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ABSTRACT: Lithium−sulfur (Li−S) batteries suﬀer from major problems including poor cycle performance and low eﬃciency,
mainly due to the high solubility of intermediate polysulﬁdes and their side-reactions with the Li-anode. Here, we report the
development of advanced, multilayered, sulfur cathodes composed of alternately arranged, negatively charged S-carbon nanotube
layers and positively charged S-polyaniline layers that eﬀectively immobilize polysulﬁdes and reduce polysulﬁde migration onto
the Li-anode. The use of a layer-by-layer nanoassembly technique leads to a binder-free, three-dimensional porous cathode via
electrostatic attraction and enables the fabrication of Li−S cells with remarkably improved performance including a long cycle life
exceeding 600 cycles and a high Coulombic eﬃciency of 97.5% at the 1 C rate. Moreover, these Li−S cells have presented a highrate response up to 2.5 C with high sulfur utilization (a reversible capacity of 1100 mAhg−1, 900 mAhg−1, 700 mAhg−1, and 450
mAhg−1 of sulfur at 0.3, 0.6, 1, and 2.5 C rates, respectively). The results provide important progress toward the understanding of
the role of multilayered cathodes and the realization of high-eﬃciency and long-term service life for Li−S batteries.
ulfur’s high theoretical capacity of 1672 mAhg−1, a 10-fold
greater capacity versus today’s lithium-ion batteries and
sodium-ion batteries, makes lithium−sulfur (Li−S) batteries an
attractive candidate to meet increasing demand for higher
energy density energy storage devices.1−3 However, Li−S
chemistry is inherently challenging.4 The formation of soluble,
long-chain polysulﬁdes (Li2Sn, n ≥ 4) during discharge/charge
cycling common to most present-day Li−S battery designs
leads to the irreversible loss of active materials from the
cathode into the electrolyte and onto the Li-anode. The
polysulﬁdes reduced at the anode cause a continuous evolution
of porous Li metal structure thus leading to unstable solid-state
electrolyte interface layers, damaging long-term cell performance, and presenting safety issues. Meanwhile, changes in the
cathode morphology resulting from the volume change (80%)
of sulfur during discharge/charge cycling induce strain inside
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the cathode and cause the detachment of lithium polysulﬁdes
from the carbon surface, leading to low eﬃciency and fast
capacity decay of cycling. Further, the chemistry results in
uncontrollable deposition of Li2S/Li2S2 species on both the
cathode and anode surfaces, signiﬁcantly inhibiting further
lithiation, leading to low sulfur utilization.5−9
Various sulfur−carbon composites and sulfur-conducting
polymers have been used to realize high capacity and improve
cycle life.10−15 Both approaches provide fast reactions and
suppress the loss of soluble polysulﬁdes during cycling. Other
approaches focus on Li anode16,17 and electrolyte18,19 designs,
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Figure 1. (a) Schematic diagram of multilayered cathode fabricated by the LbL nanoassembly process and functions of each component. (b)
Schematic diagram of the self-control polyshuttle process in the multilayered cathode.

■

RESULTS AND DISCUSSION
Characterization of the Multilayered Cathodes and
Related Materials. Materials. S-CNT and SPANI were
synthesized using functionalized CNT (FCNT) and PANI,
respectively. The detailed synthetic procedures for these two
materials are described in the Experimental Section. The
pristine FCNT tended to agglomerate due to strong van der
Waals interactions (Figure 2a). However, these interactions
appeared to weaken after a thin layer of sulfur was coated on
the surface of the FCNT (Figure 2b). The sulfur on the FCNT
surface was evaluated by X-ray diﬀraction (XRD), in which
obvious characteristic peaks of sulfur were observed for S-CNT
(Figure S1a, Supporting Information). A monoclinic sulfur
phase was detected by XRD in S-CNT after heating at 159 °C
for 8 h and then 300 °C for 1.5 h. At 300 °C; elemental sulfur
may react with FCNTs and form covalently bonded sulfur.26,32
C−S bonds formed were veriﬁed by the two additional peaks at
740 and 933 cm−1 in the Fourier transform infrared
spectroscopy (FTIR) analysis (Figure S1b) since it is known
that S8 shows no vibrational activity in the 900−2000 cm−1
range.33 The sulfur content in the S-CNT was found to be 76.9
wt % by thermogravimetric analysis (TGA) (Figure S1c). TGA
results indicated that the weight loss and weight-loss temperature of S-CNT were higher than those of S/CNT composites,
suggesting a promoted aﬃnity and interaction between sulfur
and FCNT.34 The as-prepared PANI nanotubes were shown in
Figure S2a. The typical morphology of the SPANI was shown
in Figure 2, panel c where bulk sulfur particles were also found
on SPANI surfaces, which may be attributed to strong capillary
force during the postheat treatment. X-ray photoelectron
spectroscopy (XPS) was conducted on the SPANI polymer,
and the ﬁtted curves indicated that the back-chains of PANI
were chemically modiﬁed and physically coated with sulfur
(Figures S2b−e). TGA results indicated that the sulfur content
in SPANI was 65.4% (Figure S2f).
Multilayered Cathodes. The ultrahigh aspect ratio and good
mechanical strength of FCNT and PANI led to a multilayered

aiming to prevent undesirable interactions between polysulﬁdes
and the highly reductive Li-anode. However, these strategies
can only slow the dissolution of polysulﬁdes in the short term,
and these approaches require signiﬁcant use of binders,
conductive agents, or modifying precursors in the cathode
and thus neutralize the advantages of Li−S batteries. The
detachment of highly polar polysulﬁdes from nonpolar carbon
conductive agents during discharge/charge and their subsequent dissolution into the electrolyte are still major
concerns.11,12,20,21 Well-designed electrode structures and
manipulation of sulfur distributions and attachments on the
nanometer scale may be eﬀective in enhancing the stability and
performance of sulfur cathodes.
Here, we report the layer-by-layer (LbL)-nanoassembly22
fabrication of eﬃcient, multilayered sulfur cathodes to address
the challenges of Li−S batteries.23 The multilayered cathodes
were fabricated on aluminum current collectors by alternate
adsorption of negatively charged S-carbon nanotubes polystyrenesulfonate (S-CNT-PSS−) and positively charged Spolyaniline nanotubes (SPANI)-NH+ as shown in Figure 1,
panel a. Polyaniline (PANI) was deposited as the outermost
layer to prevent direct contact between sulfur and the
electrolyte. Both CNT24−28 and PANI29−31 are attractive
choices as sulfur carriers because of their high electronic and
ionic conductivities, strong aﬃnity, and high loading of sulfur
and polysulﬁdes. The formed sandwich-like porous structures
acted as self-control polyshuttle frameworks by forming
physical and chemical barriers that reduced the migration of
polysulﬁdes from the cathode toward the Li-anode as shown in
Figure 1, panel b. The developed multilayered cathodes were
found to contain 67.5 wt % of sulfur, had high and stable
reversible speciﬁc capacities of 1100, 900, and 700 mAhg−1 at a
current density of 0.3, 0.6, and 1 C, respectively, and provided a
discharge/charge lifetime in excess of 600 cycles with an
average Coulombic eﬃciency of 97.5%.
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Figure 2. Characterizations of multilayered cathodes and related materials. (a−f) Scanning electron microscopy (SEM) images of (a) FCNT, (b) SCNT, (c) SPANI, (d) the outermost layer, PANI, (e) SPANI layer, and (f) S-CNT layer. (g) Area mass density (mg cm−2) and thickness (μm)
versus bilayers of multilayered cathodes on aluminum current collectors. (h) XPS and (i) TGA analysis of the multilayered cathodes. In panel i, the
sample of FCNT and PANI was used as a background comparison for the calculation of sulfur content in the multilayered cathodes. The sample was
prepared with the same method for fabricating the multilayered SCNT−SPANI cathodes.

mg cm−2 after heat treatment (Figure 2g). XPS analysis of the
multilayered cathodes after heat treatment revealed signiﬁcant
amounts of S8 and C−S bonds within the cathodes (Figure 2h).
The peak at 164.4 eV in the S 2p3/2 spectrum indicated
elemental sulfur, while the peak at 165.4 eV in the S 2p1/2
spectrum suggested that S atoms were linked to a benzenoid
ring (SPANI) and a quinoid ring (sulfurized CNT). The small
peak at 168.5 eV corresponded to PSS. The atomic
composition of the multilayered cathode was found to be
29.2 wt % carbon, 64.1 wt % sulfur, 4.6 wt % oxygen, and 2.1 wt
% nitrogen. TGA results indicated that the sulfur content in the
whole cathode was 67.5%, corresponding to a sulfur loading of
1.85 mg cm−2 (Figure 2i).
Electrochemical Performance of Multilayered Cathodes.
The rate capability of multilayered cathodes is shown in Figure
3, panel a. The C rates speciﬁed in this study are based on the
theoretical capacity of sulfur, with 1 C = 1675 mAg−1. Since the
sulfur loading of multilayered cathode was 1.85 mg cm−2, the C
rate could be calculated by 1 C = 3.1 mA cm−2. The initial
discharge capacity reached 1346 mAhg−1 of sulfur at 0.1 C,
which is 80.4% of the theoretical value for sulfur. A reversible

cathode with a robust structure that possessed abundant
interconnected channels through which Li ions might pass
(Figure 2d−f). These channels formed three-dimensional (3D) porous frameworks that favored the penetration of
electrolytes. Since sulfur is involved in multistep reactions
during discharge and charge, Li-ion and electron transports are
important factors. The empty pores in the multilayered cathode
acted as reservoirs for liquid electrolytes capable of fast Li-ion
conduction. Meanwhile, the highly intertwined PANI and
FCNT facilitated electrical conductivity and, to a lesser extent,
Li-ion transport. The multilayered structure formed a 3-D
integrated skeleton, and the discrete layers ensured a
homogeneous sulfur distribution. The skeleton provided large
reactive interfacial areas that allowed easy incorporation and
manipulation of sulfur. The structure facilitated electronic and
ionic conduction across the multilayered interfaces between the
discrete layers and the electrolyte, maximizing the eﬃciency of
sulfur in combining with lithium. The thickness of the
multilayered cathode increased approximately linearly with
the increasing number of bilayers; the cathode with 90 bilayers
had a thickness of 35.3 μm with a total material density of 2.75
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Figure 3. Electrochemical performance of Li−S cells employing multilayered cathodes and SEM characterizations of the cathodes at diﬀerent cycles.
(a) Rate performance and (b) long-term cycling performance of multilayered cathodes at diﬀerent current rates. (c) Top view and (e) cross-section
at the 10th cycle, and (d) top view at the 50th cycle of multilayered cathodes.

capacity of 1014 mAhg−1 was observed at the 300th cycle,
corresponding to 75.3% capacity retention. The results
demonstrated the superiority of the multilayered structure in
enhancing the active material utilization. As current density
varied from 0.1 to 2.5 C, the multilayered cathodes still
displayed reasonable capacity, although capacity decreased
gradually, which may be due to the polarization eﬀect. Even at a
rate of 2.5 C, the cell capacity exceeded 580 mAhg−1 after 150
cycles, demonstrating high rate performance and robust
structure.
The long-term cycling behavior and Coulombic eﬃciency of
Li−S cells containing multilayered cathodes at diﬀerent current
densities are shown in Figure 3, panel b. Signiﬁcantly improved
cycling stability was observed at the current densities studied.
For instance, at 0.3 C, the multilayered cathodes had a high
reversible capacity of 1100 mAhg−1. A reversible capacity of 818
mAhg−1 was obtained even after 600 cycles, corresponding to
74.4% of capacity retention with an average Coulombic
eﬃciency of 97.5%. It is noteworthy to mention that Li−S
cells using the same multilayered cathode but having no lithium
nitrate additive in electrolyte also had a high Coulombic
eﬃciency of 96.3% (Figure S3), while the traditional Li−S cells
using slurry-coating sulfur cathodes had a much lower
Coulombic eﬃciency of ∼80% (Figure S4). These results
indicated that the polysulﬁde shuttling eﬀects were signiﬁcantly
mitigated in the multilayered sulfur cathode based cells. Unlike
traditional sulfur cathodes with poor contact between sulfur
and carbon during discharge/charge, the multilayered sulfur
structure provided strong aﬃnity of polysulﬁdes/sulfur and
reduced their dissociation from the interconnected network of
CNTs and PANIs during cycling (Figure 3c,d). The intimate
contact layers within the multilayered structure further attracted

polysulﬁde anions and prevented the anions from “leaking” out
(Figure 3e). In addition, the porous frameworks in the
multilayered cathodes accommodated the volume change of
the sulfur and the corresponding strains accumulated in the
cathodes, thus leading to improved cycling stability.
The current density also had a great inﬂuence on the
discharge reactions (Figure 3b). At a high current density of 2.5
C, the discharge capacity of multilayered cathodes reached a
steady state after 130 cycles, probably because sulfur could not
be reacted until it was exposed to the electrolyte after the initial
cycles at high C rates.35 However, at a low current density of
0.1 C, we estimated that ∼80% of sulfur reacted with lithium
from the beginning of the test. However, at moderate current
densities of 0.3, 0.6, and 1 C, a decrease in the ﬁrst few cycles
followed by an increase in discharge capacity was observed
(Figure 3b). The decrease was probably caused by the catalytic
reduction of electrolyte solvents on the fresh surfaces of the
multilayers and the formation of solid electrolyte interface ﬁlms
on Li-anodes. The increase was probably related to the high
solubility of polysulﬁdes in electrolytes.8 Initially, the cathodes
contained bulk sulfur, which could not completely react at the
end of discharge. After a few cycles, the electrolyte inﬁltrated
into the internal layers, and the bulk sulfur reacted and
pulverized, leading to small sulfur particles. Subsequently, the
cells reached a steady state and showed stable cyclic properties.
Particularly, it took a longer time for the battery at 1 C to reach
the steady state; the intrinsic mechanism controlling this
phenomenon is still under investigation.
Electrochemical Reaction Processes in Multilayered
Cathodes. The electrochemical reaction mechanism of sulfur
in multilayered cathodes was revealed using cyclic voltammetry
(CV) at a scan rate of 0.05 mV s−1. As shown in Figure 4, panel
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Figure 4. Electrochemical performance of Li−S cells employing multilayered cathodes and SEM characterizations of the cathodes at diﬀerent cycles.
(a) CV scans of multilayered cathodes (scan rate was 0.05 mV s−1). (b) CV scans of SPANI, SPANI-PSS, and S-CNT-PSS based cathodes. The scan
rate was 0.05 mV s−1. The SPANI cathodes contained 10 wt % of PVDF and 90 wt % of SPANI; the SPANI-PSS (S-CNT-PSS) cathodes contained
10 wt % of PVDF, 30 wt % of PSS, and 60 wt % of SPANI (S-CNT). The solid line indicates the ﬁrst cycle, and the dotted line indicates the second
cycle of the CV tests. (c) Voltage proﬁles of multilayered cathodes at 1st, 50th, and 150th cycles. Top surface characterization of multilayered
cathodes at (d) 150th, (e) 250th, and (f) 350th cycles.

results were observed at 0.6 and 1.0 C (Figure S8). The upper
discharge plateau at 2.3 V corresponded to the reduction of
sulfur into soluble lithium polysulﬁdes. The discharge capacity
values of the cell corresponding to this plateau at the ﬁrst, 50th,
and 150th cycles were identical, demonstrating the eﬀectiveness
of the multilayered cathode in trapping soluble polysulﬁdes and
enhancing the utilization of sulfur. When sulfur in each layer is
reduced upon full discharge, the strong aﬃnity of polysulﬁdes
for the sandwich-like porous frameworks is vital for retaining
the active mass and electrical contact of sulfur/polysulﬁdes
within the conductive framework. SEM images (Figure 4d−f)
of the multilayered cathodes in the discharged state revealed
that the discharge products were kept within the cathode
structure to form thick layers instead of discrete particles,
implying the strong interaction between polysulﬁdes and the
multilayered structure. The thick sulfur layer observed on the
surface of the cathode could be attributed to the insoluble Li2S
or Li2S2 layers formed at the end of discharge.
The multilayered sulfur cathodes reduced the dissolution of
polysulﬁdes probably because, in the multilayered structure
design, the alternately arranged SPANI layers and S-CNT-PSS
layers not only provided capacity, but also served as chemical
and physical barriers that reduced unwanted polysulﬁde
migration from the cathode to the electrolyte. The electrostatic
interaction between the alkylammonium cations and polysulﬁde
anions might also trap polysulﬁdes during the repeated
cycles,12,28 leading to high cycling stability. In addition, multiple
studies have shown that chemical interactions between sulfur or
polysulﬁde with an oxygen functional group, nitrogen group, or
unsaturated carbon bonds on CNT and PANI in the
multilayered cathodes could reduce the dissolution of

a, the fresh multilayered cathode featured three reduction
current peaks at around 2.38, 2.1, and 1.8 V. The ﬁrst two
narrow peaks showed typical characteristics of two-step
reduction of sulfur from solid−liquid (S8−S62−) and liquid−
solid (S62−−Li2S2) phase transitions. The third broad reduction
current peak at 1.8 V was lower than the potential of S42− to
Li2S2 reaction at around 2.1 V. Similarly, multilayered cathodes
without lithium nitrate additives had three reduction peaks
(Figure S5). However, SPANI, SPANI-PSS, and S-CNT-PSS
based cathodes presented typical sulfur characteristics with two
reduction peaks at 2.30 and 1.97, 2.31 and 2.01, and 2.44 and
2.04 V, respectively (Figure 4b). These observations indicated
that the multilayered cathodes experienced a new reaction
represented by the reduction peak at 1.8 V, which was possibly
attributed to the reaction from Li2S2 to Li2S. As shown in
Figure S6, the four characteristic peaks at 23°, 31°, 45°, and 50°
in the XRD pattern indicated the existence of Li2S. However,
the CV curves at the 50th cycle showed signiﬁcantly diﬀerent
behavior. The ﬁrst two reduction peaks shown in the initial
cycle were substituted by a new broad peak centered at 2.2 V in
the 50th cycle. Most likely, the high potential polarization
between soluble, high-order polysulﬁdes (HPS, i.e., Li2Sn, n ≥
3) and insoluble, low-order polysulﬁdes (Li2Sn, n ≤ 2) caused
an overlap of the two possible reduction peaks. The continuous
CV scan of the multilayered cathodes shown in Figure S7
demonstrated gradual changes during the electrochemical
reaction processes.
At 0.3 C, the discharge/charge proﬁles of multilayered
cathodes in Figure 4, panel c exhibited three discharge plateaus
at 2.3, 2.1, and 1.9 V and two discrete charge plateaus at 2.3 and
2.4 V, which were consistent with the CV analyses. Similar
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Figure 5. EIS analysis of the Li−S cells containing multilayered cathodes. (a) EIS analysis of Li−S cells with multilayered cathodes. (b) SEM image
of cathode surface after 500 cycles.

polysulﬁdes.36−40 The porous 3-D framework in the multilayered structure provided eﬃcient electron and Li-ion
conduction, which contributed to a high utilization of sulfur
and fast kinetics.
Electrochemical impedance spectra (EIS) analysis was
performed to further evaluate the multilayered cathodes. As
shown in Figure 5, panel a, the EIS spectra were composed of
two semicircles at the high frequency region and an inclined tail
in the low frequency region. The real axis intercepting at the
high frequency represented the electrolyte resistance. The
semicircle from high to medium frequency corresponded to the
solid-electrolyte interface (SEI) layer resistance, and the second
semicircle at medium frequency was related to the chargetransfer resistance. The short inclined line in the low frequency
regions was due to ionic diﬀusion within the cathode. The
interfacial charge-transfer resistance was recognizable from the
second semicircle owing to the redox formation of soluble
polysulﬁdes and insoluble short-chain polysulﬁdes. The
resistances at the 50th and 150th cycles were identical,
indicating a stable SEI layer on the lithium surface and a
smooth charge transfer of lithium ions in the cell. These
ﬁndings might indicate that there was limited polysulﬁde
shuttling in the ﬁrst 150 cycles since otherwise, the dissolved
polysulﬁdes would migrate toward the Li-anode, at which point
they would be reduced to low order polysulﬁdes (LPS) and
irreversibly precipitate onto the Li-anode surface. This would
inhibit charge transfer of lithium ions thereby leading to an
increase in cell impedance. Cathode kinetics and chargetransfer polarization accounted for the majority of the voltage
loss in the cells. The multilayered cathodes had low resistance,
which presented an ideal opportunity to create intimate
organic−inorganic interfaces for eﬃcient electrochemical
reactions in Li−S batteries. At the 500th cycle, by contrast,
both the interfacial resistance and charge-transfer resistance
increased. The reactions of sulfur resulted in great morphological changes at the 500th cycle, leading to (i) obvious cracks
and (ii) formation of crystal slabs on the surfaces of the
multilayered cathodes (Figure 5b). Both the nonconductive
crystal slabs and the cracks caused high resistance within the
cell.

nected PANI and FCNT layers served as an electrical
conductive network, and the abundance of pores served as
ionic conductive pathways. The CNTs and PANIs could
physically separate sulfur layers and maintain a high surface
area, and led to enhanced sulfur utilization. The discharge/
charge voltage proﬁles and the CV scans, combined with the
EIS, XPS, and FTIR analyses, revealed that the multilayered
cathodes resulted in reduced polysulﬁde shuﬄing eﬀects and
more complete sulfur transformation, leading to excellent cell
operation with high eﬃciency, good reversibility, and fast
kinetics. SEM images showed no signiﬁcant structural damage
to the multilayered cathode before 350 cycles, indicating high
structural stability of the multilayered cathode. As a result, the
multilayered cathodes provided a long lifetime of more than
600 cycles with an average Coulombic eﬃciency of 97.5%
under a variety of discharge/charge current densities. The
tunable nature of the LbL technique allows for the
incorporation and manipulation of nonconductive sulfur and
highly conductive CNTs/PANIs. These multilayered cathodes
may contribute to potential development and applications of
long-lived, high energy density, and high power Li−S batteries
for electric vehicle systems and ﬂexible and thin-ﬁlm devices.

■

EXPERIMENTAL SECTION

Chemicals. Multiwalled carbon nanotubes (110−170 nm in
diameter and 5−9 μm in length), nitric acid (70 wt %), sulfuric acid
(95−98 wt %), sodium dodecyl sulfate (SDS) solution (20% in water),
sulfur powder (99.998%), tetrahydrofuran (99.9%, THF), aniline
(99.5%), sodium dodecylbenzenesulfonate (SDBS), ammonium
persulfate (98%), sulfur monochloride (98%), aluminum chloride
(99.99%), sodium sulﬁde, N,N-dimethylformamide (99.8%, DMF),
NH2OH solution (50% in water), carbon disulﬁde solution (99%,
CS2), and poly(styrenesulfonate) (PSS, MW ∼70,000) were purchased
from Sigma-Aldrich, Co. LLC, United States.
Materials Preparation. Preparation of S-CNT Composites.
Multiwalled carbon nanotubes (800 mg) were soaked in nitric acid
and sulfuric acid (60 mL, v 1:3) in an ultrasonic container for 1 h, kept
in an oven of 70 °C for 2 h, and then rinsed six times with distilled
water to get FCNTs. The FCNTs (∼100 mg) were dispersed into
SDS aqueous solution (15 mL). Meanwhile, sulfur powder (500 mg)
was dissolved in THF (15 mL) to form a saturated solution. Next, the
sulfur-saturated THF and FCNTs in SDS were mixed for 12 h under
magnetic stirring, then centrifuged. The supernatant was decanted, and
the remaining materials were washed using deionized water to remove
SDS. Finally, the as-prepared S-CNTs were mixed with sulfur (1:1 wt
%) and treated in a vacuum oven at 159 °C for 8 h and then at 300 °C
for 1.5 h.
Preparation of SPANI. Aniline, SDBS, and ammonium persulfate
(M 1:1:1) were dissolved in hydrochloride aqueous solution for 40 h,

■

CONCLUSION
In this work, we demonstrated a unique multilayered sulfur
electrode fabricated with LbL nanoassembly method. With this
method, extra cell components such as PVDF binders were not
necessary. Within the multilayered structure, the intercon5085

DOI: 10.1021/acs.chemmater.5b01780
Chem. Mater. 2015, 27, 5080−5087

Article

Chemistry of Materials
washed using distilled water, and dried in a vacuum oven at room
temperature for 24 h to obtain PANI nanotubes. PANI, sulfur
monochloride, and aluminum chloride (M 1:1:2) were soaked in
acetonitrile in a sealed ﬂask for 10 h, washed using ether, and dried in a
vacuum oven at 80 °C for 24 h to obtain chloride PANI. Sulfur and
sodium sulﬁde (M 4:1) were then mixed in DMF (10 mL) in a
vacuum oven for 6 h to obtain disodium pentasulﬁde (Na2S5). Next,
the chloride PANI was soaked in a Na2S5 solution for 24 h in a vacuum
oven, washed with deionized water, and dried in a vacuum oven at 80
°C for 24 h to achieve initial sulfurized PANI. Finally, the initial
sulfurized PANI was mixed with sulfur (1:1 wt %) in carbon disulﬁde
solution (CS2) for 2 h under magnetic stirring and heated in a vacuum
oven at 280 °C for 2 h to obtain SPANI.
Fabrication of Multilayered Cathodes Using LbL Nanoassembly Technique. Aluminum Substrate Treatment. Aluminum
current collector was used as the substrate for the LbL process, and a
thin layer of CNT-COO− was deposited on the substrate by
electrophoretic deposition (EPD) technique.
LbL Process. First, SPANI was treated with NH2OH solution at 70
°C for 2 h, and S-CNT was mixed with PSS solution for 2 h. These
treated powders were then sonicated for 6 h in deionized water
separately. The pH values of both solutions were adjusted to 3.5, and
the solutions were sonicated for 3 h before LbL assembly. The purpose
of introducing PSS here was to facilitate the growth of the multilayer
ﬁlms via electrostatic interactions; PSS is a strong polyelectrolyte.
Details of LbL assembly of cathodes can be found elsewhere.41−44 In
brief, the process involves immersing the treated substrate into the
SPANI suspension for 3 min and then washing the substrate in
deionized water for 30 s and next, placing the SPANI-coated substrate
into S-CNT suspension for 3 min and then washing in deionized water
for 30 s. These steps are repeated until the desired number of layers is
achieved. In the present study, the multilayered cathode has 90 bilayers
with sulfur loading of 1.85 mg cm−2. Finally, the assembled
multilayered cathodes are dried in air and treated at 100 °C in a
vacuum oven for 5 h. The cathode is now ready to be assembled into a
cell. Note that the LbL method can produce a large number of samples
by robot machines and has the potential for large-scale industrial
applications.45
XPS, XRD, and FTIR Measurements. Kratos Axis Ultra XPS
(Kratos Analytical) with a monochromatized Al Ka X-ray source,
PANalytical XRD, and FTS 7000 FTIR were used to analyze the
surface chemistry of S-CNT, SPANI, and multilayered cathodes. Curve
ﬁttings of the XPS spectra were performed following a Shirley-type
background subtraction.
Electrochemical Measurements of Multilayered CathodeBased Cells. CR2016-type coin cells were used as the testing cells.
Lithium foils were used as the anodes, Cellgard 2400 microporous
membranes as separators, 1.0 mol L−1 bis(triﬂuoromethane sulfonyl)
imide (LiTFSI) and 0.15 mol L−1 LiNO3 dissolved in dioxolane
(DOL) and dimethoxyethane (DME) (1:1, v/v) as electrolytes, and SCNT/SPANI multilayered composite as cathodes. The cells were
assembled in an argon-ﬁlled glovebox. Electrochemical measurements
were performed galvanostatically between 1.0 and 3.0 V at current
densities of 550, 1300, 1950, and 6400 mA g−1. Capacity was
calculated based on the weight of all materials on the cathodes. CV
experiments were conducted using a NOVA potentiostat at scan rates
of 5, 0.5, and 0.1 mVs−1. EIS measurements were carried out using a
NOVA electrochemical workstation in a frequency range between 100
kHz and 100 mHz at a potentiostatic signal amplitude of 5 mV. All
experiments were conducted at room temperature.

■

SPANI showing 65.4 wt.% of sulfur in SPANI composite.
Coulombic eﬃciency and long-term cycling performance of
multilayered cathodes without lithium nitrate additive. Cycling
performance at various current densities for the slurry-coated
cathodes that contained 10 wt % of PVDF, 45 wt % S-CNT,
and 45 wt % SPANI. CV data of Li−S cells employing
multilayered cathodes and electrolyte without lithium nitrate
additives. XRD data of the multilayered cathode after the 50th
discharge. Continuous CV scans of multilayered cathodes for
the ﬁrst three cycles. Initial voltage proﬁles of multilayered
cathodes. The Supporting Information is available free of
charge on the ACS Publications website at DOI: 10.1021/
acs.chemmater.5b01780.
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