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Electrochemical energy storage systems that are cost-effective,
safe, environmentally friendly, and possess long cycle/shelf-life
are needed in multiple fields of technology, including transportation, portable devices, robotics, and power generation
from intermittent sources. Currently, Li-ion (150 Wh kg−1) and
Li-ion-polymer (180 Wh kg−1) batteries[1] are the most promising storage platforms for many applications. It is understood however that the intercalation-based cathodes used in
these technologies provide limited opportunities for the sort
of advancement in specific energy required to keep pace with
growing demand.[2–4] Replacing cathodes with conversion
materials such as sulfur, oxygen, or carbon dioxide, removes
these limitations, but introduces new challenges associated
with dissolution, transport, and parasitic reactions between battery anodes and redox products in cathodes.[2,5] Lithium–sulfur
(Li–S) battery is the most studied and arguably the most promising candidate for commercial use for at least three reasons:
(i) The Li–S battery offers tenfold higher energy storage capacity
(specific capacity 1675 mAh g−1 and theoretical energy density
2600 Wh kg−1) than any of the commercial Li-ion batteries;
(ii) sulfur is earth abundant and inexpensive ($0.02 g sulfur−1),
leading to low-cost high-energy batteries;[6,7] and (iii) sulfur is
environmentally benign, reacts spontaneously and reversibly
with lithium.[5,8,9] Despite these benefit, Li–S cells suffer from
poor cycling efficiency and short lifetimes stemming from the
complex solution chemistry of lithium sulfide and lithium polysulfide (LiPS) products from the cathode.[10–13] The most successful efforts have been devoted to cathode configurations/
materials to provide physical confinement[11,14,15] and chemical
adsorption[16–18] for LiPS to prevent its dissolution and uncontrolled redox reaction with lithium metal.
Membranes able to regulate diffusion of cathode products,
without compromising ion transport between anode and
cathode provide a means for controlling LiPS loss from the
cathode and for preventing shuttling in the Li–S cells.[19–31] For
instance, carbon and ceramic coatings on the porous separator
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using slurry/tape casting methods have been argued to provide a mechanism for blocking passage of LiPS to the anode,
while providing a mechanism for electrochemical utilization
and adsorption of the LiPS during the cycle.[20–29] A persistent
challenge has been how to implement these changes in a practical Li–S cell, where the mass of inactive material required for
stable operation is already a serious concern.
This article reports on the fabrication of membranes by
coating carbon, polymers, and inorganic particles on polyolefin
separators. The conventional Langmuir–Blodgett (LB) technique has been applied in a number of fields of science and
technology to form molecular-thick films with amphiphilic
molecules, carbon, and inorganic particles for potential applications for thin film electronic devices.[32–35] We have developed
a new coating technique, a binder-free coating method, termed
Langmuir–Blodgett–Scooping (LBS), to rapidly create multifunctional coatings. The coating process is faster than conventional LB deposition, doctor-blade coating, tape casting, and
vacuum filtration methods and as such make the method promising for large-scale applications. We use the approach to create
coatings of multi-walled carbon nanotube (MWCNT), polyaniline (PANI), titania nanoparticles (titania NPs), and combinations of these materials on commercial Celgard polypropylene
separators with single-particle thickness resolution.[36] PANI
is an electron conducting polymer that contains amine/imine
groups able to interact strongly and specifically with LiPS via
electrostatic interactions. Membranes based on this material
are therefore able to bind to and thereby hinder transport of
LiPS between the cathode and anode of Li–S cells, and at the
same time allow the adsorbed LiPS to remain electrochemically
accessible during cycling.[37] PANI was previously used in Li–S
cathodes to encapsulate sulfur in yolk–shell,[38] nanotubes,[37]
nanorods[39] structures, and coat thin layer of PANI on S/C composites.[40] In this work, PANI is applied directly to the separator
without any additional treatment and under ambient conditions. There are a variety of coating methods suitable for materials of specific geometries with most methods requiring use of
a binder material for cohesion. The coating method developed
in the present work takes advantage of Marangoni stresses and
self-assembly at the air/water interface to create highly organized monoparticle layers on non-reactive substrates. Application
of these approaches for fabricating MWCNT, PANI, and titania
NPs in a layer-by-layer, laminated format provides strategies
for creating membranes with low material content and in a
porous 3D network morphology able to suppress loss of LiPS,
while simultaneously maintaining electrochemical access to the
material.[41] The laminated PANI structure used in the study is
comprised of ≈80 nm thick MWCNT adhesion layer for PANI,
followed by ≈6 μm thick PANI, ≈900 nm thick titania NP, and
≈3 μm thick PANI (overall thickness of ≈10 μm) with total
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assembly of structures present at the air–
water interface, which can be transferred to
any non-reactive substrates by immersion
and removal of the substrate from the liquid.
Because of its speed (<10 sec), the method
can be applied repeatedly to create multilayer
ordered coatings of a variety of materials in
layer-by-layer format. For the coating process,
only ethanol with nanopowders and water are
required. Figure 1b shows a self-assembled
film of titania NPs with gravimetrical density
of ≈40 μg cm−2 and thickness of ≈300 nm
created using the approach. Figure 1c,d illustrates analogous results for coating of
MWCNT and PANI with gravimetrical density and thickness of ≈5 μg cm−2, ≈80 nm
and ≈100 μg cm−2, ≈3 μm, respectively. In all
cases, it is apparent that the obtained coatings are of high quality, with particles well
packed/ordered and uniformly distributed
throughout the materials, with no evidence
of defects.
To understand the fundamental processes
responsible for self-assembled titania NP,
MWCNT, and PANI films, surface pressure profiles of the three materials were
measured using a conventional Langmuir–
Blodgett trough (LBT) as shown in Figure 2.
To facilitate comparisons, profiles obtained
using LBS and LBT are compared, and three
surface pressures are chosen for each material coincident with the overly packed, fully
packed, and poorly packed states. The full
spectrum of surface film packing densities
are apparent from the LBT profiles, including
a regime of film buckling and folding at high
surface pressures (see Figure S1, Supporting
Information). The onset of folding behavior
Figure 1. a) Schematic illustration of the LBS coating process. Physical images of self-assemis evident as an inflection point where the
bled films of various materials at the air–water interface for different gravimetric compositions
concavity of the profile curve changes, which
and chemistry: b) Titania NP, c) MWCNT, and d) PANI. The SEM images show the high quality
of the various coatings and the film thicknesses achieved per material coating layer on Celgard provide a convenient means of assessing
achievement of fully packed high-quality
separators.
films.
Figure 2a shows the surface pressure profiles of titania NP
material loading of ≈400 μg cm−2. When used in Li–S batteries
using LBT and LBS methods. Three surface pressures are
with low and high material loadings, we show that the prepared
chosen (A = 54 mN m−1, B = 28 mN m−1, C = 1 mN m−1) to
membranes lead to high reversible capacities (1220, 1150, and
1000 mAh g−1 at 0.5, 1, and 2 C, respectively), with stable and
observe the titania NP coatings on the separator. A, B, and C represent the surface pressures where the nanoparticles are overly
high Coulombic efficiencies (≈97% at the 100th cycle), without
packed, fully packed, and poorly packed, respectively. Analysis
the need for common LiNO3 additives in the electrolyte.
of the scanning electron microscopy (SEM) images for titania
Figure 1a illustrates the LBS method. The approach utilizes
NP coated separators, highest coating quality is made at point B.
self-assembly of particles to form a well-packed film (Videos,
This means that around surface pressure of 28 mN m−1, which
Supporting Information). The self-assembly is induced by
spreading and mixing of water miscible solvent at the surface
is around the inflection point at 31 mN m−1, will yield highly
[42]
[43]
of water and surface tension gradients. Briefly, a volatile
packed particle film on the water surface. The information is
then used to verify the coating quality of LBS method. For the
and water miscible solvent is injected at the air–water interface,
self-assembled films using LBS method, we have measured the
induces strong flows at the surface that drive the spreading of
surface pressure profiles of the resulting films. In Figure 2a,
the solvent by the combined effect of surface tension gradient
LBS surface pressure profile starts at a surface pressure of
from the two different fluids, known as Marangoni effect.[44]
28 mN m−1, and no inflection point is observed. The starting
The spreading pressure leads to rapid and highly ordered
1600450 (2 of 8)
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Figure 2. Surface pressure profiles for conventional LBT and LBS coatings of various material chemistries with the corresponding SEM images
obtained at designated surface pressures to illustrate the coating quality achieved. a) Titania NP (A = 54 mN m−1, B = 28 mN m−1, C = 1 mN m−1,
LBS = 28 mN m−1, Folding = 31 mN m−1); b) MWCNT (A′ = 63 mN m−1, B′ = 35 mN m−1, C′ = 2 mN m−1, LBS′ = 32 mN m−1, Folding = 37 mN m−1);
and c) PANI (A″ = 50 mN m−1, B″ = 21 mN m−1, C″ = 3 mN m−1, LBS″ = 20 mN m−1, Folding = 24 mN m−1).

surface pressure indicates that the self-assembly process exerts
the pressure of 28 mN m−1, and absence of the inflection point
in the LBS profile verifies that the LBS method starts at highly
packed state. Hence, the uniform titania NP coating on the separator is made as shown in Figure 2a SEM at LBS that matches
well with the coating at point B. Analogous measurements for
MWCNT (Figure 2b) and PANI (Figure 2c) were used to assess
the state of order in these films. The surface pressures of A′ =
63 mN m−1, B′ = 35 mN m−1, C′ = 2 mN m−1 for MWCNT and
A″ = 50 mN m−1, B″ = 21 mN m−1, C″ = 3 mN m−1 for PANI
are chosen to investigate the film qualities. Highest coating
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qualities are obtained for B′ and B″ for MWCNT and PANI. The
folding point for MWCNT and PANI are 37 and 24 mN m−1,
and around these surface pressures yield optimized coating
films. As a result, LBS coating of MWCNT and PANI at LBS′
(32 mN m−1) and LBS″ (20 mN m−1) yield high qualities as we
see in Figure 2b,c.
Building upon these fundamental studies, we employed
the LBS method to create membranes in which the titania
NP layers are sandwiched by PANI layers (see Figure 3a)
adhered to Celgard by thin MWCNT layer. As discussed earlier, this design was motivated by the hypothesis that a flexible
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membranes based on the individual components with 1–5 layers (≈3–15 μm thick)
were studied as separators in Li–S cells and
the results compared with those based on
the laminated MWCNT-PANI/titania/PANI
design. Figure S3 (Supporting Information)
reports the cycling performance of the Li–S
cells with one, three, and five coating layers
of PANI alone on the separator, with 1 m
LiTFSI in a 1:1 DME/DOL solvent mixture
with no LiNO3 as electrolyte, polyethylenimine-MWCNT-sulfur composite cathode
(PEISC),[18] and Li metal anode. It is apparent
in Figure S3 (Supporting Information) that
improved capacity retention and higher
Coulombic efficiency (CE) are achieved as
the number of PANI coatings increases on
the separator. For the 5LR PANI separator, a
capacity of ≈1000 mAh g−1 and 96% CE are
achieved at the 100th cycle for a fixed 0.5 C
discharge/charge rate. This can be compared
to the results for the uncoated/pristine
separator, which exhibits a capacity of
430 mAh g−1 and CE of 80% after the 100th
cycle at 0.5 C. The voltage profiles of 5LR
PANI separator are shown in Figure S3 (Supporting Information). Figure S4 (Supporting
Information) provides a more comprehensive
account of the electrochemical cycling behaviors of the Li–S cells with 5LR PANI separator
where results at three different C-rates: 0.5,
1, and 2 C are reported. At the 100th cycle,
capacities of ≈1000, ≈860, and ≈740 mAh g−1,
and ≈97% CE are obtained for 0.5, 1, and
2 C, respectively. The voltage profiles of 5LR
PANI at three different C-rates are shown
Figure 3. a) Schematic of laminated separator coating structure illustrating LiPS flux diagram
in Figure S4 (Supporting Information). For
during the charge/discharge of the Li–S cell. b) Demonstration of thin layer coatings of MWCNT
as an effective adhesion layer for PANI coating. c) Demonstration of single-sided LBS coatings comparison, Figure S5 (Supporting Inforand the layer-by-layer coating process to fabricate the laminated PANI separator. d) Illustration mation) shows the cycling performance of
of the bendability and toughness of the as-prepared laminated PANI separator membranes. Li–S cells with 5LR PANI separator at 0.5, 1,
e) Cross-sectional SEM image of laminated PANI separator. f) SEM image of titania NP-PANI and 2 C when 0.05 m LiNO3 is added in the
boundary (three coating layers of titania NP on top of PANI, see the red box in (c)).
electrolyte. Li–S cells with the 5LR PANI on
the separator achieved ≈99.9% CE for 100th
cycles with the small amount of LiNO3 in the electrolyte. The
membrane in a clip-like configuration in which two electronically conductive layers bracket sorbent NP layer would facilitate
control's CE, however, remained ≈91% in the presence of small
efficient trapping of LiPS in the membrane and utilization of
amount of LiNO3 due to more severe shuttling effect compared
the trapped LiPS by the conductive layers for high active mateto that of the modified separator cells. The capacity retention,
rial utilization. Figure 3c shows the layer-by-layer configuration
on the other hand, increased in the control due to the large
of the coatings. As illustrated in Figure 3d and Figure S2 (Supnumber of amine groups in PEI chains, which anchor LiPS in
porting Information) the membranes are mechanically strong
the cathode.[18] With the 5LR PANI coated separator at 100th
and their structure is completely preserved after mechanical
cycle, capacities of ≈1000, ≈900, and ≈830 mAh g−1, and ≈99.9%
distortion. Figure 3e shows the cross-sectional image of lamiCE are obtained for 0.5, 1, and 2 C, respectively. The voltage
nated PANI structure which is ≈10 μm thick. To observe the
profiles of 5LR PANI at three different C-rates are shown in
boundary region that is indicated with the red box in Figure 3c,
Figure S5 (Supporting Information).
we imaged this region using SEM. It is apparent that a very
Next, we consider Li–S cells based on the laminated memcompact and porous 3D titania NP network is present on the
brane composed of ≈80 nm thick (1LR) MWCNT, ≈9 μm thick
top of PANI coatings.
(3LR) PANI, and ≈900 nm thick (3LR) titania NP on Celgard. In
To investigate the effectiveness of the resultant membranes
comparison to the single-component 5LR PANI (thickness of
in regulating LiPS transport and utilization in Li–S cells,
≈15 μm and mass loading of ≈500 μg cm−2) based membranes
1600450 (4 of 8)
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Figure 4. a) Galvanostatic discharge capacity and Columbic efficiency versus cycle number at various C-rates and voltage profiles for a fixed rate of
0.5 C for Li–S cells based on laminated PANI and pristine Celgard separators and employing PEISC. Notably, no LiNO3 additives were used in the
electrolyte of these cells. b) Galvanostatic discharge capacity and Columbic efficiency versus cycle number at various C-rates and voltage profiles for a
fixed rate of 0.5 C for Li–S cells based on laminated PANI and pristine Celgard separators and employing PEISC with 0.05 m LiNO3 in the electrolyte.
c) Cycling performance at various C-rates for Li–S cells based on PEISC cathodes, laminated PANI separator, and 5LR PANI coated separator. For these
measurements, no LiNO3 additive was used in the electrolyte. d) Cyclic voltammogram of Li–S cells based on PEISC and, laminated PANI separators
with no LiNO3 additive in the electrolyte. e) Cycling performance of the laminated PANI and pristine Celgard separators in Li–S cells based on a VISC
and LiNO3-free electrolyte at 0.5 C. f) Cycling performance of the laminated PANI separator and pristine separator with VISC and 0.05 m LiNO3 in the
electrolyte Li–S cells for 100 cycles at 0.5 C and the voltage profiles of the laminated PANI separator with VISC at 0.5 C for various cycles. g) Long time
cycling characteristics of Li–S cells at 0.5 C based on PEISC and VISC, laminated PANI separators, and LiNO3-free electrolyte.

assessed in the last section, the laminated PANI coating though
more complex is thinner (≈10 μm) and introduces a lower material mass (≈400 μg cm−2) to the Li–S cell. Figure 4a reports
cycling performance and voltage profiles for Li–S cells based
on these laminated membranes. It is seen that capacities of
1220, 1150, and 1000 mAh g−1 are obtained at 0.5, 1, and 2 C,
respectively, with ≈97% CE at 100th cycle. Comparison with the
results from the uncoated membranes shows that the capacity
has approximately doubled and the CE increased markedly.
It is instructive to compare these results with analogous ones
reported for other materials configurations, e.g., cation-shield
(CE ≈95%)[30] and ionomer film (CE ≈97%)[31] reported previously for regulating LiPS mass transport and shuttling in Li–S
cells. It is apparent that the CE values achieved for the laminated
PANI membranes are comparable with those reported for single
ion conductors. A small amount of LiNO3 (0.05 m) was added
in the electrolyte to observe its effect on electrochemical performance of Li–S cells with laminated membranes. As expected, CE
values approaching ≈99.9% are achieved without affecting cell
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capacity and cycling stability (Figure 4b). Voltage profiles of the
laminated PANI separator Li–S cells at three different C-rates
with/without LiNO3 in the electrolyte are shown in Figure S6
(Supporting Information). Moreover, various C-rate performance
is measured with the laminated PANI separator with no LiNO3
in the electrolyte (see Figure 4c). As the C-rates increase (0.5 to 1,
1 to 2, and 2 to 3 C), 14%, 15%, and 17% decrease in the capacity
are observed with the recovery capacity of 1310 mAh g−1, which
is 10% decrease from the previous 0.5 C cycling, after cycling
the cell from 0.5 to 3 C for ten cycles at each C-rate. Comparing
this result with the Li–S cell with 5LR PANI separator, higher
recovery capacity is obtained (Laminated PANI: 1310 mAh g−1
and 5LR PANI: 1110 mAh g−1) for the laminated PANI without
losing the high C-rate performances even though lesser amount
of PANI is used. Together, these results provide strong support
for our hypothesis that membranes based on laminated PANI
structures simultaneously provide a path toward high-energy
and high-power Li–S cells by regulating transport of LiPS
without compromising active material utilization in the cathode.
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Figure 4d reports cyclic voltammograms of the Li–S cell with
laminated PANI separator for LiNO3 free system. Scan rate
of 0.1 mV s−1 and voltage window of 1.5–3V are used to perform the measurement. The cathodic scans show distinctive
voltage plateaus at 2.3 and 2 V. The first peak at 2.3 V represents cyclic sulfur breaking and forming high-order LiPS ions
whereas the next peak at 2 V represents the reduction of highorder LiPS ion to low-order LiPS. These voltage plateaus are
typical for Li–S cells that represent two-step reduction process
of elemental sulfur in cyclic form. For the anodic scans, the
distinctive voltage plateaus and oxidation peaks, are observed
at 2.37 and 2.43 V based on the phase transition mechanism.[10]
Stable anodic and cathodic peak positions are achieved for several cycles. Hence, highly reversible electrochemical reactions
are confirmed for the Li–S cell with laminated PANI separator
without LiNO3 in the electrolyte.
A disadvantage of the PEISC is relatively low sulfur loading
(1.2 mg cm−2 S and content of 50% S). State-of-the-art Li–S
cells require substantially higher sulfur loadings and content
in the cathode. As more rigorous tests of the laminated PANI
membranes, we also assessed the materials, vapor infused
sulfur cathode (VISC), in Li–S cells with higher sulfur loading
(3.5 mg cm−2 S and 68% S), created by a previously reported
vapor infusion method.[11] Figure 4e reports cycling performance and voltage profiles of Li–S cells with both the pristine
and laminated PANI separator membranes, with VISC and
no LiNO3 in the electrolyte. The control Li–S cell exhibits a
capacity of ≈270 mAh g−1 and 74% CE after 100 cycles at 0.5 C.
In contrast the laminated PANI separator displays a capacity of
≈1000 mAh g−1 and 94% CE after the 100 cycle at 0.5 C. Closer
inspection of the cycling results for the VISC using the laminated PANI membrane separator shows initial increase in the
discharge capacity. This behavior is understood to be a manifestation of the laminated coatings capacity to reutilize LiPS as it
is built up in the sorbent layer in the membrane.[45] Our results
therefore verify that the laminated PANI membrane separator is
capable of cycling high sulfur loading cathodes in cells without
LiNO3 in the electrolyte. As before, we also performed studies
in which 0.05 m LiNO3 is used in the electrolyte (see Figure 4f).
The results show that while similar capacity is observed as for
the LiNO3 free case, ≈99.9% CE is achieved. Figure 4e,f reports
voltage profiles for the VISC cells with and without LiNO3 in
the electrolyte, it is apparent that they are stable in both cases.
Figure 4g shows that these favorable results are preserved in
long-term cycling experiments, where Li–S cells with PEISC
and VISC and no LiNO3 are observed to yield discharge capacities of 1090 mAh g−1 and 96% CE (PEISC) and 780 mAh g−1
and 97% CE (VISC) after the 250 discharge cycle at 0.5 C. We
therefore conclude that membranes based on the proposed
laminated PANI configuration using existing Celgard separator
as a substrate provide a promising path toward Li–S cells with
stable electrochemical performance. The results also show that
compact layers of PANI and titania NPs created by LBS work
synergistically to improve membrane performance.
The cycled laminated PANI membranes were investigated
via SEM and energy-dispersive X-ray spectroscopy (EDXS).
Figure S7 (Supporting Information) shows cross-sectional and
top view SEM and elemental mapping of sulfur, nitrogen, titanium, and carbon on the laminated PANI separator that is
1600450 (6 of 8)
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cycled 100 times with VISC and no LiNO3 in the electrolyte. The
laminated structure is observed to be well maintained after complete 100 cycles. This is due to the property of the PANI, which
is known as soft polymer that could withstand the pressures
from volumetric expansion of sulfur during the charge–discharge process.[37] A strong field map of sulfur is also apparent
in the cross-sectional and top view of the laminated PANI-based
membranes.
Figure 5a shows the AC impedance (ACI) of Li–S cells with
pristine and the laminated PANI separators with VISC and no
LiNO3 in the electrolyte before and after cycling. The upper ACI
data show the impedance comparison between the Li–S cells with
the laminated PANI and pristine separator before cycling, and
lower impedance is measured for the laminated PANI separator
Li–S cell indicating that the high conductivity of PANI helps to
reduce the interfacial impedance. The bottom ACI data show the
impedance data of the laminated PANI separator Li–S cell before
and after 100th cycle. Slight increase of impedance is observed
after 100th discharge. This is because the laminated PANI
coatings adsorb LiPS which increases the interfacial impedance. After 100th charge, the impedance gets lower than that
of 100th discharge but higher than that of initial. This is due to
the adsorbed LiPS is reutilized during the charge process which
lowers the interfacial impedance, and since sulfur is present on
the surface of the coatings on the separator, higher impedance
is measured compared to the initial impedance measurement
which the surfaces are free from LiPS and sulfur. Hence, reutilization and lower impedance of adsorbed LiPS are observed with
the laminated PANI separator. We have also performed self-discharge experiment with the laminated PANI separator Li–S cells
with VISC and no LiNO3 in the electrolyte (see Figure 5b). With
the laminated PANI separator, the Li–S cell can stably remain as
initial state >200 h whereas the Li–S cell with the pristine separator fails after 20 h. This indicates that the top surface of PANI
on the cathode provides a protection layer to alleviate the self-discharge and active material loss during shelf time.
We have compared our results with current literature values
as shown in Figure 5c. It is apparent that the Li–S cell performances achieved with the proposed membranes stand out
among current literature works in terms of the capacity and high
rate performances achievable for high sulfur loadings in the cat
hode.[11,15,18,20,21,23,29,30,46–51] The effect of the membranes is seen
to be more dramatic at high current rates—at 2 C, for example,
the results obtained using the laminated membrane separators are superior to all other literature reports at comparable
sulfur loading. The gravimetric and areal capacities of the laminated PANI separator for PEISC and VISC are ≈1050 mAh g−1,
1.2 mAh cm−2 and ≈1000 mAh g−1, 3.5 mAh cm−2, respectively.
In this study, we report a facile coating methodology termed LBS
that takes advantage of self-assembly and Marangoni stresses at an
air/water interface to rapidly create multifunctional coatings of
PANI, titania NPs, MWCNT, and combinations of these materials
on porous and non-porous solid supports. More generally, the LBS
method is used to create nanoparticle and polymer coatings with
single-particle/molecule thickness resolution on any non-reactive
substrate, without the need for binders. The LBS technique also
holds for large-scale industrial deployment since the method can
be implemented in any vessel (i.e., no Langmuir trough, floats, or
baffles are needed) using physical forces alone to create ordered
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Figure 5. a) AC impedance spectra of Li–S cells based on PEISC and laminated PANI separator prior to (upper plot) and after (lower plot) 100 cycles.
No LiNO3 was used in the electrolyte. b) Self-discharge characteristics of Li–S cells based on VISC and pristine/laminated PANI separators with no
LiNO3 in the electrolyte. c) Comparison of discharge capacity for Li–S cells obtained at three different C-rates and after 100 cycles from our work and
other studies reported in the literature.[11,15,18,20,21,23,29,30,46–51]

nanoparticle films and takes advantage of benign chemicals for
the coating process. Sequential applications of the approach allow
us to fabricate thin, multifunctional MWCNT-PANI/titania/PANI
coatings in layer-by-layer configuration on polyolefin separators
used for Li–S batteries. Application of the resultant membranes
(separator+multifunctional coatings) to Li–S batteries is shown to
enable cells with high capacity and stable cycling over a range of
discharge rates (≈1220, ≈1150, and ≈1000 mAh g−1 are obtained at
0.5, 1, and 2 C respectively, with ≈97% CE at 100th cycle), without
the need for LiNO3 additives in the electrolyte.

Supporting Information
Supporting Information is available from the Wiley Online Library or
from the author.
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