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ABSTRACT Utilization of permselective membranes holds tremendous promise for retention 19 

of the electrode active material in electrochemical devises which suffer from electrode 20 

instability issues.  In rechargeable Li-S battery- a strong contender to outperform the Li-ion 21 

technology- migration of lithium polysulfides from the sulfur cathode has been linked to rapid 22 

capacity fading and lower Coulombic efficiency.  However, the current approaches for 23 
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configuring Li-S cells with permselective membranes suffer from large ohmic polarization 1 

resulting in low capacity and poor rate capability.  To overcome these issues, we report the 2 

facile fabrication of a high flux graphene oxide membrane directly onto the sulfur cathode by 3 

shear alignment of discotic nematic liquid crystals of graphene oxide (GO).  In conjunction 4 

with a carbon coated separator, the highly ordered structure of the thin (~ 0.75 µm) membrane 5 

and its inherent surface charge retains majority of the polysulfides, enabling the cells to deliver 6 

unprecedented high initial discharge capacities of 1616, 1400 and 1170 mAh g-1 at 0.2 C, 0.5 C 7 

and 1 C, respectively. Our Li-S cells also exhibit outstanding capacity retentions of 90 % and 8 

70 % after 100 and 400 cycles at 1 C with an exceptional average Coulombic efficiency of 9 

99.75 %. 10 

MAIN TEXT 11 

INTRODUCTION 12 

Advances in battery technologies will impact a wide array of applications such as 13 

extending the transportation range of electric vehicles and enabling compact energy storage 14 

systems to use renewable sources efficiently.  Such applications demand batteries with 15 

considerably higher specific energy than state of the art Lithium-ion devices which have storage 16 

capacities of around 240-300 Wh kg-1.1  Recently, Lithium-Sulfur (Li-S) battery chemistry has 17 

received strong attention due to its theoretical specific capacity of 1675 mAh g-1 and theoretical 18 

specific energy of 2600 Wh kg-1.2-7  Moreover, elemental sulfur is inexpensive, abundant and 19 

light-weight which predicts for both high quality and competitive price points, 8-10 and yet a 20 

number of challenges remain unresolved towards realizing the potential of Li-S batteries.  21 

The insulating nature of sulfur and its reduction products (Li2Sx), the high solubility of 22 

higher order polysulfides (Li2Sx, 4 ≤ x ≤ 8) in the electrolyte, and large volumetric expansion 23 

of sulfur upon reduction are known to be major issues which lead to the low utilization of active 24 

material, rapid capacity fading, poor rate capability and low Coulombic efficiency of Li-S 25 

cells.9, 11-14
  Among these drawbacks, the continuous diffusion/migration of highly soluble 26 
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polysulfides from the cathode through the separator to the lithium anode and vice versa is 1 

primarily responsible for rapid capacity fading of Li-S cells.15, 16  Strategies for retention of 2 

sulfur and its reduction products on the cathode side of the battery have been suggested by 3 

improvements in  the sulfur cathode durability 5, 17, 18 and by utilizing membrane separators16, 4 

19, 20.  Efforts in this field have been particularly focused on tailoring the structure and 5 

composition of the sulfur cathode.19, 20   Producing composite cathodes by confining sulfur 6 

particles within various host materials has been the most widely used strategy in the literature 7 

to address the key challenges of Li-S battery.  Conductive host materials such as various types 8 

of conducting polymers or carbon were shown to be more successful with overcoming the 9 

insulating nature of sulfur 18, 21, while host materials with the ability to interact directly with 10 

polysulfides, including metal oxides,14 metal organic frameworks (MOFs),22 graphene oxide 11 

(GO)17, 23 and functionalized carbon materials5 have proved to promote capacity retention to 12 

higher levels.  Although these studies have had some success in retaining the capacity, the 13 

continuous leaking of polysulfides into the electrolyte still remains a challenge.  14 

The separator, sitting between the positive and negative electrodes, assumes a critical 15 

role in liquid electrolyte energy storage devices beyond preventing physical contact of the 16 

electrodes.  In general, the membrane separator should show sufficient wettability, porosity, 17 

chemical, mechanical, thermal and dimensional stability while demonstrating high permeability 18 

for ion flow.24  However for electrochemical systems where redox-active species are dissolved 19 

or dispersed in the electrolyte, such as redox flow batteries25-27, fuel cells28, 29, and Li-S 20 

batteries16, 19 permselectivity of these membranes could be harnessed advantageously by 21 

retaining unreacted and unutilized electrode reaction products while allowing the easy passage 22 

of ionic species.  More specifically, this approach holds tremendous promise for mitigating the 23 

polysulfide migration issue facing Li-S battery technology, but it has received much less 24 

attention.16, 19  25 
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Arguably, integrating a permselective membrane could restrict the crossover of 1 

polysulfides more efficiently and to a greater extent.  Helms et al. demonstrated the use of ~10 2 

µm thick membranes fabricated from polymers of intrinsic microporosity (PIMs) to 3 

dramatically decrease the migration of polysulfides.19  One other promising material which 4 

could serve effectively as permselective membrane is GO.  This is built on the fact that GO is 5 

an excellent sulfur immobilizer arising from the plethora of oxygen functional groups on the 6 

surface, 17, 23, 30 and that these oxygenated groups can repel the negatively charged polysulfides 7 

and resist their transport to the anode side resulting in higher capacity retention.  Taking 8 

advantage of this, Zhang et al. showed that a GO membrane separator fabricated by vacuum 9 

filtration technique can be cycled at 0.1 C, starting at ≈1000 mAh g-1 and retaining 70 % 10 

capacity across 100 cycles.16  Whilst being successful in retention of polysulfides to a degree 11 

(compared to cells without GO membrane), low capacity and poor rate capability of the Li-S 12 

cells configured with a ~4 µm thick tortuous structured GO membrane fabricated by vacuum 13 

filtration technique16 suggests that the factors involved in successful use of GO membranes are 14 

yet to be fully elucidated.  In particular, low thickness and fast mass transport properties of the 15 

separators are needed to reduce Ohmic polarization, which limits the use of a permselective 16 

membrane separator for achieving high energy/power characteristics.24  17 

Here we demonstrate the fabrication and use of a sub-micron thick GO membrane 18 

coated directly on onto the sulfur cathode by a blade coating technique31 - the GO membrane 19 

assists in retaining the polysulfides without unduly hindering ion-transport.  Typically we use 20 

the discotic nematic liquid crystalline phase of GO and the GO membrane is formed on the 21 

electrode by spreading the viscoelastic GO fluid by application of large shear forces.  The small 22 

volume fraction of solids in the GO dispersion (1.67 %) ensures the formation of a thin 23 

membrane and the shearing force confers a high degree of in-plane orientational order of the 24 

GO sheets in the GO membranes.  We note that this microstructural order has been observed to 25 

enhance water transport behaviour through the organized and less tortuous channels formed by 26 
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the interlayer galleries of GO.31, 32  Additionally, the permselective GO membrane on the sulfur 1 

cathode allows the battery to benefit from a novel configuration in which the insulating GO 2 

membrane is in direct contact with an electrically conducting carbon coated separator to form 3 

a cathodic ‘sub-cell’ for capturing and reducing polysulfide species that may escape the GO 4 

membrane in a manner similar to the conducting interlayer concept demonstrated earlier.5, 33-36  5 

This tandem strategy of a GO membrane and a conducting carbon coated separator enables 6 

much higher utilization of the active mass.  Importantly, the sub-micron thick highly ordered 7 

GO membrane is shown to have negligible effect on the rate capability, as well as delivering 8 

unprecedented high initial discharge capacities of 1616 (≈ 96 % of the theoretical capacity of 9 

sulfur), 1400 and 1170 mAh g-1 at 0.2 C, 0.5 C and 1 C, respectively.  Additionally, the GO 10 

coated cathode delivered capacity retentions of 90 % and 70 % after 100 and 400 cycles at 1 C 11 

with an exceptional average Coulombic efficiency of 99.75 %.  12 

As a thin shear-aligned GO membrane excels at retaining this system’s capacity, it is 13 

anticipated that it may be applied generally to electrodes in other electrochemical systems 14 

where dissolution of active material in the electrolyte is a problem. 15 

 16 

RESULTS AND DISCUSSION 17 

Fabrication and characterization of the shear-aligned GO membrane on cathode.   18 

Graphene oxide with an initial concentration of ~0.25 mg mL-1 was concentrated to ~ 30 mg 19 

mL-1 using an innovative method developed previously.31  At 30 mg mL-1, GO has already 20 

surpassed the colloidal phase transitions from isotropic to nematic liquid crystalline phase.37  21 

The liquid crystalline behaviour allows the GO layers to flow and respond to macroscopic force-22 

fields such as shear.31, 38  Taking advantage of this, a GO coated cathode was readily fabricated 23 

by a lab-scale doctor blade, as a shear-alignment tool.  The doctor blade has a rectangular outlet 24 

formed between the blade and the substrate, through which the movable blade spreads the GO 25 
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dispersion on the sulfur cathode (Figure 1a).  Subsequently, the resultant GO coated cathode 1 

was dried at 50 °C under vacuum for 12 h to remove any water residues.   2 

The degree of order and alignment of graphene sheets upon coating the nematic phase 3 

dispersion of GO has been demonstrated by polarized light microscopy imaging.  The LC-4 

PolScope-Abrio (LPS) is a sensitive polarized light microscopy technique capable of 5 

quantifying the in-plane order within graphene-based membranes.31, 39-41  Using the standard 6 

deviation of the azimuth distribution of the GO assemblies, the consistency of alignment is 7 

calculated as a scalar order parameter S where S=1 and S=0 represent, respectively, a perfectly 8 

oriented and an isotropic system.31, 39  Figure 1b and c show processed false colour images of 9 

the nematic phase of GO and the shear-aligned GO membrane, where the hue represents the 10 

azimuth as depicted by the slow axis orientation.  Regions with the same hue represent the same 11 

azimuth angle, showing the high in-plane order imparted to the shear-aligned GO membrane.  12 

This is supported by their slow axis vector representations in Figure 1d and e showing the 13 

vector overlay together with the polar histogram of the azimuth angles taken from the same part 14 

of the nematic GO and shear-aligned GO membrane, and the in-plane order parameter S.  A 15 

uniform hue in Figure 1c and a S parameter calculated as ~0.99 demonstrate the highly ordered 16 

structure of the GO membrane coated by blade coating of GO in its liquid crystalline phase.  17 

This is as opposed to the membrane s formed by vacuum filtration of GO dispersions which 18 

possess an in-plane order parameter of S~0.3, representative of a membrane with disordered 19 

graphene layers.31, 39 20 

Scanning electron microscope (SEM) images of the GO membrane on the sulfur cathode 21 

are shown in Figure 1f and g.  SEM images of the cross-section of the GO coating shows that, 22 

further to its highly ordered structure, it is of sub-micron (~ 0.75 µm) thickness and has covered 23 

the sulfur cathode surface.  Due to the extreme surface roughness of the sulfur cathode a uniform 24 

continuous coating could only be achieved at thicknesses around 0.70- 0.80 µm (Figure S1, 25 
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Supporting Information), which is still very thin compared to reports dealing with protective 1 

coatings and interlayers.16, 33, 35, 42, 43  2 

 3 

Electrochemical performance of GO coated cathode.  The ability of the GO 4 

membrane to retain polysulfides was evaluated by fabricating coin cells which each comprised 5 

a GO coated sulfur electrode as the cathode, lithium metal as the anode and a carbon-coated 6 

glass-fibre mat as the separator.  The configuration of the cell is shown in Figure 2a and b.  7 

Applying the GO membrane on the sulfur cathode allows our configuration to benefit from 8 

having an additional carbon layer coated on the separator in conjunction with the cathode.  We 9 

speculate that if the higher order polysulfides escape the GO membrane they would be either in 10 

contact with the cathode surface or the carbon coated separator, as a conducting interlayer44, to 11 

maximise utilization of the active material.  More information on the characteristics of 12 

microporous carbon used in this work is available in Figure S2, Figure S3 and Figure S4, 13 

Supporting Information.  A control cyclic voltammetry (CV) experiment on a cell assembled 14 

with a GO coated aluminium foil cathode, carbon coated glass fibre separator and lithium metal 15 

anode was conducted to test the electrochemical properties of the GO in the typical cycling 16 

conditions of a Li-S battery.  It is shown in Figure S5, Supporting Information, that only very 17 

small redox peaks were seen during cycling between 1.8 to 2.8 V, the typical voltage range of 18 

a Li-S battery, thereby demonstrating the high electrochemical stability of the additional layers 19 

in our configuration.  20 

A cyclic voltammogram of a Li-S cell, with a GO coated sulfur cathode, at a scan rate 21 

of 0.1 mV s-1 is shown in Figure S6, Supporting Information.  It reveals two well-defined 22 

reduction peaks assigned to the multistep reduction mechanism of elemental sulfur.  Figure 3a 23 

presents typical examples of initial charge-discharge V-t profiles for our Li-S cells, at different 24 

discharge rates, between 2.8 and 1.8 V.  The electrochemical reduction of elemental sulfur 25 

during discharge can be divided into two major stages in accordance with the two-plateau 26 
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discharge profile in Figure 3a.  The upper, shorter, plateau at 2.2~2.4 V is related to the 1 

formation of higher order polysulfides which are highly soluble in the electrolyte.  2 

Electrochemical reduction of sulfur is further completed in the long and flat plateau at potentials 3 

~2.1 V where high order polysulfides are reduced to Li2S.11, 45  Here the cell cycled at 0.2 C 4 

exhibits a very high discharge capacity of 1616 mAh g-1 which is ~96 % of the theoretical 5 

capacity of sulfur, which is a remarkable result for what is a moderate cycling rate. Several 6 

previous studies have been unsuccessful in achieving a first discharge capacity close to the 7 

theoretical maximum value (1675 mAh g-1).  This indicates that the high order polysulfides 8 

produced during the first step of the discharge process were almost completely reduced to Li2S.  9 

We attribute this to the oxygen functional groups of the GO membrane (Figure S7 and Figure 10 

S8, Supporting Information) which retains highly soluble polysulfides within the cathode, 11 

assisted by the carbon coated separator which allows for further utilization of the fugitive 12 

polysulfides.   This also prevents the GO membrane from being passivated by the insoluble and 13 

insulating Li2S products bound to its surface.  This beneficial aspect of our configuration is 14 

further explored by careful inspection of the GO membrane after cycling.  Figure 3b-I exhibits 15 

an SEM image of the GO membrane on a sulfur cathode extracted from an un-cycled cell 16 

showing the same features of the pristine GO coated cathode in Figure S1a, Supporting 17 

Information.  Changes in the GO membrane after 15 deep cycles (0.1 C) at the end of 18 

discharging, and at the end of charging are shown in Figure 3b-II and 3b-III respectively.  19 

Insoluble discharge products are clearly seen on the surface of the GO membrane in Figure 3b-20 

II validating that the dissolved polysulfides which may have escaped through the GO membrane 21 

could be further utilized at the interface of GO membrane /conductive separator.  Vanishing of 22 

the accumulated discharge products on the GO membrane at the end of the following period of 23 

charging demonstrates the reversibility of the redox reactions at this interface. (Figure 3b-III). 24 

Cycling at relatively higher rates of 0.5 C and 1 C show initial discharge capacities of 25 

1403 mAh g-1and 1170 mAh g-1 corresponding to 84 % and 70 % sulfur utilization respectively 26 
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(Figure 3a).  Not only are the initial discharge capacities high, the capacity retentions are also 1 

outstanding (Figure 4a and b) which demonstrates the excellent performance of our Li-S cells.  2 

Apart from the highly ordered structure of the GO membrane which allows for fast mass 3 

transport through the membrane31, the sub-micron thickness of the GO membrane is also a key 4 

factor that enables high rate cycling of the cathode, as opposed to other works with similar 5 

approaches.16  As can be seen in Figure S9, Supporting Information, a thicker membrane 6 

adversely affects both the capacity and its retention. 7 

To further emphasize the effect of GO membrane on the rate capability and capacity 8 

retention of the sulfur cathode, long term (400 cycles) cycling performance of a GO coated 9 

cathode at 1 C rate was compared with an un-coated control cathode (Figure 4c).  As shown in 10 

Figure 4c, the discharge capacity of the GO-coated cathode increases gradually within the first 11 

20 cycles until it reaches its maximum of ~1100 mAh g-1, with ~750 mAh g-1 being sustained 12 

after 400 cycles, which corresponds to an impressive 70 % retention.  The fact that it takes some 13 

cycles for the capacity to reach its maximum originates from a wetting issue as it does not 14 

happen while cycling at lower rates where there is enough time for the electrolyte to diffuse 15 

through the GO layer and wet the sulfur cathode.  This diffusion issue, particularly at high rate 16 

cycling (1 C and above), could be overcome by putting the cell on rest before cycling (Figure 17 

4a, Figure S10, Supporting Information).  It should also be noted that charge-discharge testing 18 

on a control cell (GO membrane  alone) at the same current density as a Li-S cell with a GO 19 

coated cathode, showed negligible capacity contribution from the GO membrane (Figure S11, 20 

Supporting Information).  On the other hand, the un-coated sulfur cathode cycled in similar 21 

conditions and configuration shows an initial discharge capacity of 1300 mAh g-1 which is 15 % 22 

higher than the maximum capacity a GO coated cathode could reach at this rate; however, the 23 

retention of this high initial capacity is only 32 % over 400 cycles.  Clearly, the conductive and 24 

porous carbon film on the separator is effective for promoting high utilization of active material. 25 

It does nothing, however, to limit the migration of polysulfides.  This is where the addition of 26 
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the thin GO membrane on the cathode inhibits the liberation of active material (polysulfides) 1 

into the electrolyte, thereby resulting in outstanding capacity retention.  The average Coulombic 2 

efficiency- the ratio of discharge of a certain cycle to the charge of the preceding cycle - of 3 

99.75 % for the GO coated cathode is clearly a result of greatly supressed shuttling of 4 

polysulfides.  This is, to the best of our knowledge, the highest value reported in the literature 5 

of Li-S batteries and demonstrates that the properties of our cell are close to those required for 6 

a practical rechargeable battery.   Additionally, we conducted comprehensive cycling tests at 7 

lower rates.  Figure S12, Supporting Information shows that after 400 cycles the cells can still 8 

maintain specific capacities of 1100 mAh g-1 at 0.1 C, 985 mAh g-1 at 0.2 C and 885 mAh g-1 9 

at 0.5 C rates providing one of the best performances demonstrated so far for a Li-S cell.  10 

 11 

XPS study on the cycled electrodes.  To further illustrate the success of the GO 12 

membrane in retaining the polysulfides on the cathode side of the battery we disassembled cells 13 

containing GO coated and un-coated cathodes after 15 deep cycles at 0.1 C rate in the 14 

discharged state.  It should be noted that bare separators were used in this experiment to allow 15 

for exclusive analysis of the effect of the GO membrane in retaining the polysulfides.  Figure 16 

5a clearly shows that separator and lithium anode used in the cell with the GO coated cathode 17 

visibly remain as-received after cycling, compared to the separator and anode employed in the 18 

cell with the uncoated cathode, which exhibit a yellow appearance.  To quantify the amount of 19 

polysulfides accumulated on the surface of the cycled cathodes in Figure 5a, X-ray 20 

photoelectron spectroscopy (XPS) analysis was conducted on the un-washed samples (Figure 21 

5b).  The difference in the intensities of the peaks in the polysulfide region (159-164 eV) of the 22 

high resolution S 2p spectra supports the observations made in Figure 5a.  Since the samples 23 

are not washed, there is a significant sulfur contribution from the LiTFSI residues on the surface 24 

of the samples, i.e. the intensity in the high binding energy region.  Using the elemental 25 

quantification derived from the survey scans together with fitting of the high resolution S 2p 26 
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spectra, the total concentration of LiTFSI compared with other S species, including polysulfides 1 

can be calculated.  A total atomic fraction of 11.14 % sulfur is present on the surface of the un-2 

coated cathode where 45.28 % of this is associated with LiTFSI.  Therefore 6.1% of the total S 3 

concentration on the un-coated cathode is associated with other S species, with the dominant 4 

contribution originating from polysulfide species.  In other words, the maximum possible 5 

atomic contribution from polysulfide species is 6.1%.  The GO coated cathode on the other 6 

hand has 8.29 % S with 81.86 % of this being associated with LiTFSI, thus leaving a maximum 7 

contribution of 1.5 % for polysulfide species.  This quantitative analysis provides strong 8 

evidence of the success of the GO membrane in retaining the polysulfides on the cathode side 9 

of the cell.  Survey data and component fitting of high resolution S 2p spectra measured by XPS 10 

are presented in Table S1 and Table S2, Supporting Information. 11 

A summary of the performance of Li-S cells with GO in their configuration is presented 12 

in Table 1.  Zhang et al.17 applied a uniform and thin sulfur coating on graphene oxide sheets 13 

by a chemical reaction-deposition strategy and reported a discharge capacity of about 1014 14 

mAh g-1 at 0.1 C (after two activation cycles at 0.02 C) and a capacity of 736 mAh g-1 after 16 15 

cycles.  By using an optimized ionic liquid electrolyte though, the rapid fading was overcome 16 

and the capacity was maintained at 954 mAh g-1 for over 50 cycles.  In a follow-up publication 17 

they modified their sulfur/graphene oxide composite cathode with cetyltrimethyl ammonium 18 

bromide (CTAB) and reported a discharge capacity of 640 mAh g-1 and Coulombic efficiency 19 

of 96.7 % at 1 C after 100 cycles in organic electrolyte.  By replacing the traditional PVDF with 20 

a SBR/CMC binder and using a new formulation of an ionic liquid-based electrolyte the CTAB-21 

modified S−GO nanocomposite electrode maintains a discharge capacity of ~680 mAh g-1 over 22 

400 cycles.46  Abruna et al.23 reported an amylopectin (Amy) wrapped graphene oxide-sulfur 23 

composite through interaction between amylopectin and graphene oxide.  The GO-S-Amy 24 

electrode showed initial capacities of 817, 650, and 596 mAh g-1 at 0.125 C, 0.3 C, and 0.5 C, 25 

respectively with 430 mAh g-1 retained after 100 cycles at 0.5 C.  Although it is difficult to 26 
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make a comparison with these studies due to the different composition of the cathodes, it is 1 

reasonable to conclude that the configuration in this work containing submicron-thin GO 2 

membrane imparted with micro-structural order represents a very effective use of GO in Li-S 3 

cells and delivers metrics which are better than most approaches reported to date.  It is 4 

anticipated that the combination of this facile strategy with promising sulfur cathodes reported 5 

very recently5, 9, 47 may be used in future Li-S batteries.  This configuration appears to be 6 

particularly well suited for targeting both high gravimetric and volumetric specific capacities 7 

considering the negligible contribution of the GO membrane on the weight and volume of the 8 

sulfur cathode.   9 

 10 

CONCLUSION 11 

In summary we have designed a GO protected cathode for a highly stable Li-S battery 12 

with exceptional rate capability.  Coupled with a carbon coated separator, our protected 13 

cathodes deliver initial discharge capacities of 1616, 1400 and 1170 mAh g-1 at 0.2 C, 0.5 C 14 

and 1 C, respectively.  We attribute the outstanding high rate performance of our GO coated 15 

sulfur electrodes to the sub-micron thickness and the high degree of alignment of graphene 16 

sheets upon coating GO in its liquid crystalline form.  Such a well-structured GO membrane 17 

offers the benefit of utilising its favourable oxygen functional groups without lowering ion 18 

conductivity unduly.  19 

We also demonstrate that our innovative cell configuration consisting of the submicron-20 

thin (~ 0.75 µm) GO membrane provides a dramatic boost in the battery cycle life, from 32 % 21 

to 70 % over 400 cycles.  With the Coulombic efficiency of the whole cycling process within 22 

these 400 cycles being close to 99.75 %, this configuration of cell should form the basis of a 23 

Li-S that will excel in a range of important practical applications. 24 

Along with improvement in performance metrics of the Li-S battery, our innovative 25 

configuration is an industrially suitable and cost effective solution that should help to bring this 26 
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technology closer to commercial reality.  Additionally, we expect that our strategy to coat a 1 

protective GO membrane on the electrode will cover general interest and finds application in 2 

many other electrochemical energy storage devises suffering from similar electrode instability 3 

issues. 4 

 5 

EXPERIMENTAL SECTION  6 

Preparation of high concentrated GO dispersions.  Graphene oxide (GO) was synthesized 7 

using modified Hummer’s method48.  SP-1 grade 325 mesh graphite powder sulfuric acid, potassium 8 

persulfate, phosphorus pentoxide and potassium permanganate, were used for the synthesis.  The 9 

synthesized GO was exfoliated by sonication (UP-100 Ultrasonic processor) in RO water for 1 h, 10 

followed by centrifugation to remove the un-exfoliated GO.  An Ocean Optics USB4000 UV-vis 11 

spectrometer was used to determine the GO concentrations by measuring the absorbance at 230 nm 12 

(using a quartz cuvette, Starna Cells Pty. Ltd. Australia).  We used superabsorbent polymer hydrogel 13 

beads -which are strongly hydrophilic- to produce concentrated GO dispersions.  Concentration of a GO 14 

dispersion occurs because of the ability of the hydrogel beads to absorb and retain water without the 15 

hydrogel beads dissolving in water or absorbing GO sheets.  Typically, cross-linked polyacrylate 16 

copolymer based hydrogel beads were used.  These hydrogel beads can absorb water up to 90 times their 17 

weight.  The time taken to concentrate a GO dispersion depends on the initial concentration, the desired 18 

concentration and the mass of beads used.  To avoid possible concentration polarization around the 19 

beads and to speed up the absorbent process the container was mildly agitated by a magnetic stirrer.  20 

After the hydrogel beads were saturated with water, they were removed from the concentrated solution.   21 

Cell fabrication and electrochemical performance test.  Nano powder carbon-sulfur 22 

composite (NPC-S powder) was prepared based on the melt diffusion method reported by Nazar group 23 

18; NPC and sulfur were mixed in a ratio of 50:50 wt % and heated at 155 °C for 10 h under N2.  The 24 

composite cathode was prepared by mixing 70 wt. % composite powder, 20 wt % Super P, and 10 wt % 25 

polyvinylidene fluoride (PVDF) together in N-methyl-2-pyrrolidinone (NMP) to form a homogeneous 26 

slurry.  The slurry was then coated on a battery grade carbon coated Al foil and dried at room temperature 27 
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for 48 h, followed by overnight drying at 40 °C under vacuum to remove all traces of the solvent.  In 1 

this work, the sulfur mass loading in NPC-S cathodes falls typically in a range of 1-1.2 mg cm-1.  The 2 

GO membrane was applied on the sulfur cathode by doctor blading of a 30 mg mL-1 GO dispersion 3 

followed by overnight drying at 50 °C under vacuum to remove all traces of water.  The carbon coated 4 

separators were prepared by coating a slurry of microporous carbon (90 wt. %) and PVDF (10 wt. %) 5 

on glass fibre, followed by overnight drying at 100 °C under vacuum to remove all traces of the NMP.  6 

The electrolyte was 1.0 M Lithium bis(trifluoromethanesulphonyl)imide LiTFSI/0.1 M LiNO3 in a 7 

mixed solvent of 1,3-dioxolane (DOl) and 1,2-dimethoxyethane (DME) (1:1, v/v).  Cells were 8 

assembled in an argon-filled glove box and galvanostatically discharged and charged using a Solartron 9 

1470 Cell Test galvanostat at room temperature. 10 

Polarized Light Imaging.  To prepare GO membranes for characterization by polarized light 11 

imaging a highly concentrated GO dispersion of 30 mg mL-1 was coated on copper foil by doctor blading.  12 

The coated membrane with comparable thickness to the one of the membrane applied on the sulfur 13 

cathode was then transferred onto glass slide by etching the copper foil in a bath of 0.1 M Ammonium 14 

persulfate. 15 

Scanning Electron Microscopy.  For SEM studies, to monitor changes in the GO membrane 16 

after cycling, electrodes were washed with 1 ml of DOl/DME (1:1, v/v) after disassembly in an Argon 17 

glove-box.  It is believed that soluble polysulfides are washed away and only insoluble Li2S is remained 18 

on the surface of the washed GO coated cathodes.  SEM was carried out on a FEI Nova NanoSEM 450 19 

FEG SEM instrument. 20 

 X-ray photoelectron spectroscopy.  Unwashed samples for X-ray photoelectron spectroscopy 21 

(XPS) were mounted onto samples holders within an Argon glove box and sealed in a vessel before 22 

loading into the load lock of the XPS instrument to minimise exposure to atmosphere.  XPS analysis 23 

was performed using an AXIS Ultra DLD spectrometer (Kratos Analytical Inc., Manchester, UK) with 24 

a monochromated Al Kα source at a power of 144 W (12 kV × 12 mA), a hemispherical analyser 25 

operating in the fixed analyser transmission mode and the standard aperture (analysis area: 0.3 mm × 26 

0.7 mm) The total pressure in the main vacuum chamber during analysis was typically between 10-9 27 

and 10-8 mbar.  Survey spectra were acquired at a pass energy of 160 eV. To obtain more detailed 28 
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information about chemical structure, oxidation states etc., high resolution spectra were recorded from 1 

individual peaks at 40 eV pass energy (yielding a typical peak width for polymers of 1.0 eV).  Each 2 

specimen was analysed at an emission angle of 0° as measured from the surface normal.  Assuming 3 

typical values for the electron attenuation length of relevant photoelectrons the XPS analysis depth (from 4 

which 95 % of the detected signal originates) ranges between 5 and 10 nm for a flat surface.  Data 5 

processing was performed using CasaXPS processing software version 2.3.15 (Casa Software Ltd., 6 

Teignmouth, UK).  All elements present were identified from survey spectra.  The atomic concentrations 7 

of the detected elements were calculated using integral peak intensities and the sensitivity factors 8 

supplied by the manufacturer.  The accuracy associated with quantitative XPS is ca. 10- 15 %.  Precision 9 

(ie. reproducibility) depends on the signal/noise ratio but is usually much better than 5 %. The latter is 10 

relevant when comparing similar samples. 11 

Determination of Specific Surface Area.  Surface area and pore textural characteristics of the 12 

microporous carbon used in this work  were obtained from the N2 adsorption isotherms for pressures up 13 

to 1 bar measured by a volumetric method using a Micromeritics ASAP 2420 instrument at 77 K (liquid 14 

nitrogen bath).  Samples were evacuated and activated at 200 °C under dynamic vacuum at 10-6 Torr for 15 

12 h to remove any residual solvent and measure the sample mass precisely.  Gas adsorption 16 

measurements were performed using ultra-high purity Nitrogen.   BET surface area and pore size 17 

distribution data were calculated from the N2 adsorption isotherms based on the DFT model in the 18 

software provided within the Micromeritics ASAP 2420 instrument.  19 

Fourier transform infrared spectroscopy.  To evaluate the presence of functional groups in 20 

the GO membrane , FTIR spectra were recorded using an attenuated total reflectance Fourier transform 21 

infrared (ATR-FTIR) (PerkinElmer, USA) in the range of 500−4000 cm-1 at an average of 32 scans with 22 

a resolution of 4 cm-1 .  23 

Conflict of Interest.  The authors declare that an Australian provisional patent 2014904644 on 24 

the synthesis of GO membrane has been filed. 25 

Acknowledgment.  The Monash team acknowledges financial support from the Australian 26 

Research Council through LP 140100959 and also from Ionic Industries Ltd. 27 



   

 16 

 1 

Author Contributions:  The manuscript was written through contributions of all authors. All 2 

authors have given approval to the final version of the manuscript.  3 

 4 

Supporting Information Available: SEM images of the coatings, characterization of carbon, 5 

XPS and FTIR data, control experiments on the GO membrane, additional cycling data.  This 6 

material is available free of charge via the Internet at http://pubs.acs.org. 7 

 8 

 9 

 10 

 11 

 12 

 13 

 14 

 15 

 16 

 17 

 18 

 19 

 20 



   

 17 

For Table of Contents Only 1 

 2 

A sub-micron thick shear-aligned GO membrane coated directly on to the sulfur cathode 3 

assists in retaining the polysulfides without unduly hindering ion-transport, resulting in 4 

outstanding capacity retention and high rate capability for Li-S battery. 5 

 6 

 7 

 8 

 9 

 10 

 11 

 12 

 13 

 14 

 15 

 16 

 17 

 18 

 19 

 20 

 21 
 22 

 23 

 24 

 25 

 26 

 27 

 28 

 29 

 30 

 31 

 32 

 33 

 34 

 35 

20 

Separator 

Carbon 

GO membrane 

Cathode 



   

 18 

REFERENCES 1 

 2 

1. Hagen, M.; Hanselmann, D.; Ahlbrecht, K.; Maça, R.; Gerber, D.; Tübke, J., Lithium–3 

Sulfur Cells: The Gap between the State‐of‐the‐Art and the Requirements for High 4 

Energy Battery Cells. Advanced Energy Materials 2015. 5 

2. Yin, Y. X.; Xin, S.; Guo, Y. G.; Wan, L. J., Lithium–sulfur batteries: 6 

Electrochemistry, materials, and prospects. Angewandte Chemie International Edition 2013, 7 

52, 13186-13200. 8 

3. Scrosati, B.; Hassoun, J.; Sun, Y.-K., Lithium-ion batteries. A look into the future. 9 

Energy & Environmental Science 2011, 4, 3287-3295. 10 

4. Barghamadi, M.; Best, A. S.; Bhatt, A. I.; Hollenkamp, A. F.; Musameh, M.; Rees, R. 11 

J.; Rüther, T., Lithium–sulfur batteries—the solution is in the electrolyte, but is the electrolyte 12 

a solution? Energy & Environmental Science 2014. 13 

5. Song, J.; Gordin, M. L.; Xu, T.; Chen, S.; Yu, Z.; Sohn, H.; Lu, J.; Ren, Y.; Duan, Y.; 14 

Wang, D., Strong Lithium Polysulfide Chemisorption on Electroactive Sites of Nitrogen‐15 

Doped Carbon Composites For High‐Performance Lithium–Sulfur Battery Cathodes. 16 

Angewandte Chemie 2015. 17 

6. Wu, F.; Lee, J. T.; Nitta, N.; Kim, H.; Borodin, O.; Yushin, G., Lithium Iodide as a 18 

Promising Electrolyte Additive for Lithium–Sulfur Batteries: Mechanisms of Performance 19 

Enhancement. Advanced Materials 2015, 27, 101-108. 20 

7. Zhou, G.; Pei, S.; Li, L.; Wang, D. W.; Wang, S.; Huang, K.; Yin, L. C.; Li, F.; 21 

Cheng, H. M., A Graphene–Pure‐Sulfur Sandwich Structure for Ultrafast, Long‐Life 22 

Lithium–Sulfur Batteries. Advanced Materials 2014, 26, 625-631. 23 

8. Kim, J. H.; Kim, T.; Jeong, Y. C.; Lee, K.; Park, K. T.; Yang, S. J.; Park, C. R., 24 

Stabilization of Insoluble Discharge Products by Facile Aniline Modification for High 25 

Performance Li‐S Batteries. Advanced Energy Materials 2015, 1614-6840. 26 

9. Liang, X.; Hart, C.; Pang, Q.; Garsuch, A.; Weiss, T.; Nazar, L. F., A highly efficient 27 

polysulfide mediator for lithium–sulfur batteries. Nature communications 2015, 6. 28 

10. Chung, W. J.; Griebel, J. J.; Kim, E. T.; Yoon, H.; Simmonds, A. G.; Ji, H. J.; Dirlam, 29 

P. T.; Glass, R. S.; Wie, J. J.; Nguyen, N. A., The use of elemental sulfur as an alternative 30 

feedstock for polymeric materials. Nature chemistry 2013, 5, 518-524  31 

11. Kolosnitsyn, V.; Karaseva, E., Lithium-sulfur batteries: Problems and solutions. 32 

Russian Journal of Electrochemistry 2008, 44, 506-509. 33 

12. Manthiram, A.; Fu, Y.; Su, Y.-S., Challenges and Prospects of Lithium–Sulfur 34 

Batteries. Accounts of chemical research 2012. 35 

13. Yuan, L.; Yuan, H.; Qiu, X.; Chen, L.; Zhu, W., Improvement of cycle property of 36 

sulfur-coated multi-walled carbon nanotubes composite cathode for lithium/sulfur batteries. 37 

Journal of Power Sources 2009, 189, 1141-1146  38 

14. Pang, Q.; Kundu, D.; Cuisinier, M.; Nazar, L., Surface-enhanced redox chemistry of 39 

polysulphides on a metallic and polar host for lithium-sulphur batteries. Nature 40 

communications 2014, 5. 41 

15. Lee, J.; Choi, W., Surface Modification of Sulfur Cathodes with PEDOT:PSS 42 

Conducting Polymer in Lithium-Sulfur Batteries. Journal of the Electrochemical Society 43 

2015, 162, A935-A939. 44 

16. Huang, J.-Q.; Zhuang, T.-Z.; Zhang, Q.; Peng, H.-J.; Chen, C.-M.; Wei, F., 45 

Permselective Graphene Oxide Membrane for Highly Stable and Anti-Self-Discharge 46 

Lithium–Sulfur Batteries. ACS nano 2015, 9, 3002-3011  47 



   

 19 

17. Ji, L.; Rao, M.; Zheng, H.; Zhang, L.; Li, Y.; Duan, W.; Guo, J.; Cairns, E. J.; Zhang, 1 

Y., Graphene oxide as a sulfur immobilizer in high performance lithium/sulfur cells. Journal 2 

of the American Chemical Society 2011, 133, 18522-18525. 3 

18. Ji, X.; Lee, K. T.; Nazar, L. F., A highly ordered nanostructured carbon–sulphur 4 

cathode for lithium–sulphur batteries. Nature materials 2009, 8, 500-506  5 

19. Li, C.; Ward, A. L.; Doris, S. E.; Pascal, T. A.; Prendergast, D.; Helms, B. A., 6 

Polysulfide-Blocking Microporous Polymer Membrane Tailored for Hybrid Li-Sulfur Flow 7 

Batteries. Nano letters 2015, 15, 5724-5729  8 

20. Gu, M.; Lee, J.; Kim, Y.; Kim, J. S.; Jang, B. Y.; Lee, K. T.; Kim, B.-S., Inhibiting the 9 

shuttle effect in lithium–sulfur batteries using a layer-by-layer assembled ion-permselective 10 

separator. RSC Advances 2014, 4, 46940-46946. 11 

21. Gao, X.; Li, J.; Guan, D.; Yuan, C., A scalable graphene sulfur composite synthesis 12 

for rechargeable lithium batteries with good capacity and excellent columbic efficiency. ACS 13 

applied materials & interfaces 2014, 6, 4154-4159. 14 

22. Chen, J.-J.; Yuan, R.; Feng, J.-M.; Zhang, Q.; Huang, J.-X.; Fu, G.; Zheng, M.; Ren, 15 

B.; Dong, Q.-F., Conductive Lewis Base Matrix to Recover the Missing-link of Li2S8 during 16 

the Sulphur Redox Cycle in Li-S Battery. Chemistry of Materials 2015. 17 

23. Zhou, W.; Chen, H.; Yu, Y.; Wang, D.; Cui, Z.; DiSalvo, F. J.; Abruña, H. D., 18 

Amylopectin Wrapped Graphene Oxide/Sulfur for Improved Cyclability of Lithium–Sulfur 19 

Battery. ACS nano 2013, 7, 8801-8808. 20 

24. Zhang, S. S., A review on the separators of liquid electrolyte Li-ion batteries. Journal 21 

of Power Sources 2007, 164, 351-364. 22 

25. Wang, W.; Luo, Q.; Li, B.; Wei, X.; Li, L.; Yang, Z., Recent progress in redox flow 23 

battery research and development. Advanced Functional Materials 2013, 23, 970-986  24 

26. De Leon, C. P.; Frías-Ferrer, A.; González-García, J.; Szánto, D. A.; Walsh, F. C., 25 

Redox flow cells for energy conversion. Journal of Power Sources 2006, 160, 716-732. 26 

27. Dunn, B.; Kamath, H.; Tarascon, J.-M., Electrical energy storage for the grid: a battery 27 

of choices. Science 2011, 334, 928-935. 28 

28. Kerres, J.; Ullrich, A.; Meier, F.; Häring, T., Synthesis and characterization of novel 29 

acid–base polymer blends for application in membrane fuel cells. Solid state ionics 1999, 125, 30 

243-249  31 

29. Borup, R.; Meyers, J.; Pivovar, B.; Kim, Y. S.; Mukundan, R.; Garland, N.; Myers, D.; 32 

Wilson, M.; Garzon, F.; Wood, D., Scientific aspects of polymer electrolyte fuel cell 33 

durability and degradation. Chemical reviews 2007, 107, 3904-3951. 34 

30. Song, M.-K.; Zhang, Y.; Cairns, E. J., A long-life, high-rate lithium/sulfur cell: a 35 

multifaceted approach to enhancing cell performance. Nano letters 2013, 13, 5891-5899. 36 

31. Akbari, A.; Sheath, P.; Shinde, D. B.; Martin, S. T.; Shaibani, M.; Chakraborty 37 

Banerjee, P.; Tkacz, R.; Bhattacharyya, D.; Majumder, M., Large-Area Graphene-based 38 

Nanofiltration Membranes by Shear Alignment of Discotic Nematic Liquid Crystals of 39 

Graphene Oxide. Nature communications 2016. 40 

32. Sheath, P.; Majumder, M., Flux accentuation and improved rejection in graphene-41 

based filtration membranes produced by capillary-force-assisted self-assembly. Phil. Trans. R. 42 

Soc. A 2016, 374. 43 

33. Singhal, R.; Chung, S.-H.; Manthiram, A.; Kalra, V., Free-standing Carbon Nanofiber 44 

Interlayer for High-performance Lithium-Sulfur Batteries. Journal of Materials Chemistry A 45 

2015. 46 

34. Chung, S. H.; Manthiram, A., Bifunctional Separator with a Light‐Weight Carbon‐47 

Coating for Dynamically and Statically Stable Lithium‐Sulfur Batteries. Advanced 48 

Functional Materials 2014, 24, 5299-5306. 49 



   

 20 

35. He, G.; Mandlmeier, B.; Schuster, J. r.; Nazar, L. F.; Bein, T., Bimodal Mesoporous 1 

Carbon Nanofibers with High Porosity: Freestanding and Embedded in Membranes for 2 

Lithium–Sulfur Batteries. Chemistry of Materials 2014, 26, 3879-3886. 3 

36. Zu, C.; Su, Y.-S.; Fu, Y.; Manthiram, A., Improved lithium–sulfur cells with a treated 4 

carbon paper interlayer. Physical Chemistry Chemical Physics 2013, 15, 2291-2297. 5 

37. Tkacz, R.; Oldenbourg, R.; Mehta, S. B.; Miansari, M.; Verma, A.; Majumder, M., pH 6 

dependent isotropic to nematic phase transitions in graphene oxide dispersions reveal droplet 7 

liquid crystalline phases. Chemical communications 2014, 50, 6668-6671. 8 

38. Carlsson, T., Remarks on the flow alignment of disc like nematics. Journal de 9 

Physique 1983, 44, 909-911. 10 

39. Tkacz, R.; Oldenbourg, R.; Fulcher, A.; Miansari, M.; Majumder, M., Capillary-force-11 

assisted self-assembly (CAS) of highly ordered and anisotropic graphene-based thin films. 12 

The Journal of Physical Chemistry C 2013, 118, 259-267. 13 

40. Guo, F.; Kim, F.; Han, T. H.; Shenoy, V. B.; Huang, J.; Hurt, R. H., Hydration-14 

responsive folding and unfolding in graphene oxide liquid crystal phases. Acs Nano 2011, 5, 15 

8019-8025  16 

41. Xu, Z.; Gao, C., Aqueous liquid crystals of graphene oxide. ACS nano 2011, 5, 2908-17 

2915  18 

42. Huang, J.-Q.; Zhuang, T.-Z.; Zhang, Q.; Peng, H.-J.; Chen, C.-M.; Wei, F., 19 

Permselective Graphene Oxide Membrane for High-Stable and Anti-Self-Discharge Lithium-20 

Sulfur Batteries. ACS nano 2015. 21 

43. Su, Y.-S.; Manthiram, A., A new approach to improve cycle performance of 22 

rechargeable lithium–sulfur batteries by inserting a free-standing MWCNT interlayer. Chem. 23 

Commun. 2012, 48, 8817-8819. 24 

44. Su, Y.-S.; Manthiram, A., Lithium–sulphur batteries with a microporous carbon paper 25 

as a bifunctional interlayer. Nature communications 2012, 3, 1166. 26 

45. Chen, R.; Zhao, T.; Wu, F., From a historic review to horizons beyond: lithium–27 

sulphur batteries run on the wheels. Chemical Communications 2015, 51, 18-33. 28 

46. Rong, J.; Ge, M.; Fang, X.; Zhou, C., Solution ionic strength engineering as a generic 29 

strategy to coat graphene oxide (GO) on various functional particles and its application in 30 

high-performance lithium–sulfur (Li–S) batteries. Nano letters 2013, 14, 473-479. 31 

47. Seh, Z. W.; Li, W.; Cha, J. J.; Zheng, G.; Yang, Y.; McDowell, M. T.; Hsu, P.-C.; Cui, 32 

Y., Sulphur–TiO2 yolk–shell nanoarchitecture with internal void space for long-cycle 33 

lithium–sulphur batteries. Nature communications 2013, 4, 1331. 34 

48. Hummers Jr, W. S.; Offeman, R. E., Preparation of graphitic oxide. Journal of the 35 

American Chemical Society 1958, 80, 1339-1339. 36 

 37 

 38 

 39 

 40 

 41 

  42 



   

 21 

 1 

 2 

 3 

 4 

 5 

 6 

 7 

 8 

 9 

 10 

 11 

 12 

 13 

 14 

 15 

 16 

 17 

 18 

 19 

 20 

 21 

 22 

 23 

 24 

 25 

 26 

 27 

 28 

 29 

 30 

 31 

 32 

 33 

 34 

 35 

 36 

 37 

 38 

 39 

 40 

 41 

 42 

 43 

 44 

 45 

 46 

 47 

 48 

 49 

 50 

90 
60 

30 

0 

120 

150 

180 

S= 0 S= 0.99 

50 µm 

b 

d 

c 

e 

Nematic 
GO 

Sulfur 
cathod

e 

Shear-
aligned GO 
membrane  

1 µm 

0.75 µm 

f g 

1 µm 

GO membrane  

Sulfur Cathode 

50 µm 

50 µm 50 µm 

50 µm 

a 



   

 22 

Figure 1. Fabrication and characterization of the shear-aligned GO membrane on the sulfur 1 

cathode: (a) Schematic illustration of shear-alignment processing of a nematic phase of GO to 2 

a membrane on the sulfur cathode. Processed false colour images of the (b) nematic GO and (c) 3 

shear-aligned GO membrane ; regions with the same colour have the same azimuth angles as 4 

depicted by the slow axis orientation; showing the high degree of order and alignment imparted 5 

to graphene sheets upon applying shear to nematic GO. This is supported by the vector overlay 6 

with the corresponding polar histogram of the azimuth angles and the in-plane order parameter 7 

S for (d) nematic GO and (e) shear-aligned GO membrane. (f) and (g) SEM images of the cross-8 

section of the GO coating on the sulfur cathode showing that an ultra-thin membrane  of sub-9 

micron (~ 0.75 µm) thickness and has covered the sulfur cathode surface. 10 

 11 

 12 

 13 

 14 

 15 

 16 

 17 

 18 

 19 

 20 

 21 

 22 

 23 

 24 

 25 

 26 

 27 

 28 

 29 

 30 

 31 

 32 

 33 

 34 

 35 

 36 

 37 

 38 

 39 

 40 

 41 

 42 

 43 

 44 

 45 

 46 

 47 

 48 

 49 

 50 

 51 



   

 23 

 1 

 2 

 3 

 4 

 5 

 6 

 7 

 8 

 9 

 10 

 11 

 12 

 13 

 14 

 15 

Figure 2. Cell design: (a) Schematic illustration of a Li-S cell configured with a GO coated 16 

sulfur cathode facing a carbon coated separator. (b) The cross section SEM image of a dis-17 

assembled cell. 18 

 19 

 20 

 21 

 22 

 23 

 24 

 25 

 26 

20 µm 

Separator 

Carbon 

GO membrane 

Sulfur cathode 

a b 



   

 24 

 1 

 2 

 3 

 4 

 5 

 6 

 7 

 8 

 9 

 10 

 11 

 12 

 13 

Figure 3. Typical first charge discharge behaviour of the GO configured cells and structural 14 

evaluation of the GO membrane upon cycling: (a) First charge discharge profiles of GO coated 15 

cathodes at various C rates. (b) SEM images of GO coated cathode: (I) before cycling, (II) after 16 

15 deep cycles at the end of discharging and (III) at the end of charging. The presence of 17 

insoluble discharge products on the surface of the GO membrane  at the end of discharging 18 

shows that the conductive carbon layer on the separator acts as an upper current collector for 19 

the escaped partially reduced polysulfides and assists with their further reduction to the final 20 

discharge products. The accumulated discharge products on the GO membrane at the end of the 21 

following period of charging are noticeably absent which demonstrates the reversibility of the 22 

redox reactions at the interface of GO membrane /conductive separator, showing the efficiency 23 

of our cathodic 'sub-cell'.  24 
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Figure 4. Cycling performance: (a) Discharge capacity of GO coated cathodes at 0.2 C, 0.5 C 31 

and 1 C rates between 2.8 and 1.8 V at room temperature and (b) capacity over cycle number 32 

of a GO coated cathode at various cycling rates showing the high rate capability and excellent 33 

capacity retention of our innovative cell configuration. (c) Long term cycling performance of 34 

sulfur cathode at 1 C rate with and without the GO membrane shows 70 % and 32 % capacity 35 

retention, respectively, demonstrating the role of the GO membrane in preventing the 36 

dissolution of polysulfides. 37 
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Figure 5. Visual and analytical confirmation of polysulfides retention by the GO membrane : 15 

(a) Disassembled Li-S cells after 15 deep cycles at 0.1 C rate in the discharged state I) in the 16 

cell configuration with an un-coated cathode both the separator and lithium anode exhibit a 17 

yellow appearance owing to the presence of polysulfides, II) in the cell configuration with a 18 

GO coated cathode, both the separator and lithium anode exhibit no signs of discolouration due 19 

to the retention of the polysulfides by the GO membrane . (b) High-resolution XPS S 2p spectra 20 

of the un-coated and GO coated cathodes extracted from disassembled Li-S cells after 15 deep 21 

cycles at 0.1 C rate in the discharged state; light blue region represents the higher order 22 

polysulfides region. A maximum contribution of 1.5 % for polysulfide species on the surface 23 

of the GO coated cathode compared to 6.1 % on the surface of the un-coated cathode verifies 24 

that the GO coating on the cathode decreases the leakage of polysulfides from the cathode to a 25 

large extent.  26 

 27 

 28 

 29 

 30 

I 

Un-coated 

Cathode 
Anode 

Separator 

a b 

II Separator 

GO-coated 

Cathode Anode 



   

 27 

 1 

Table 1. Comparison of the performances of Li-S cells with GO in their configuration. 2 

 3 

 Electrolyte Rate 1st discharge 

capacity, mAh g-1 

 

Discharge 

capacity at nth
  

cycle, mAh g-1 

Coulombic 

efficiency, % 

GO/S cathode17a Organic 

IL 

0.1 C 

0.1 C 

1014 

1014 

736 (16) 

954 (50) 

96.7 

GO/S/CTAB  cathode30b  Organic 

IL 

1.0 C 

1.0 C 

~860 

~860 

~640 (100) 

~680 (400) 

96.7 

96.3 

GO/S/Amylopectin 

cathode23a  

Organic 

 

0.5 C 596 430 (100) 98 

GO coated separator16b Organic 0.1 C ~1000 ~700 (100) 95-98 

This work Organic 

Organic 

Organic 

1.0 C 

1.0 C 

0.2 C 

1170 

1170 

1616 

950 (100) 

750 (400) 

1200 (100) 

~100 

99.75 

99.55 

a Values were extracted from the main texts. b Values were estimated from the relevant figures. 4 
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