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ABSTRACT: Lithium−sulfur (Li−S) battery is a promising
high energy storage candidate in electric vehicles. However,
the commonly employed ether based electrolyte does not
enable to realize safe high-temperature Li−S batteries due to
the low boiling and flash temperatures. Traditional carbonate
based electrolyte obtains safe physical properties at high
temperature but does not complete reversible electrochemical
reaction for most Li−S batteries. Here we realize safe high
temperature Li−S batteries on universal carbon−sulfur electrodes by molecular layer deposited (MLD) alucone coating. Sulfur
cathodes with MLD coating complete the reversible electrochemical process in carbonate electrolyte and exhibit a safe and
ultrastable cycle life at high temperature, which promise practicable Li−S batteries for electric vehicles and other large-scale
energy storage systems.

KEYWORDS: Lithium−sulfur batteries, molecular layer deposition, MLD, high temperature, carbonate based electrolyte,
ether based electrolyte

Lithium−sulfur battery is an attractive energy storage
system due to the ultrahigh theoretical energy density

and therefore considered as a promising energy device to meet
the growing energy demands for high power output
applications such as electric vehicles (EVs) and hybrid electric
vehicles (HEVs).1,2 From a practical and industrial perspective,
a critical requirement of batteries in EVs and HEVs is safe
operation with a wide temperature window.3,4 Unfortunately,
state-of-the-art ether based electrolytes for Li−S batteries suffer
from low boiling and flash points (Table S1), and therefore
pose significant safety risks for operation at elevated temper-
atures. In addition, the commonly used LiNO3 additive is an
oxidizing agent and provides further safety concerns.5,6

Moreover, high temperatures also promote lithium polysulfide
dissolution into the electrolyte, resulting in poor cycle life.7,8

These safety concerns have considerably restricted the potential
application of Li−S batteries in EVs with the use of ether based
electrolyte and may involve the redesignation of sulfur cathodes
in practical applications.9−12

One possible solution in addressing these temperature issues
for Li−S batteries is revisiting the use of traditional carbonate
based Li-ion electrolytes, which have been developed and
adopted for lithium-ion batteries (LIBs) over three deca-
des.13−15 Unfortunately, attempts in employing carbonate
based electrolytes for Li−S batteries were rarely succeeded

due to side reactions between carbonate solvents and
electrochemical intermediates such as lithium polysulfide
species, resulting in the irreversible electrochemical behavior
of batteries.13−15 Very recently, a possible approach has been
developed to solve this issue by capturing sulfur within fine
holes tailored into carbon hosts.16,17 The confined sulfur
molecules undergo solid-state electrochemical conversion to
avoid solution based side reactions. However, it still needs
specially manufactured microporous carbon−sulfur composites,
which requires delicate control in laboratory-scale fabrication.
Thereby, a critical question now arises: Is there a simple and
versatile approach to be used in sulfur cathodes with carbonate
based electrolytes to realize the safe operation of Li−S batteries
at high temperature?
Atomic layer deposition (ALD) and molecular layer

deposition (MLD) have gained considerable attention as ideal
ultrathin-film techniques for the applications in energy storage
systems.18−21 With self-limiting binary reactions, MLD
demonstrates unparalleled advantages in producing uniform
and conformal thin films, providing precise and flexible control
over film thickness and chemical composition of the target
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material at a molecular scale.20,21 Furthermore, the introduction
of organic precursors during the deposition process enables the
synthesis of hybrid metal−polymeric thin films. Up to now,
ALD and MLD have been used to produce protective coating
materials, solid-state electrolytes, and electrode materials for Li-
based batteries to improve their cycle life and safety.21−23

In this report, we propose a novel strategy to enable the use
of carbonate-based electrolyte with universal carbon−sulfur
electrodes of secondary Li−S batteries by MLD. Instead of
elaborately designed microporous carbon, commercially avail-
able mesoporous carbon is employed as a sulfur host to
demonstrate the universal application of MLD. The MLD
alucone thin film material we employed in this research has
demonstrated desirable flexible mechanical properties as a
coating material for Li-ion and Li−S batteries, exhibiting solid
and prolonged protection for electrodes during cycling.23,24

Furthermore, a number of excellent papers have demonstrated
the use of ALD Al2O3 coating for sulfur cathodes,
demonstrating improved cycle performance as well as stabilized
and prolonged cycle life for Li−S batteries.25,26 The MLD
alucone film in this report acts as an effective protecting layer
and enables a reversible charge/discharge behavior for carbon−
sulfur electrodes in carbonate-based electrolytes by preventing
side reactions from occurring between sulfide/polysulfide
intermediates and carbonate solvents. With the MLD coated
carbon−sulfur electrodes, we demonstrate that high temper-
ature Li−S batteries have safe and stable ultralong cycle life
operating in carbonate-based electrolyte. Furthermore, synchro-
tron-based measurements were carried out to reveal the
underlying mechanism of MLD coating in Li−S batteries.
As shown in Figure 1, MLD process employs subsequent

exposures of trimethylaluminum (TMA) and ethylene glycol

(EG) into the reaction chamber to form a thin metal−organic
coating on C−S electrodes. This reaction occurs in two half-
reactions to form one monolayer of alucone (an inorganic−
organic thin film composed of Al2O3 unit linked by −O−
C2H4−O− units), as shown in Figure 1. The thickness of the
alucone coating can be precisely controlled by the number
MLD cycles applied. In Figure 2a, SEM image demonstrates
that the diameter of C−S particles in a 10-cycle alucone coated
electrode ranges between 40 and 60 nm, which is close to that
of the pristine C−S electrodes (Figure S1 and Figure S4).
Elemental mapping using energy dispersive spectroscopy
(EDS) reveals that the alucone coating is uniform along the
surface of the film, as shown in Figure 2c and d. Furthermore,

cross-sectional EDS analysis confirms that the MLD alucone
film is also evenly distributed throughout the electrode
vertically, demonstrating the conformal and uniform nature of
the MLD process. Synchrotron based high energy X-ray
photoelectron spectroscopy (HEXPS) further elucidates the
interaction between sulfur and alucone coating. As shown in
Figure 2f, compared to pristine C−S electrodes, the sulfur 1s
spectrum for alucone coated electrode displays an additional
peak at 2475.0 eV, demonstrating that very few of sulfur on the
surface of electrode has interaction with alucone coating via S−
O bond. Sulfur 1s spectra with different photo energies and
Fourier transform infrared spectra (FTIR) were also conducted
to further understand the interaction between alucone coating
and sulfur, as shown in Figures S5 and S6. Thermogravimetric
analysis result (TGA) demonstrates the sulfur load of carbon−
sulfur composites as shown in Figure S3. The sulfur mass load
of C−S composites is around 61 wt % after MLD process, and
the sulfur areal loading of alucone coated C−S electrode is 0.9
mg cm−2

Electrochemical behavior of alucone coated and pristine C−S
electrodes were evaluated using carbonate-based electrolyte (1
M LiPF6 in ethylene carbonate (EC): ethyl−methyl carbonate
(EMC): diethyl carbonate (DEC) solvents with 1:1:1 of
volume ratio). Figure 3a displays the cycle performance of C−S
electrodes under 0.1 C at room temperature (RT).
Interestingly, alucone coated C−S electrodes exhibit dramati-
cally improved performance in carbonate-based electrolyte
compared to pristine electrodes. The alucone coated electrode
shows an initial capacity of 912 mA h g−1 and stabilizes at 429
mA h g−1 after 100 cycles. In contrast, the pristine C−S
electrode shows an initial discharge capacity of 940 mA h g−1;

Figure 1. Schematic diagram of alucone coating on C−S electrode via
molecular layer deposition.

Figure 2. (a−b) FE-SEM images of alucone coated C−S electrode.
(c−d) EDS elemental mapping profiles of b. (e) Linear-scanning EDS
analysis of cross-section of alucone coated C−S electrode on silicon
substrate. (f) Sulfur 1s HEXPS spectra of alucone coated and pristine
C−S electrodes.
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however, by the second cycle the discharge capacity
significantly drops to 159 mA h g−1, indicating irreversible
electrochemical processes occurred, which is consistent with
previous studies.6,15 Discharge−charge curves (Figure 3b) and
corresponding cyclic voltammograms (CVs) (Figure 3c and d)
provide further evidence that drastically different electro-
chemical processes had taken place in the coated and uncoated
electrodes. In a typical Li−S battery where ether-based
electrolyte is employed, two cathodic peaks at 2.3 and 2.1 V
appear during the lithiated sulfur reaction, corresponding to the
reduction of the S8 molecule to long chain polysulfides and

then short chain sulfides in a two-step reaction; the anodic peak
at 2.4 V corresponding to a reversed process, as shown in
Figure S8.27−29 Interestingly, the pristine C−S electrode cycled
in carbonate-based electrolytes displays a single board cathodic
peak at 2.5 V in the first cycle, and no peaks appeared in
subsequent cycles. This type of behavior is indicative of long-
chain polysulfides formation which may inhibit further
electrochemical reaction.15 However, the alucone coated C−S
electrode exhibits well-defined potential plateaus during the
discharge and charge process, as well as reproducible cathodic
and anodic peaks in the CV profile. Compared to typical Li−S
redox reactions, alucone coated electrodes display a larger
voltage gap between the cathodic and anodic peaks (1.5 and 2.5
V), representing an alternative reaction route as well as
increased internal resistance.30,31 Electrochemical impedance
spectra (EIS) were conducted to understand the influence of
the MLD alucone coating layer on the conductivity of the
electrode, as shown in Figure S10. The results indicate that the
alucone coating layer maintains high activity toward electro-
chemical reactions for electrodes cycled in various electrolytes.
To demonstrate the electrochemical performance of the Li−

S batteries at high temperature, the cycle stability of alucone
coated C−S electrodes with both carbonate- and ether-based
electrolytes were measured at 55 °C to simulate the
environment for Li−S batteries in electric vehicles (Figure
3e). Impressively, alucone coated C−S demonstrates improved
capacity and extended cycle life in Li−S batteries using
carbonate-based electrolyte. Alucone coated electrodes exhibits
an initial capacity of 1055 mA h g−1, a value that exceeds the
initial capacity conducted at room temperature. Elevated
temperatures facilitate the diffusion of Li-ions and promote
electrochemical reactions, resulting in improved battery
performance.32,33 The capacity of the cell stabilizes at 661
mA h g−1 after 50 cycles and with a capacity retention over 573
mA h g−1 after 300 cycles, demonstrating extraordinary cycle
life. Cyclic discharge−charge curves further demonstrate that
the electrochemical processes taking place in alucone coated
C−S electrodes operating at 55 °C is highly reversible. As
shown in Figure 3f, potential plateaus in discharge and charge
curves are stabilized at 2.0 and 2.3 V, displaying improved
electrochemical activity at elevated temperature. For compar-
ison, alucone coated C−S electrode was also cycled at 55 °C
with ether-based electrolyte (1 M LiTFSI in dimethoxyethane
(DME): dioxolane (DOL) with 1:1 of volume ratio), as

Figure 3. (a) Electrochemical cycle performance and (b) discharge−
charge profiles of coated and pristine C−S electrode. Cyclic
voltammetric profiles of (c) pristine C−S electrode and (d) coated
C−S electrode. (e) Comparison of alucone coated C−S electrodes
running within carbonate based and ether based electrolyte under 55
°C. (f) Discharge−charge profiles of alucone coated electrode
operating in carbonate based electrolyte under 55 °C.

Figure 4. Sulfur K-edge spectra of C−S electrodes at discharge−charge steps. (a) Pristine C−S with carbonate based electrolyte; (b) alucone coated
C−S with carbonate based electrolyte; and (c) pristine C−S with ether based electrolyte.
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outlined in Figure 3e, which shows a rapid capacity decay with
cell failure after 100 cycles. As mentioned earlier, the flash point
of ether solvents DME and DOL is below 2 °C, which raises a
number of safety issues for high temperature operation of Li−S
batteries. Although 55 °C does not reach to boiling
temperature of ether based electrolytes, this elevated temper-
ature can still result in higher vapor pressure while also
enhancing electrolyte consumption, bringing a number of
deleterious effects into question.9−12 Based on these results,
MLD alucone coating enables the use of secondary C−S
cathodes in carbonate-based electrolyte and offers a safe and
versatile approach toward Li−S batteries at elevated temper-
ature.
Near edge X-ray absorption fine structure (NEXAFS) was

conducted to further elucidate the mechanism behind the MLD
alucone coating in C−S electrodes cycled in carbonate
electrolyte. Figure 4 displays the S K-edge spectra for pristine
C−S and alucone coated electrodes under discharge−charge
steps to explore the chemical structure evolution of different
electrodes. According to previous studies, the feature at 2472.2
eV can be attributed to the S 1s transition to S−S π* state of
elemental sulfur. Features located at 2476.2, 2478.0, 2480.5,
and 2482.3 eV are assigned to the S 1s transition to Li2S σ*, S

2−

σ*, and/or SO3
2− σ*, COSO2

− σ*, and SO4
2− σ*,

respectively.34,35 As shown in Figure 4a, pristine C−S
electrodes during discharge−charge processes do not exhibit
obvious peak shifts and only presents one new peak at 2474.0
eV. This additional peak most likely arises from side reactions
occurring between long-chain polysulfides and carbonate-based
solvents, producing Sx−Cn−CO− species.15,36−38 It has been
reported that this side reaction results in solvent decomposition
which in turn hinders lithium ion diffusion.15 This observation,
combined with the CV results, allows us to propose with
confidence that the failure in uncoated C−S electrode in Li−S
batteries with carbonate-based electrolytes can almost certainly
be attributed to the reaction of long chain polysulfides with
carbonate solvents. On the other hand, as shown in Figure 4b,
the S K-edge spectra for alucone coated C−S electrodes show
an interesting phenomenon. Prior to electrochemical testing,
the NEXAFS spectra of the coated electrodes show an
additional peak at 2473.6 eV assigned to C−S chemical bond,
which indicates an chemical interaction between sulfur and
alucone coating.39 During the discharge−charge process, the
S−S peak from alucone coated C−S electrode initially shifts
from 2472.2 to 2473.4 eV, then returns to 2472.2 eV. This
evolution is drastically different from the behavior of pristine
C−S electrodes and is indicative of a reversible Li−S redox
reaction occurring with the use of alucone coating.39,40 Previous
literature results indicate that a shift in the S−S peak can be
attributed to the transformation of elemental sulfur to
polysulfides species, indicating an interaction between poly-
sulfides and alucone coating layer.39−41 The final discharge
product of the alucone coated C−S electrode (discharge 1.0 V)
can be determined as Li2S, as shown in Figure S13.41,42 XANE
spectra of polysulfides Sn

2− exhibit a pre-edge peak at around
2470.2 eV along with a peak at 2472 eV. The Li2S reference
sample, on the other hand, only exhibits two peaks at 2470.8
and 2473.7 eV without any indication of a pre-edge peak.
Compared to the reference sample, the spectra of alucone
coated C−S electrode discharged to 1.0 V is in agreement with
Li2S, suggesting that sulfur can be reduced to Li2S as the final
discharge product in carbonate based electrolyte. Further, few
SO4

2− species are identified throughout the electrochemical

process, which is still an open question and most likely arises
from the oxidation of sulfide species by alucone coating. From
the comparison of Figure 4a with b, it is apparent that the
major drawback for pristine C−S electrodes cycled in
carbonate-based electrolytes is the occurrence of side reactions
between long chain polysulfides and the surrounding carbonate
solvents. From the S K-edge NEXAFS and the S 1s HEXPS
spectra shown in Figure 2f, we propose that the alucone coating
interacts with sulfur, further allowing the formation of few
SO4

2− species in electrochemical reactions, which ends up
passivating the surface of the electrode and hindering unwanted
side reaction. Therefore, the Li−S electrochemical process,
along with the support of alucone coating, completes a solid-
phase electrochemical reaction, leading to higher potential
polarization during the electrochemical reactions at room
temperature. Some pioneer research using “small sulfur”
cathode also enabled a reversible electrochemical reaction in
carbonate electrolyte, which also claimed “solid-phase” Li−S
reaction and the discharge−charge curves in their paper are
consistent with our results.17 Figure 4c shows the S K-edge
spectra for pristine C−S electrodes in ether-based electrolyte as
references and illustrates an alternative chemical structure
evolution compared to sulfur cathodes cycled in carbonate-
based electrolyte. During the discharge−charge process, the
peak at 2472.2 eV dose not shift, indicating that polysulfides are
dissolved in ether-based electrolyte. Further, the COSO2

− and
SO4

2− peaks exhibit a reversible tendency during discharge−
charge process, which can be attributed to the presence of
LiTFSI salt (Figure S14) and the oxidation of sulfide
species.34,35 Comparison of Figure 4a with Figure 4b and c
further demonstrates that a chemical interaction is taking place
between the intermediate polysulfide species and alucone
coating and confirms the solid-state Li−S redox reaction with
the support of alucone coating in carbonate-based electrolyte.
In summary, we have shown that the MLD alucone coating is

a novel and potentially universal approach which enables safe
high temperature Li−S batteries with conventional carbon−
sulfur electrodes. The MLD alucone coated C−S electrodes
demonstrate stabilized ultralong cycle life at high temperature
with a capacity over 570 mA h g−1 after 300 cycles, representing
the much stable and prolonged cycle performance for high-
temperature Li−S batteries. The utilization of MLD enables the
usage of conventional carbon−sulfur cathode materials for Li−
S batteries with carbonate based electrolytes, which is a facile
and versatile approach that can be applied to a variety of C−S
electrodes without redesigning the carbon host materials. It
should be noted that the current MLD alucone coated C−S
electrodes in carbonate based electrolyte still presents a number
of challenges and unsatisfactory cycle performance at room
temperature. These issues are related to the limited
conductivity of the MLD coating, the nanostructure of the
carbon host, and the components of carbonate based solvents.
Our future work is aimed at further improving these portions of
the Li−S batteries.

■ ASSOCIATED CONTENT

*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.nano-
lett.6b00577.

Experimental details and additional physical and electro-
chemical characterization (PDF)

Nano Letters Letter

DOI: 10.1021/acs.nanolett.6b00577
Nano Lett. 2016, 16, 3545−3549

3548

http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.6b00577/suppl_file/nl6b00577_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.6b00577/suppl_file/nl6b00577_si_001.pdf
http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.nanolett.6b00577
http://pubs.acs.org/doi/abs/10.1021/acs.nanolett.6b00577
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.6b00577/suppl_file/nl6b00577_si_001.pdf
http://dx.doi.org/10.1021/acs.nanolett.6b00577


■ AUTHOR INFORMATION
Corresponding Author
*E-mail: xsun9@uwo.ca.
Present Addresses
W.X., B.W., and T.-K.S.: Department of Chemistry, University
of Western Ontario, ON, N6A 5B9, Canada.
Y.Y.: National Synchrotron Radiation Laboratory, University of
Science and Technology of China, Hefei, 230029, China.
K.N.: Soochow University-Western University Centre for
Synchrotron Radiation Research, Institute of Functional Nano
and Soft Material (FUNSOM), Soochow University, Suzhou,
215123, China.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This research was supported by Natural Sciences and
Engineering Research Council of Canada (NSERC), Canada
Research Chair Program (CRC), Canada Foundation for
Innovation (CFI), Ontario Research Fund, the Canada Light
Source at University of Saskatchewan (CLS), and the
University of Western Ontario. The Advanced Light Source
is supported by the Director, Office of Science, Office of Basic
Energy Sciences, of the U.S. Department of Energy under
Contract No. DE-AC02-05CH11231. Y.Y. and K.N. acknowl-
edge Prof. Junfa Zhu (University of Science and Technology,
China) and Prof. Xuhui Sun’s supervision (Soochow University,
China), respectively and for their support of this study. Dr. Jian
Liu is grateful to the financial support from NSERC
Postdoctoral Fellowship Program.

■ REFERENCES
(1) Bruce, P. G.; Freunberger, S. A.; Hardwick, L. J.; Tarascon, J. M.
Nat. Mater. 2011, 11, 19−29.
(2) Gao, X.-P.; Yang, H.-X. Energy Environ. Sci. 2010, 3, 174−189.
(3) Lu, L.; Han, X.; Li, J.; Hua, J.; Ouyang, M. J. Power Sources 2013,
226, 272−288.
(4) Barre,́ A.; Deguilhem, B.; Grolleau, S.; Geŕard, M.; Suard, F.; Riu,
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