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 Rational Integration of Polypropylene/Graphene 
Oxide/Nafi on as Ternary-Layered Separator to Retard 
the Shuttle of Polysulfi des for Lithium–Sulfur Batteries 

   Ting-Zhou    Zhuang     ,        Jia-Qi    Huang     ,   *        Hong-Jie    Peng     ,        Lian-Yuan    He     ,        Xin-Bing    Cheng     ,    
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  1.     Introduction 

 Advanced electrochemical systems have drawn great atten-

tion toward the future energy storage system. Lithium–sulfur 

(Li–S) battery with an ultrahigh theoretical energy density of 

2600 Wh kg −1  is therefore considered as one of the potential can-

didates for next-generation of high-energy-density systems. [ 1,2 ]  

 Although the concept of Li–S electrochemical system 

was fi rstly proposed more than 30 years ago, the practical 

applications of rechargeable Li–S batteries are still hindered 

by some intrinsic obstacles, especially the so-called “shuttle 

effect”. While bringing huge advantages in energy density, 

multielectron-transfer redox chemistry drags Li–S batteries 

into dilemma of low effi ciency, severe capacity degradation, DOI: 10.1002/smll.201503133

 The reversible electrochemical transformation from lithium (Li) and sulfur (S) into 
Li 2 S through multielectron reactions can be utilized in secondary Li–S batteries with 
very high energy density. However, both the low Coulombic effi ciency and severe 
capacity degradation limits the full utilization of active sulfur, which hinders the 
practical applications of Li–S battery system. The present study reports a ternary-
layered separator with a macroporous polypropylene (PP) matrix layer, graphene 
oxide (GO) barrier layer, and Nafi on retarding layer as the separator for Li–S 
batteries with high Coulombic effi ciency and superior cyclic stability. In the ternary-
layered separator, ultrathin layer of GO (0.0032 mg cm −2 , estimated to be around 
40 layers) blocks the macropores of PP matrix, and a dense ion selective Nafi on layer 
with a very low loading amount of 0.05 mg cm −2  is attached as a retarding layer to 
suppress the crossover of sulfur-containing species. The ternary-layered separators are 
effective in improving the initial capacity and the Coulombic effi ciency of Li–S cells 
from 969 to 1057 mAh g −1 , and from 80% to over 95% with an LiNO 3 -free electrolyte, 
respectively. The capacity degradation is reduced from 0.34% to 0.18% per cycle 
within 200 cycles when the PP separator is replaced by the ternary-layered separators. 
This work provides the rational design strategy for multifunctional separators at cell 
scale to effective utilizing of active sulfur and retarding of polysulfi des, which offers 
the possibility of high energy density Li–S cells with long cycling life. 

Lithium–Sulfur Batteries

  T.-Z. Zhuang, Prof. J.-Q. Huang, H.-J. Peng, 
L.-Y. He, X.-B. Cheng, Prof. Q. Zhang 
 Beijing Key Laboratory of Green Chemical 
Reaction Engineering and Technology 
 Department of Chemical Engineering 
 Tsinghua University 
  Beijing    100084  ,   China   
E-mail:  jqhuang@tsinghua.edu.cn    ; 
zhang-qiang@mails.tsinghua.edu.cn    

 Prof. C.-M. Chen 
 Key Laboratory of Carbon Materials 
 Institute of Coal Chemistry 
 Chinese Academy of Sciences 
  27 Taoyuan South Road  ,    Taiyuan    030001  ,   China   

small 2016, 12, No. 3, 381–389



full papers
www.MaterialsViews.com

382 www.small-journal.com © 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

and poor cyclic life. During the discharge of Li–S batteries 

(lithiation of element sulfur), cyclo-S 8  transforms into a series 

of soluble polysulfi de intermediates (Li 2 S  x  ,  x  = 4–8) and ulti-

mately insoluble Li 2 S/Li 2 S 2 . 
[ 3 ]  The soluble polysulfi des can 

diffuse across the separator repeatedly driven by the concen-

tration gradient. Due to the high reactivity of metastable poly-

sulfi des, there is a parasitic redox cycle among polysulfi des, 

element sulfur in the cathode, and metallic lithium in the 

anode, inducing the consumption of active materials whereas 

without energy output. [ 4 ]  Furthermore, the reactions between 

polysulfi des and the lithium metal generate insulating Li 2 S 

layer on the anode, increasing the internal resistance. 

 Great endeavors have been devoted to the suppression 

of shuttle effect toward large-capacity and high-stable Li–S 

batteries. The use of solvent-in-salt electrolyte, [ 5 ]  nonsol-

vent electrolyte for polysulfi des, [ 6 ]  self-healing electrolyte, [ 7 ]  

and alpha-lipoic acid-containing electrolyte [ 8 ]  is capable of 

reducing the dissolution of polysulfi de species from cath-

odes. Various strategies of trapping polysulfi des in nanostruc-

tured composite cathodes (e.g., nanocarbon, [ 9 ]  conductive 

polymer, [ 10 ]  and their hybrid [ 11 ]  via physical confi nement 

and/or in sulfi philic scaffolds (metal oxides, [ 12 ]  heteroatom-

doped carbon, [ 13 ]  and MXene [ 14 ]  via strong chemical binding 

have been proposed. Manthiram and co-workers have pio-

neered the integration of porous interlayers as polysulfi de 

reservoirs (microporous carbon paper, [ 15 ]  carbon nanotube 

(CNT) paper, and [ 16 ]  graphene-based interlayer [ 17 ]  between 

separator and cathode to mitigate the notoriety of poly-

sulfi de shuttle. These insights are very effi cient and effective 

to improve the capacity of the cathode. However, a cell-scale 

consideration is still required for the full utilization of sulfur. 

 Separator is an essential component in an electrochem-

ical cell with a primary function of preventing the internal 

electrical connection (short circuit) and maintaining the 

ion pathways. Porous polymer separators are widely used 

but virtually unfavorable for Li–S batteries. For instance, 

the routine polypropylene (PP) separators afford intercon-

nected channels for ion diffusion and consequently are not 

capable of suppressing polysulfi de shuttle due to the large 

pore sizes (≈10 2  nm). In particular, metastable polysulfi des 

may degrade in the electrolyte and be intercepted by the 

nonpolar and electrically insulating PP framework, resulting 

in “dead” sulfur-containing species. Consequently, it is indis-

pensable to improve the structure of separators in a sys-

tematic consideration for multielectron conversion systems 

(e.g., Li–S batteries). [ 18 ]  For instance, Li and co-workers pro-

posed an integrated nanostructure of graphene current col-

lector (1.3 mg cm −2 , 30–40 µm) with a PP separator, which 

was very effective to load sulfur/carbon black active layers 

and to retard polysulfi de diffusion. [ 19 ]  Cui and co-workers 

proposed a carbon black/polyvinylidene fl uoride (PVDF) 

coating with a loading amount of 0.5 mg cm −2  and a thickness 

of 1 µm on separators to reactivate the accumulated inac-

tive sulfur-related species in the porous membrane. [ 20 ]  Man-

thiram and co-workers have proposed a stable Li–S cell with 

a lithiated Nafi on membrane (50 µm) and a light-weight acti-

vated carbon nanofi ber paper (6.0 mg cm −2 ) as a current col-

lector. [ 21 ]  Our group has fabricated ion-selective separators 

with a Nafi on coating layer of 0.7–3.5 mg cm −2  (1.4–7.0 µm) 

to reject the diffusion of polysulfi des. [ 22 ]  Together with other 

interlayers of reduced graphene oxide (GO), [ 23 ]  cellular gra-

phene framework, [ 24 ]  graphene/TiO 2 , 
[ 25 ]  CNTs/PANiNF, [ 26 ]  as 

well as functional layers of Al 2 O 3 , 
[ 27 ]  glass fi ber, [ 28 ]  GO, [ 29–31 ]  

SuperP carbon black, [ 32 ]  carbon nanotube@polyethylene 

glycol, [ 33 ]  and poly(acrylic acid), [ 34 ]  the introduction of binary 

separators (polymer matrix and functional layer) renders the 

effective strategy to improve the stable utilization of sulfur. 

 In general, an ideal shuttle-inhibition separator for 

Li–S batteries should have the following attributes:  ( 1)   a 

retarding layer with the ability to suppress polysulfi de dif-

fusion through electrostatic repulsion or steric hindrance; 

(2) an electrically insulating layer to separate anode and 

cathode; (3) an effi cient diffusion pathways of lithium ions 

(Li + ) for reversible electrochemical energy storage; (4) robust 

mechanical properties for continuous roll-to-roll operation; 

and (5) desirable systematic integration of functional layers 

to balance all the required properties. It should be noted that 

the retarding layer with the ability to suppress polysulfi de 

shuttling is an extra barrier to ion transfer, and inevitably 

raising Li +  transfer resistance. Consequently, there is always 

an intrinsic compromise between the selectivity and perme-

ability of a single component. Such a compromise is very dif-

fi cult to be fully solved by solely one functional layer that is 

designed for current composite separators. Thus, it is essen-

tial to rationally design the separators with multicomponents 

toward high-selective separation with low-transfer resistance. 

 The wise combination of barrier and retarding layers with 

PP matrix offers the emerging ternary separator with ultrathin 

and ultralight coatings for both rapid Li +  diffusion and effec-

tive inhibition of polysulfi de shuttle. Based on this considera-

tion, a ternary PP/GO/Nafi on separator system is proposed for 

Li–S batteries with high stability and effi ciency. As illustrated 

in  Figure    1  , the ternary separator is successively layered with 

 ( 1)   a strong macroporous polymer support layer (routine PP 

membrane), (2) an ultrathin but condense GO barrier layer, 

and (3) a uniform Nafi on retarding layer. The PP herein with 

a pore of 20–40 nm in width and 200–300 nm in length is a 

robust and insulating matrix. The 2D GO fl akes with ultralow 

loading of 0.0032 mg cm −2  (estimated to be approximately 

40 layers) pack tightly into an ultrathin barrier and conceal 

the macropores of PP substrate. The Nafi on layer with a small 

areal loading of 0.05 mg cm −2  endows such a ternary separator 

with abundant sulfonic acid groups and compact membrane 

structure, serving as the retarding layer with the ability to sup-

press polysulfi de crossover through electrostatic repulsion. 

Consequently, such ternary PP/GO/Nafi on separators can 

retard the shuttle of polysulfi des and improve sulfur utilization 

and cycling life effectively by fully exerting the effect of each 

layer and the rationally engineered ternary structure.   

  2.     Results and Discussion 

 We fabricated the ternary layer separator by a facile vacuum 

fi ltration of GO sheets onto the macroporous PP membrane 

for steric hindrances, followed by the subsequent depositing 

of an ultrathin electrostatically repulsive Nafi on layer. The 

routine PP separator is white and transparent ( Figure    2  a). 
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 Figure 1.    Schematic of a ternary PP/GO/Nafi on separator: The PP layer serves as free-standing continuous support. GO sheets not only cover 
the macropores on the PP separator with an ultralow loading of 0.0032 mg cm −2 , but also serve as physical barriers to selectively suppress the 
polysulfi de anions. A Nafi on layer of 0.050 mg cm −2  is coated on GO to afford –SO 3  −  groups that allow ion hopping of positive charge species (Li + ) 
but reject hopping of negative ions of S n  2− . Such ternary-layered separator improves the Coulombic effi ciency and capacity retention during cycling 
of an Li–S battery. 

 Figure 2.    Morphology of PP/GO/Nafi on-ternary-layered separators: Optical images of a) a routine PP separator, b) a PP/GO separator, and 
c) a PP/GO Nafi on-ternary-layered separator; SEM images of d) PP matrix layer, e) PP/GO, f) PP/GO separator with a deliberately torn-off region, 
and g) PP/GO/Nafi on-ternary-layered separator.
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After coating with an ultrathin GO layer, the separator turns 

into light brown yet still transparent (Figure  2 b), which is 

very similar to the ultimate PP/GO/Nafi on ternary separator 

(Figure  2 c). The routine PP separator exhibits a fl at surface 

with slit pores throughout the whole separator at the size of 

200–300 nm (Figure  2 d). The long-narrow pores provide inter-

connected channels for polysulfi de shuttle, which is a major 

reason of the capacity degradation of Li–S cells with short 

cycle life. After the coating of GO barrier layer, GO sheets 

are uniformly coated onto the porous PP separator and form 

a complete layer without distinguishable cracks. The GO 

layer is nearly transparent and the vein pattern of underlying 

PP substrate is clearly discerned under scanning electron 

microscopy (SEM) (Figure  2 e). The areal loading amount of 

GO is only 0.0032 mg cm −2 , estimated to be approximately 40 

layers of GO sheets with a thickness of around 30 nm (esti-

mated by the areal density of graphene sheet). A piece of 

GO layer was deliberately torn off to clearly exhibit the GO 

layer and concealed macropores on PP matrix (Figure  2 f). 

Subsequently, the Nafi on layer was deposited onto GO layer. 

The loading amount of Nafi on is 0.05 mg cm −2 , which cor-

responds to an approximately 100 nm thickness of a Nafi on 

layer. This is far less than our previous binary PP/Nafi on 

separators with a Nafi on loading of 0.7–3.5 mg cm −2 . [ 22 ]  The 

attachment of Nafi on rendered a fair uniform surface with a 

complete coverage of the membrane (Figure  2 g). The overall 

weight and thickness of GO/Nafi on functional layer only 

account for ≈5% and ≈0.6% of a PP separator, respectively. 

There is no detectable change in N 2  absorption isotherm of 

the separators due to the ultrathin and ultralight coating of 

both GO and Nafi on (Figure S1, Supporting Information). 

The mechanical properties of the ternary-layered separator 

were given in the tensile test (Figure S2, Supporting Infor-

mation). According to the result, the tensile behavior of the 

ternary separator is very similar with bare PP separator, and 

the GO/Nafi on coating layer showed no remarkable infl u-

ence on its mechanical properties. The 

SEM images (Figure S3, Supporting Infor-

mation) before and after the mechanical 

folding operations also indicated that 

the coating layer is robustly attached on 

the PP matrix, which can endure the cell 

assembly process.  

 The chemical composition of the 

terminated surface of separators was 

monitored by Fourier transform infrared 

(FTIR) (Figure S4, Supporting Informa-

tion). The PP matrix exhibits absorbance 

peaks ranging from 1300 to 1500 cm −1  

(bending vibrations of –CH 3  groups) 

and multiple absorption peaks located 

at 2800–3000 cm −1  (the asymmetric 

stretching of –CH 3  groups). [ 35 ]  A minor 

change in surface functionalities of PP/

GO was probed according to the weak 

adsorptions at 1630 and 1730 cm −1  (the 

vibrations of COOH and –C  O) as 

well as a board peak between 3000 and 

3600 cm −1  (hydroxyl vibration (–C–OH)). 

Most characteristic features of the PP separators were pre-

served since the 30 nm GO layer is almost transparent to 

infrared beam. With an additional Nafi on coating onto PP/

GO, strong vibrational peaks were detected at 974, 1060, 1154, 

and 1209 cm −1 , corresponding to the symmetric stretching of 

–C–O–C– and –SO 3 –, as well as the symmetric and asym-

metric stretching of –CF 2 –, respectively. Nevertheless, the 

signals of PP and GO are negligible. This confi rms the PP/

GO/Nafi on separator is terminated with sulfonate-ended per-

fl uoroalkyl ether originated from the top Nafi on layer with 

full absorption of infrared light. Therefore, a chemically gra-

dient membrane structure was successively elaborated. 

 The ion diffusion behavior of the ternary PP/GO/Nafi on 

separator in an Li–S cell was also investigated. A visualized 

set-up intuitionally illustrated the difference between various 

separators in blocking the transportation of polysulfi de inter-

mediates ( Figure    3  ). Different separators were assembled 

between polysulfi de solutions (upper side, 0.1 mmol L −1  Li 2 S 7  

in 1,3-dioxolane (DOL)/1,2-dimethyoxyethane (DME) with 

volume ratio of 1:1) and pure solvents (bottom side, DOL/

DME). The solvent phase with PP separator underwent a sig-

nifi cant change from colorless to nigger-brown after resting 

for 16.0 h, which indicated the cross–membrane leakage of 

polysulfi des into pure solvents. When the PP/GO separator 

was employed, the diffusion of polysulfi des was signifi cantly 

suppressed, which was a direct proof of an ultrathin GO 

layer to retard the diffusion of polysulfi des at a very low 

loading amount of 0.0032 mg cm −2 . The ternary PP/GO/

Nafi on separator afforded the most outstanding capability 

of blocking the diffusion of polysulfi des. Nearly no color 

change of the solvent phase was detected (Figure  3 ). It should 

be noticed that the Nafi on loading is less than the previous 

Bauer’s report [ 36 ]  of 0.25–1.0 mg cm −2  and Huang’s report [ 22 ]  

of 0.7–3.5 mg cm −2  in which the polysulfi des still diffused 

through the PP/Nafi on separator after long duration; the GO 

areal loading of 0.0032 mg cm −2  reported herein is also much 
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 Figure 3.    Visualized test of the shuttle inhibition of a ternary-layered separator: The diffusion 
of high-order polysulfi des through a routine PP separator (upper), a PP/GO separator (middle), 
and a PP/GO/Nafi on-ternary-layered separator (under) in 16 h rest.
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less than previous research results of 0.15–2.1 mg cm −2 . [ 19,29,30 ]  

The well integration of GO/Nafi on is effective to retard the 

shuttle of polysulfi de at a very low areal loading, which simul-

taneously affords a rapid diffusion channel for Li + .  

 The diffusion coeffi cients of Li +  across the separators 

were quantitatively evaluated by cyclic voltammogram 

(CV) test and the subsequent calculation from Randles–

Sevick equation. [ 37 ]  We defi ned the anodic peak at around 

2.4 V, the cathodic peaks around 2.0 and 2.3 V as peak A, 

B, and C, respectively (Figure S5, Supporting Information). 

The diffusion coeffi cients were determined to be +LiD  

(A1) = 6.38 × 10 −8  cm 2  s −1 , +LiD  (B1) = 6.87 × 10 −8  cm 2  s −1 , 

and +LiD  (C1) = 2.18 × 10 −8  cm 2  s −1  for a routine PP sep-

arator, which was only a bit larger than the diffusion coef-

fi cients for the ternary PP/GO/Nafi on separator of +LiD  

(A2) = 6.36 × 10 −8  cm 2  s −1 , +LiD  (B2) = 4.70 × 10 −8  cm 2  s −1 , 

and +LiD  (C2) = 1.67 × 10 −8  cm 2  s −1 , respectively. The incor-

poration of GO/Nafi on ultrathin fi lm does not notably 

degrade the diffusion properties of Li + . 

 In order to fully evaluate the shielding role of the ter-

nary separator, an LiNO 3 -free electrolyte was selected for 

the electrochemical performance evaluation. This excluded 

the effi cient anode protection by LiNO 3  that was widely 

applied in battery community. [ 38 ]  As shown in  Figure    4  a, the 

CV profi les of cells with a PP separator and a ternary sepa-

rator both exhibit the typical reduction/oxidation behaviors 

of sulfur. The sequential reduction of cyclo-S 8  to high-order 

polysulfi des (Li 2 S  x  ,  x  = 4–8) with redox peak near 2.30 V and 

to Li 2 S/Li 2 S 2  (2.00 V) are both unambiguously detected in 

the cathodic scan. There is a 0.02 V shift from 2.01 to 1.99 V 

in the Li–S cell with a ternary separator comparing to that 

with a routine PP separator. In the anodic scan, the peak 

shifts by 0.02–2.38 V for the cell with a ternary separator. 

The slightly peak position shifts in both cathodic and anodic 

scans are attributed to the infi nitesimally increased resistance 

of ion diffusion across the ultrathin GO/Nafi on layer. Such 

phenomenon was further confi rmed by a 17 mV more polar-

ized charge–discharge voltage profi le of the Li–S cell with 

a PP/GO/Nafi on ternary separator at 0.1 C than that of its 

counterpart with a PP separator (Figure  4 b).  

 The PP/GO/Nafi on-ternary-layered separator delivered 

a remarkable advantage in improving the specifi c capacity 

of the sulfur cathodes from 969 to 1057 mAh g −1 , which was 

mainly contributed from the high plateau of discharge pro-

fi les. As the reduced high-plateau capacity is a typical sign of 

the polysulfi de shuttle, this phenomenon indicates that the 

diffusion of polysulfi des across the separators is signifi cantly 

inhibited, which is in consisted with the visualized test shown 

in Figure  3 . Such an inhibition effect on the shuttle effect 

also mitigated overcharging phenomenon of the Li–S cells, 

signifi cantly improving the Coulombic effi ciency from 80.1% 

to 94.8%. The ternary separators exhibited superior perfor-

mance via inhibition of polysulfi de shuttle at low charge/

discharge current density of 0.1 C (1.0 C = 1675 mA g −1 ). 
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 Figure 4.    Electrochemistry of Li–S batteries incorporated with PP/GO/Nafi on-ternary-layered separators: a) CV profi les at a scan rate of 
0.1 mV s −1 ; b) the voltage profi le of the fi rst charge/discharge curve of cells at 0.1 C; c) the cycling performance at a charge/discharge current 
density of 0.5 C; d) the rate performance of the Li–S cell.
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The cell with ternary separators maintained a relatively high 

Coulombic effi ciency of 95%–99% during the 200 cycles at 

0.5 C (Figure  4 c), which was signifi cantly higher than that 

of cells with routine PP separators (≈ 85%). By suppressing 

the side reactions of polysulfi des with lithium anodes and 

irreversible interception of polysulfi des in routine polymer 

mats, ternary separators promoted the capacity retention of 

the cells. The decay rate was 0.18% per cycle over 200 cycles, 

while that was 0.34% per cycle for the cell with a routine 

PP separator. 

 Besides the superior stability, the rapid ion transportation 

and corresponding rate performance of Li–S cells were also 

contributed from the ion-selective, ultrathin functional GO/

Nafi on layers. Discharge capacities of 1090, 985, 905, 799, and 

667 mAh g −1  were detected for the cell with a ternary-layered 

separator at current densities of 0.1, 0.2, 0.5, 1.0, and 2.0 C, 

which were higher than those of the cell with a routine PP 

separator (1000, 850, 756, 678, and 570 mAh g −1 ) (Figure  4 d). 

When the charge/discharge current was set back to 0.1 C, 

the cell with PP/GO/Nafi on separator exhibited a discharge 

capacity of 922 mAh g −1  (much higher than 737 mAh g −1  for 

routine Li–S cell). 

 Furthermore, the role of ternary-layered separators was 

even more pronounced when a cathode with ultrahigh sulfur 

areal loading was employed. High areal sulfur loading was 

quite important for the practical engineering applications 

but was little touched due to the strong shuttle of polysulfi de 

and poor utilization of active materials. [ 39,40 ]  For instance, 

the charge/discharge of a routine cell with a PP separator 

can hardly be accomplished due to the severe shuttle effect 

and corresponding overcharge when the sulfur areal loading 

is increased to 4.0 mg cm −2  (Figure S6, Supporting Infor-

mation). Severe shuttle effect was observed for Li–S cell 

with routine separator due to the higher concentration of 

polysulfi de intermedia. A low Coulombic effi ciency of 63% 

was detected, and a fast fading of 1.1% per cycle was also 

observed within the fi rst 30 cycles. In contrast, the high-

sulfur-loading cell with a ternary-layered separator displayed 

an improved initial discharge capacity of 1225 mAh g −1 , and 

high Coulombic effi ciency of 92%. With the alleviated shuttle 

effect, an improved cyclic stability with 0.7% per cycle within 

the fi rst 30 cycles was achieved. Such a ternary-layered sep-

arator was highly effi cient in suppressing the crossover of 

polysulfi des even under high-sulfur-loading condition. 

 To further demonstrate the effect of ternary-layered sep-

arators in the whole Li–S cells, the cells were disassembled 

after 50 electrochemical cycles at 0.1 C. The surface mor-

phologies of lithium metal anodes were meticulously inves-

tigated (Figure S7, Supporting Information). A coarse anode 

surface was observed in the cell with a routine PP separator 

(Figure S7a and S7b, Supporting Information). Working with 

a routine PP separator, the lithium metal showed uneven 

surface due to the nonuniform lithium dissolution/depo-

sition, leading to dendrite formation and the porous sur-

face morphologies, which has been widely reported. [ 2 ]  As a 

result, electrolyte was continuously consumed as fresh sur-

face exposed to form new solid electrolyte interphase. The 

dissolved polysulfi des were thereafter lost. Moreover, den-

dritic growth of lithium caused safety concerns as well. In 

contrary, working with a PP/GO/Nafi on ternary separator, 

lithium anode exhibited a conformal surface (Figure S7c and 

S7d, Supporting Information), and the surface still possessed 

metallic luster. Only a thin layer of lithium metal protuber-

ances was observed after the 50 dissolution/deposition cycles, 

which indicated a smooth and uniform electrochemical pro-

cess in this case. Similar phenomena were also observed 

with the cell after 200 electrochemical cycles. The surface 

of lithium anode in the cell with ternary separator was less 

coarse, and the majority of the surface was smooth, deco-

rating with nanosized precipitations (Figure S8a, Supporting 

Information). In comparison, the lithium anode in a cell 

with routine separator showed a much rougher surface. The 

anode surface was composed of pulverized lithium particles 

(Figure S8b, Supporting Information), which were originated 

due to the corrosion based on polysulfi de-related parasitic 

reactions. Ternary separators are capable to suppress poly-

sulfi de crossover in cells, thereby protecting lithium anode 

from a deteriorated chemical state and benefi ting the lifespan 

for Li–S batteries. 

 The PP/GO/Nafi on ternary separators, which are with 

very thin coating of functional layers, ensure both effi cient 

inhibition of polysulfi de crossover and rapid Li +  transporta-

tion. The superior performance relies on not only the chem-

ical effects of functional building blocks but also the rational 

design of integrated layered structure. To demonstrate the 

crucial role of successive GO/Nafi on coating layers, a control 

separator with the coating sequence of PP/Nafi on/GO at same 

loading amount was fabricated. Although a dense layer of 

GO was formed on the separator, the Nafi on retarding layer 

was unable to cover the pores on PP matrix (Figure S9, Sup-

porting Information). The Li–S cell with a PP/Nafi on/GO sep-

arator presented an improved Coulombic effi ciency to 91%; 

however, the capacity degradation was similar to the cell with 

a routine PP separator (Figure S10, Supporting Information). 

Obviously, maximally exerting the merits of functional layers 

(GO and Nafi on) depends on a rational engineering of the 

ternary-layered structure. While for binary composite separa-

tors, effective permeability functions can hardly be achieved 

with a loading amount of coating layers as low as that of 

ternary PP/GO/Nafi on separators. For instance without GO 

middle layer, the Nafi on polymeric chains can hardly self-

weave into free-standing fi lms that block the macropores 

of the PP matrix at a loading amount of 0.05 mg cm −2 . 

Therefore binary PP/Nafi on separator can only ensure a 

high Coulombic effi ciency of 97% when loading amounts of 

Nafi on are higher than 0.7 mg cm −2 . [ 22 ]  Similarly, the binary 

PP/GO separator can only achieve a Coulombic effi ciency 

of 95% with a GO loading amount of 0.12–0.24 mg cm −2 . [ 31 ]  

Attributed from the ultrathin feature of GO/Nafi on layers, 

Li–S cells with a ternary-layered separator exhibited low 

additional resistance of Li +  transportation whereas it was 

benefi cial for lowering the charge-transfer resistance via 

shuttle suppression that avoided the formation of insulating 

phase of Li 2 S on the anode surface, which was verifi ed by 

slightly increased  R  f  and reduced  R  ct  in the electrochemical 

impedance spectra (Figure S11, Supporting Information). 

In terms of the extra mass of the coating layer on PP/GO/

Nafi on of 0.053 mg cm −2 , the corresponding impact to the 

small 2016, 12, No. 3, 381–389



www.MaterialsViews.com

387© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.small-journal.com

loss of energy density was as low as 1.3% when high sulfur 

loading of 4.0 mg cm −2  was applied. This facile method pro-

vides a new route toward high-stability and high-effi ciency 

Li–S battery. 

 The rational integration of the three components syner-

gistically exerts the maximum of unique advantages of each 

layers and their functions are indispensable: (1) The PP layer, 

which is electrically insulating and mechanically robust at 

macroscale, serves as free-standing continuous 3D scaffolds 

to play the basic role of routine separators (e.g., electrical 

insulator, ion conductor, and mechanical support). (2) GO, a 

well-known 2D material that is ultralight and rich in surface 

oxygenated groups, can tightly packed into ultrathin adhesive 

membrane on 3D macroporous substrates (e.g., PP mem-

branes), not only concealing the macropores of PP supporting 

layer but also serving as a barrier to moderately suppress the 

transport of polysulfi de anions while to maintain the fl ux of 

Li + . However, the ion selectivity of GO is positively correlated 

to the thickness of the GO layer whereas a thick GO fi lm will 

easily be peeled off from supports. (3) Nafi on, a commercial 

anionic polymer with abundant grafted –SO 3  
− – groups, has 

very strong electrostatic force to selectively allow Li +  hop-

ping but reject polysulfi de anions (S n  2− ). [ 22,41 ]  However, the 

linear polymeric nature of Nafi on inhibits its self-supporting 

capability on 3D macroporous substrates, thereby increasing 

the threshold of Nafi on loading to conceal the macropores. 

Therefore, binary PP/Nafi on or PP/GO with ultralow loading 

amounts are incapable of realizing effi cient ion selectivity. 

However, too thick retarding layer also inhibits the fl ux of 

Li +  and degrades the performance of electrochemical cells. 

Consequently, via the rational design of a ternary-layered 

separator, in which each components are synergistically inte-

grated, we substantially suppressed polysulfi de shuttle with 

ultralow areal loading amounts of GO and Nafi on at only 

0.0032 and 0.05 mg cm −2 , respectively. This is, to the best of 

our knowledge, the lowest reported value, which is at least 

one order of magnitude lower than our previous studies. [ 22,31 ]  

The well integration of GO and Nafi on effectively reduced 

the amount of the electrochemical inactive materials, and the 

value of 0.053 mg cm −2  is much less than the current reports 

with single component of poly(acrylic acid), [ 34 ]  glass fi ber, [ 28 ]  

Al 2 O 3 , 
[ 27 ]  graphene, [ 19,29 ]  and carbon black [ 20,32 ]  (see Table S1 

in the Supporting Information). Such a ternary-layered 

separator is expected to improve the Coulombic effi ciency 

and capacity retention signifi cantly while a minor addi-

tion of inactive materials is involved, far less than routine 

 separator of 0.5–2.5 mg cm −2  and practical sulfur loading of 

≈ 4 mg cm −2 . [ 39 ]  Consequently, the advantage of Li–S batteries 

in superior energy density is not sacrifi ced but the effi ciency 

and stability are formidably boosted.  

  3.     Conclusions 

 A proof-of-the-concept ternary separator of a layered PP/

GO/Nafi on was rationally designed, fabricated, and applied 

in Li–S batteries with improved sulfur utilization, effi ciency, 

and long cycling life. With the aid of physical confi nement 

and electrostatic repulsion to polysulfi de species, the cell with 

a ternary-layered separator exhibited an enhanced cycling 

effi ciency above 95% and ameliorated capacity degrada-

tion to 0.18% per cycle. Via the suppression of polysulfi de 

crossover, the ternary-layered separator also contributed to 

lithium anode protection, which rendered high lifespan of the 

Li–S batteries. This work offers a concept of ternary system, 

in which the rational combination of building blocks into 

hierarchical structures was indispensable to fully demonstrate 

their roles in the ternary system with multifunctions and 

multiapplications. Such a rational integration concept and a 

ternary hybrid platform are applicable not only to practical 

Li–S battery with high energy density and long cycling life, 

but also to other complex electrochemical device and energy 

storage systems containing multielectron redox reactions and 

complex transport of intermediates (including fl ow redox 

batteries, fuel cells, and metal–air batteries).  

  4.     Experimental Section 

  Preparation of the Ternary-Layered Separator : GO was prepared 
by a modifi ed Hummers’ method. The Celgard 2400 separator 
made of PP was employed as a matrix layer for ternary separator. 
Both GO and Nafi on were diluted by a mixed diluent prepared by 
isopropanol and deionized water according to a ratio of 6:4. 0.04 
mg GO was deposited on PP membrane through the vacuum fi ltra-
tion. The as-obtained PP/GO coated membrane was further depos-
ited by Nafi on afterwards. The ternary-layered separator was dried 
in air under ambient condition. The as-obtained modifi ed sepa-
rator was cut into a 16 mm diameter disk for battery assembly. The 
ternary PP/GO/Nafi on separator was with 0.0032 mg cm −2  GO and 
0.05 mg cm −2  Nafi on. 

  Characterization : A JSM 7401F (JEOL Ltd., Japan) SEM oper-
ated at 1.0 kV was employed for morphology characterization of 
the separator and the metal anode. The mechanical tests of the 
separators were performed on a GT-TS-2000 instrument at room 
temperature, with the test of traverse direction carried out at a 
rate of 15 mm min −1  and the longitudinal direction test carried 
out at 8.0 mm min −1 . The FTIR spectra were collected by attenu-
ated total refl ectance–Fourier transform infrared spectroscopy. 
N 2  adsorption/desorption isotherm was collected with Auto-
sorb-IQ2-MP-C system. The macroscale diffusion test was carried 
out in a visualized instrument by inversely inserting a sample 
bottle whose hollow lid was sealed by the prepared separator into 
a centrifuge tube. The sample bottle was fi lled with 0.10  m  Li 2 S 7  
solution with DOL/DME ( v / v  = 1:1) beforehand. Correspondently, 
2.0 mL DOL/DME ( v / v  = 1:1) solvent was added into the centrifuge 
thus polysulfi des could diffuse to the solvent phase through the 
modifi ed membranes. The Li 2 S 7  solution was prepared by a synpro-
portionation reaction between Li 2 S and S with a molar ratio of 1:6. 

 The lithium ion diffusion coeffi cient LiD +  (cm 2  s −1 ) was evalu-
ated by cyclic voltammetry and calculated according to the 
Randles–Sevick Equation 

    2.69 10p
5 1.5

Li
0.5

Li
0.5I n AD C v= × +   (1) 

 in which  I  p  (A) is the peak current,  n  represents the number of elec-
trons of in the reaction (for Li–S batteries,  n  = 2),  A  (cm 2 ) indicates 
the electrode area (1.327 cm 2  herein), LiC +  (mol mL −1 ) means the 
lithium–ion concentration in the electrolyte and  v  stands for the 
scanning rate (V s −1 ). 
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  Electrochemical Performance Evaluation : The performance of 
the coin cell with a PP/GO/Nafi on separator was evaluated in 2025-
type cells. The cathode electrodes in this work were prepared from 
homogeneous slurry of carbon (graphene/CNT-hybrid)/sulfur com-
posites (60% sulfur) and binder (PVDF) ( w / w  = 9:1). Then the slurry 
was coated onto aluminum foil current collectors. The electrode 
was dried at 60 °C for 24.0 h. The areal sulfur loading amount was 
1.2 mg cm −2 . In case of the high areal loading electrode, the sulfur 
loading amount was 4.0 mg cm −2 . The metallic lithium disks were 
assembled into cells as anodes, followed by a solution of DOL/DME 
( v / v  = 1/1) with 1.0 mol L −1  lithium bis(trifl uoromethanesulfonyl)
imide (LiTFSI) as electrolyte. The coin cells were assembled in an 
argon-fi lled glove box. Galvanostatic cycling of cells was performed 
within a voltage range of 1.5–3.0 V on a Neware multichannel bat-
tery tester. Both the cyclic voltammogram (scan rate: 0.1 mV s −1 ) 
and electrochemical impedance spectroscopy were carried out by a 
Solartron 1470E electrochemical workstation. The capacities were 
calculated based on the mass of sulfur in the cathode. All of the 
batteries were measured at 25 °C.  
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