilayers. This is because the underlying layer of the LbL 
films is known to influence the surface property of films in 
concert with the previous literature of (PAH/PAA)n multilayer 
systems.53 As a result, the PAH-rich multilayers displayed a 
more hydrophobic surface, as evidenced by the high pH 
assembly conditions of pH 8.5/8.5, whereas PAA-rich 
multilayers retained a more hydrophilic surface in the film 
assembled at pH 3/3 condition. On the other hand, because the 
segments of PAH and PAA are present in a similar amount in 
the case of pH 6/3, contact angle decreased at initial stage but 
increased gradually because of the exponential growth of the 
LbL films and enhanced surface roughness. These results are in 
good agreement with previous reports on which how different 
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Figure 3. SEM images of PAH/PAA 1, 3, and 5 bilayer (BL) 
coated on separator by LbL assembly at a) pH 3/3, b) pH 6/3 
and c) pH 8.5/8.5. The scale bar of each image is 1 μm. 
 
assembly conditions can lead to the internal structure of 
polyelectrolytes multilayers and their modified thin films.50 

To evaluate the ion-permselectivity of the multilayers that 
are assembled at different pH conditions, we used two different 
charged redox probe molecules, such as cationic Ru(NH3)6

3+ 

and anionic Fe(CN)6
3-, respectively. Cyclic voltammogram (CV) 

analysis was carried out using (PAH/PAA)n multilayer coated 
ITO glass at pH 3/3. As shown in Figure 4, the cationic charge 
probe, Ru(NH3)6

3+, can penetrate through the PAH/PAA films, 
but the current density diminished marginally with the increase 
of film thickness because of the limited diffusion of the small 
molecule through the polyelectrolyte multilayers (ca. 15% with 
5 BL film). In clear contrast, the movement of the anionic 
probe, Fe(CN)6

3-, is significantly inhibited by the (PAH/PAA)n 
films, indicating a 72% decrease in current density even at 1 BL 
film and decreases further with growth of the (PAH/PAA)n 
films (ca. 98% with 5 BL). This observation can be explained 
by the following. At pH 3/3, PAA containing free carboxyl acid 
groups is adsorbed on fully ionized PAH. If this LbL film is 
dipped in a neutral solution above the pKa of PAA, the many 
free carboxyl acid groups of PAA are deprotonated, forming 
carboxylate groups. As a result, the internal charge density of 
the (PAH/PAA)5 films becomes considerably more negative, 
which repels anionic probe molecules like Fe(CN)6

3-. This 
cation-exchangeable property was also seen at pH 6/3 and pH 
8.5/8.5, but the amount of negative charges in the LbL films 
was different (Figure S2). Cationic retention (I+/Io

+ ,where I+ is 
current density at each condition, and Io

+ is current density on 
bare electrode of cation) of 5 BL at pH 3/3, 6/3, and 8.5/8.5 was 
maintained at 85%, 47%, and 59%, respectively, (Figure S3a), 
while anionic retention (I-/Io

- , where I- is current density at 
each condition, and Io

- is current density on bare electrode of 
anion) noticeably decreased to 2%, 1.4%, and 2.6%, 
respectively, with 5 BL (Figure S3b). In other words, LbL 
multilayer coating has an ion-permselective property similarly 
observed in other works,52, 54 and our system is only cation-
exchangeable. Furthermore, we calculated the cationic 
permselectivity (P+) under different conditions using a simple 
equation (1). 

𝑃+ = 𝐼+ 𝐼𝑜+⁄
𝐼− 𝐼𝑜−⁄     (1) 

 
Figure 4. Cyclic voltammograms (CV) of (PAH/PAA)n 
multilayer of pH 3/3 coated on ITO glass by LbL assembly in 
an aqueous 0.50 M Na2SO4 electrolyte solution containing 5.0 
mM of a) Ru(NH3)6

3+ as the cationic and b) Fe(CN)6
3- as the 

anionic probes, respectively. Inset image shows the schematic 
representation of the cation exchange property of LbL thin 
films. c) The comparison of anodic peak current density of each 
ion species. d) Calculated permselectivity, P+, (selectivity ratio 
of cation to anion) with different numbers of bilayers and pH 
conditions. 
 
As a result, cationic permselectivity increased at all of the pH 
conditions with respect to the number of bilayers. However, pH 3/3 
showed the best ion-permselective property (pH 3/3 > pH 6/3 > pH 
8.5/8.5), which corresponds to the amount of free carboxyl acid 
groups in PAA. 

The electrochemical performance of CMK-3/S using bare 
PE and (PAH/PAA)5 coated PE separators at each pH were 
compared (Figure 5). Note that any additive such as lithium 
nitrate forming stable passivation films on Li metal was not 
used to evaluate the inherent effect of separators on the shuttle 
phenomena of dissolved polysulfides, because it is well-known 
that stable passivation layers on Li itself inhibit the shuttle 
effect. The key parameter determining the appearance of the 
shuttle effect is Columbic efficiency which was defined as the 
ratio of discharge capacity to charge capacity, because charge 
capacity surpasses the discharge capacity when dissolved 
polysulfides cause self-discharges (shuttle effect). Remarkably, 
all of the LbL treated separators show highly improved 
Coulombic efficiencies with almost 100%, which means the 
shuttle effect of polysulfide is effectively inhibited, which is 
shown by comparing each pH to the bare PE separator in Figure 
5c. The Coulombic efficiency of the bare PE separator was 59% 
at minimum and 69% after 50 cycles. However, pH 3/3, pH 6/3 
and pH 8.5/8.5 maintain the Coulombic efficiency with 98%, 
104%, and 99%, respectively. This clearly demonstrated that 
the ion-permselective LbL thin film coating on the PE separator 
effectively inhibited the movement of the dissolved 
polysulfides from the cathode to anode in Li-S batteries. The 
CMK-3/S electrodes with the bare PE separator and PAH/PAA 
coated separators at pH 3/3, and 8.5/8.5 delivered high 
reversible capacities of ca. 1302, 1418, and 1350 mA h g-1 at 
the first cycle, respectively (Figure 5d), indicating Li+ ion 
conduction through both the bare and PAH/PAA coated 
separators is fast enough because of the good wetting property 
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Figure 5. Voltage profiles of the a) bare PE separator and b) 
(PAH/PAA)5 coated PE separator at pH 3/3. c) Cycle 
performance and d) Coulombic efficiency of the (PAH/PAA)5 
coated separator at each pH and comparison to bare PE 
separator. 
 
of both separators for electrolytes. However, the reversible 
capacity of pH 6/3 was significantly lower than that of any 
other cases, which is attributed to the fact that Li ions cannot 
diffuse into the separator because the pores of the separator 
were clogged by the densely packed coating layers as shown in 
Figure 1b. In addition, owing to the inhibited shuttle effect of 
the coated separators, the pH 3/3 and 8.5/8.5 conditions showed 
better cycle performance than the bare separator (Figure 5d). 
Moreover, the pH 3/3 exhibited slightly better capacity 
retention than the 8.5/8.5. This is attributed to that the amount 
of loaded PAA on the pH 3/3 LbL film is much higher than that 
of PAH, and the charge of LbL film is also highly negative. The 
negatively charged intensity of the pH 8.5/8.5 LbL film is 
relatively weaker because of the smaller amount of COOH of in 
the PAA chains than at pH 3/3 condition. 

Conclusions 
In conclusion, we have developed a simple method of 

constructing polymer coated separators by nanoscale thin film 
coating LbL assembly. The separator prepared by the LbL method 
offers precise control not only over the thickness of the coating films, 
but also the charge density of the whole films by changing the 
number of bilayers as well as external pH conditions (pH 3/3, 6/3, 
and 8.5/8.5) that can control the relative fraction of charged 
carboxylate group over non-charged carboxylic acid group. 
Especially, the case of pH 3/3, which has large amount of free 
carboxyl acid groups in PAA, showed the best cationic 
permselectivity, necessary for inhibiting the shuttle effect. As a 
result, ion-permselective separators showed the enhanced Coulombic 
efficiency reaching almost 100% and cycle performance of Li-S 
batteries. This study introduces a new strategy for creating the 
separator in Li-S batteries that can decrease the migration of soluble 
high-order Li-polysulfide (Li2S3 to Li2S6) from the cathode to the 
anode through the separator. 
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