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 Compared with elemental S, the Li 2 S cathode can pair with 
the anode materials, such as C, Si, and Sn, which do not con-
tain Li, and thus the Li 2 S cathode can offer improved safety. In 
addition, Li 2 S does not further expand during cycling since Li is 
already incorporated into the structure, making it a strong can-
didate for S-based cathodes. [ 4,13,18–22 ]  However, due to its high 
melting point (≈950 °C), it has been a challenge to encapsu-
late the nanosized Li 2 S into hosts with porous and hierarchical 
structures. Even if the Li 2 S/S particles are coated with protective 
shells, such protections are often insuffi ciently robust and fail 
during handling or cycling due to the repeated volume changes 
and resultant mechanical degradation. [ 7,19,21,23–25 ]  When only a 
small portion of the particles fails, the dissolved polysulfi des 
still form insulating layers on the surface of both electrodes, 
increase electrolyte viscosity, and lead to cell failure. [ 19 ]  Further-
more, the low electrical conductivity of both S and Li 2 S requires 
the use of small nanoparticles for minimizing polarization 
during cycling. This could also be undesirable as small nano-
particles exhibit higher specifi c surface areas and thus faster 
dissolution. 

 Here we construct a hierarchical nanocomposite particle–
shell architecture of Li 2 S cathode, which offers a multilevel pro-
tection against damages within protective coatings of particles. 
This architecture not only drastically reduces internal stresses 
within outer shells, but also allows one to achieve high-capacity 
utilization of insulative Li 2 S for a relatively large size of the 
composite particles. The proposed particle architecture and 
general synthesis route could be effectively utilized for building 
electrochemical cells with a variety of other conversion-type 
cathode materials, which undergo signifi cant volume changes 
during cycling and suffer from undesirable interactions with 
electrolytes and low conductivity. 

  Figure    1   illustrates the overall concept for the nanocomposite 
particle–shell architecture aimed to enhance the mechanical 
stability of electrodes containing the volume-changing active 
materials, such as Li 2 S. In the case of simple core-shell particles 
(Figure  1 a), failure of the shell may lead to catastrophic conse-
quences for the electrode, once Li 2 S has a direct contact with 
electrolytes. Overbuilding the shell thickness would increase 
the volume of inactive shell materials and may increase Li +  
transport resistance. However, when multiple particles are fi rst 
embedded into the protective composite matrix and then addi-
tionally protected by an outer protective shell so as to achieve a 
fi rst level of hierarchy, the failure probability would be greatly 
reduced (Figure  1 b). Indeed, fractures within the outer shell 
would be mitigated by the presence of the protective material 
matrix. After achieving the second level of hierarchy in the 
particle design (Figure  1 c), fractured materials within both the 

  The ever-increasing energy storage demands of laptops, mobile 
phones, cameras, electric tools, unmanned aerial vehicles, and 
cars have motivated research on safer, lighter, and lower cost 
rechargeable batteries. Commercial Li-ion batteries utilizing 
intercalation-type Co- and Ni- containing cathode materials 
suffer from natural toxicity, relatively high cost, and limited 
specifi c capacities. Conversion-type cathode materials may 
offer reduced cost and higher specifi c energy, particularly in 
combination with Li metal or Li alloy anodes. [ 1 ]  Since 2009, 
the lithium–sulfur (Li–S) chemistry with the high theoretical 
energy of 2600 W h kg −1  has attracted great attention in the 
battery community. [ 2–5 ]  Sulfur is abundant in the earth crust, 
cheap, and environmentally friendly. Each sulfur atom can 
bond to two lithium atoms forming lithium sulfi de (Li 2 S) and 
giving the theoretical capacity of 1675 mA h g −1 . 

 However, elemental S-based electrodes suffer from multiple 
limitations. For example, the low melting point of S (115 °C) 
readily induces evaporation of the active material under normal 
electrode drying conditions. Large expansion (≈79 vol%) of S 
during its lithiation to Li 2 S may induce mechanical damages 
within electrodes or S-comprising composite electrode parti-
cles (particularly, if insuffi ciently large pores within composite 
particles obstruct such expansion), while polysulfi de dissolu-
tion during cycling induces active material loss and increases 
cell resistance. [ 6–9 ]  The presence of excessively large pores in 
composite particles can lower the volumetric capacity. In order 
to reduce polysulfi de dissolution, a variety of approaches, 
including the optimization of electrolyte composition, [ 10,11 ]  the 
use of metal oxide additives, [ 3,14 ]  coating separators, [ 15 ]  various 
protective shells on individual particles, [ 7,9,16 ]  and the encapsu-
lation of sulfur in a carbon with hierarchical pore structure, [ 17 ]  
have been explored and showed great promise, but further 
improvements are still critically needed. 
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zero and fi rst level of hierarchy would be further protected by 
the outermost shell.  

 Importantly, the hierarchical particle–shell architecture can 
signifi cantly reduce stresses within the shells.  Figure    2   shows 
results of our numerical simulations (see details of the model in 
the Supporting Information), where the outer shell is assumed 
to be made of carbon that does not change volume during 
extraction of Li from Li 2 S. Particles exhibiting a zero-level hier-
archy (Figure  2 a) are assumed to have weaker spots at the inter-
face between the Li 2 S particle and the shell in order to accom-
modate the particle shrinkage (during Li extraction) via forma-
tion of wrinkles. As a result, large hoop tension induced in the 

crests of the wrinkles can induce local fracture of the coating, 
leading to a loss of polysulfi des during subsequent cycles. In 
comparison, composite particles exhibiting the fi rst level of 
hierarchy in our model (Figure  2 b) have a number of small Li 2 S 
particles embedded in the elastic porous carbon matrix and fur-
ther coated with a carbon outer shell. In this case, the volume 
decrease in active particles occurring during delithiation will 
be effectively accommodated by the deformation of the porous 
carbon matrix having a low stiffness and high deformability. 
Now, even in the case when active Li 2 S nanoparticles exhibit 
a perfect bonding with the porous carbon matrix and the core 
of the composite particles exhibit a perfect bonding with the 

Adv. Mater. 2015, 
DOI: 10.1002/adma.201502289

www.advmat.de
www.MaterialsViews.com

(a) (b) (c) 

 Figure 1.    A concept of hierarchical particles’ shelling for enhanced mechanical stability of volume-changing active materials, such as Li 2 S. Particles 
exhibiting three levels of enclosing hierarchy are shown: a) zero (small and medium size particles), b) one, and c) two. Failure of a shell in a primary 
particle in (b) could be mitigated by a second-level shell. Failure of both a primary shell and a second-level shell in (c) could be mitigated by a shell 
at the third level. 
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 Figure 2.    Results of the numerical modeling, showing signifi cant reduction of the hoop stress (normalized by Young’s modulus of carbon) within the 
outer shells of the Li 2 S–C composite particles with the increasing level of the hierarchy in particles’ shelling: a) zero level; b) fi rst level; c) second level.
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carbon outer shell, stresses induced in the shell are signifi -
cantly lower (Figure  2 b). Finally, particles exhibiting the second 
level of hierarchy in our model result in a further reduction of 
stresses within the outer carbon shell (Figure  2 c).  

 While the advantages of the proposed particle–shell archi-
tecture are broadly applicable, here we demonstrate the clear 
improvements in the capacity, rate, and cycle stability of hier-
archical Li 2 S particle–C shell cathodes. We further limit our 
experimental results to particles having just one level of hier-
archy. Similar to the description of our model system above 
(Figure  2 b, c), we have selected elastic disordered porous 
carbon matrix and more rigid carbon outer shell as protective 
media that are electrically and ionically (Li + ) conductive for 
Li 2 S.  Figure    3   shows schematics of the synthesis steps involved. 
First, both carbonizable polar polymer and Li 2 S are dissolved 

in anhydrous ethanol (EtOH) (Figure  3 a), fol-
lowing our previous work on the discovery 
of a high solubility of Li 2 S in such an envi-
ronmentally friendly solvent and the absence 
of Li 2 S alcoholysis. [ 4,18 ]  Second, evaporation 
of ethanol to a level exceeding the Li 2 S solu-
bility limit induces homogeneous nucleation 
of small Li 2 S nanoparticles, which become 
coated with a polar polymer chain and self-
assembled into larger Li 2 S–polymer nano-
composite granules (Figure  3 b). The pro-
duced nanocomposite powder is annealed 
at a temperature suffi ciently high to induce 
polymer carbonization (such as 700 °C, 
in our case). As a result, the particles are 
transformed into C–Li 2 S nanocomposites 
comprising smaller Li 2 S nanoparticles uni-
formly distributed within a highly deform-
able, porous carbon matrix (Figure  3 c). Such 
a process is enabled by the high melting 
point of Li 2 S. The fi nal step involves deposi-
tion of the hard carbon coating on the nano-
composite particle surface by atmospheric 
pressure chemical vapor deposition (CVD) 
(Figure  3 d). While other approaches may also 
be used to achieve hierarchical particle–shell 
architecture and be suffi cient for our proof-
of-concept studies, we utilized this fabrica-
tion method due to our expertise in this fi eld, 
as well as the simplicity and scalability of the 
proposed process.  

  Figure    4   and   5   show results of microstruc-
tural characterizations of the hierarchical par-
ticle–shell Li 2 S–C nanocomposites produced 
according to the steps in Figure  3 . The uni-
form and spheroidal Li 2 S–C nanocomposite 
particles (step Figure  3 c) range from 100 to 
300 nm in size (Figure  4 a). CVD deposition 
of C on the nanocomposite surface yields a 
smooth and uniform layer without notice-
ably changing particle size distribution and 
morphology (compare Figure  4 a,b). Figure  4 c 
shows results of energy dispersive X-ray 
spectroscopy (EDS), demonstrating the lack 

of elements other than S and C and ≈40 wt% fraction of C in 
Li 2 S–C nanocomposite. We expect that further material optimi-
zation may reduce C fraction without sacrifi cing composite per-
formance characteristics. Since some of the composite particles 
are visibly linked together, the actual level of hierarchy in our 
particles is somewhere between one and two (Figure  2 ).   

 Previous reports (see, e.g., ref. [ 19 ] ) showed the presence of 
side reactions between pure Li 2 S and acetylene and forma-
tion of undesirable phases during the C CVD at comparable 
conditions. In contrast, our X-ray diffraction (XRD) studies 
showed the presence of only pure and single crystalline phase 
of Li 2 S before and after the C CVD step (Figure  4 d). We pro-
pose that the high purity of the components and the presence 
of the carbon matrix surrounding nanosized Li 2 S effectively 
prevent side reactions between the Li 2 S and acetylene. X-ray 
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 Figure 3.    Schematic of the process fl ow for the scalable formation of hierarchical C–Li2S–C 
nanocomposite nanoparticles, involving both wet chemistry and vapor deposition approaches.
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photoelectron spectroscopy (XPS) studies further confi rmed the 
lack of impurities and the high conformity of the CVD coat-
ings. As expected, the high-resolution Li 1s  and S 2p  scans on 
the sample surfaces showed near disappearance of Li 1s  and S 2p  
peaks after the CVD coating step (Figures.  4  e,f). 

 Transmission electron microscopy (TEM) studies revealed 
the distribution of Li 2 S and C within the hierarchical nano-
composites.  Figures    5  a,b show TEM and scanning transmis-
sion electron microscopy (STEM) images of ≈100 nm Li 2 S–C 
nanocomposite particles uniformly coated by a ≈10 nm carbon 
layer, which is much thinner than the 33 nm C shell in the pre-
vious report [ 19 ]  using pure Li 2 S as core and C CVD. Such a layer 
is expected to block the XPS signal from Li 2 S, as previously 
observed (Figure  4 e,f). The traces of Li detected (Figure  4 e) 
could be related to a small amount of Li inserted into carbon at 
a high equilibrium potential. The normalized intensities of the 
EDS line scan across a typical hierarchical nanocomposite par-
ticle, performed in the STEM operational mode of the micro-
scope, further confi rmed the composition of the shell and the 
core of the particles (Figure  5 c). High resolution TEM imaging 
revealed the uniform distribution of the Li 2 S particles ranging 
from 5 to 20 nm within the amorphous carbon matrix and the 
turbostratic microstructure of the graphitic shell (Figure  5 d,e), 
which is consistent with the XRD, XPS, and EDS results 
(Figure  4 d,f, Figure  5 c). 

 Electrochemical performances of the produced hierarchical 
particle–shell Li 2 S–C nanocomposite particles were studied 

with Li-foil anodes in coin cells. Considering the possible expo-
sure of cells to elevated temperatures in electric vehicle applica-
tions, we have conducted tests not only at ≈20 °C (room tem-
perature) but also at 35 °C and 45 °C. At all the temperatures 
tested, the nanocomposite-based electrodes show near-theoret-
ical capacities ( Figure    6  ), which suggests that the Li 2 S nanopar-
ticles within the nanocomposite (Figures  3 d and  5 d) are well 
interconnected both electrically and ionically.  

 Conducting rate tests at different temperatures allows one 
to distinguish ionic from electronic polarization because elec-
tron mobility is virtually independent on small temperature 
variations. Increasing cell temperature from 20 to 35 and 45 °C 
clearly improved rate performance (Figure  6 a) and reduced 
voltage hysteresis (compare Figure  6 b with  6 c,d). At a mod-
erate temperature of 45 °C, the cell showed reversible capaci-
ties of 1020–1310 mA h gs

1−  at very high (for this chemistry) 
C rates of 5C–1C, respectively, which are even higher than the 
previously reported graphene/CNT/S nanocomposites. [ 26 ]  Such 
remarkable rate performance and small hysteresis are due not 
only to small sizes of Li 2 S nanocrystals and high electrical con-
ductivity of carbon matrix (Figure  5 d), but also to prevention 
of polysulfi de dissolution and the related lack of resistive layers 
build-up on the surface of both electrodes, [ 8,11 ]  as will be further 
demonstrated. 

 The voltage discharge profi les (Figure  6 b,d) recorded at slow 
rates of C/10 to C/5 show a short plateau at ≈2.35 V versus 
Li/Li +  and a single long plateau at ≈2.2 V versus Li/Li + , close 
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 Figure 4.    Structural and chemical characterization of the synthesized hierarchical nanocomposite samples before and after C shell deposition: a) SEM 
images before and b) after the CVD shell deposition; c) EDS spectra of the C-shell enclosed composite; d) XRD patterns of the commercial Li 2 S powder 
and the produced composite samples, showing formation of pure Li 2 S; high-resolution XPS spectra of e) Li 1s  and f) S 2p  lines before and after C shell 
deposition on the produced C–Li 2 S composite nanopowder, showing high conformity of the deposited shells.
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to the theoretical voltage. The fi rst plateau corresponds to the 
formation of Li 2 S 8 . [ 5,27,28 ]  Further lithiation is often believed to 
lead to the conversion between polysulfi des soluble in electro-
lytes, such as Li 2 S 6  and Li 2 S 4  and eventual formation of insol-
uble Li 2 S 2 , consuming up to 50% of the total capacity. [ 5,27,28 ]  
The remaining 50% of the capacity, corresponding to the for-
mation of Li 2 S from Li 2 S 2 , is commonly observed to occur at 
a sloping region of the discharge curve, lowering the average 
voltage and the accessible cell energy density. [ 5,27 ]  In our case, 
however, we observe a single and nearly fl at plateau (particu-
larly at elevated temperatures when Li +  mobility is higher, see 
Figure  6 d), which may suggest a direct conversion of Li 2 S 8  to 
Li 2 S. This difference from prior studies may be related to the 
lack of a direct contact between the active material and liquid 
electrolyte in our composite particles. We shall note, however, 
that Li 2 S 8  is also a metastable phase that is commonly not 
seen in solid state Li/S batteries. Its formation during dis-
charge may originate due to a particular interfacial chemistry 
in our Li 2 S–C nanocomposites. We also cannot fully exclude a 
possibility that a very small amount of electrolyte species pen-
etrated into the bulk of the composite particles through grain 
boundaries. However, as we will demonstrate, the Li 2 S 8  built 
within the composite particles during initial discharge of the 
reduced S do not get lost to electrolyte even after extensive 
cycling. 

 Cycle stability studies at different rates and temperatures 
have been conducted on cells already exposed to rate tests 
( Figure    7  a). A remarkable stability was demonstrated at all the 
temperatures, including 35 and 45 °C, when polysulfi de disso-
lution (if allowed) would be signifi cantly higher than at room 
temperature. Specifi c discharge capacities increase from ≈1000 
to ≈1300 and to ≈1400 mA h gs

1−  with increasing temperature 
to 35 and 45 °C, respectively, at C/2 rate. Virtually no degrada-
tion could be detected within 100 cycles (Figure  7 a), suggesting 
that polysulfi de dissolution was successfully prevented using 
the hierarchical particle design.  

 Cycle stability of the hierarchical core–shell nanocomposite 
particles was studied at both room and elevated tempera-
tures (Figure  7 a). As expected, higher temperature or lower 
rates resulted in higher capacity utilization. All cells, however, 
showed excellent capacity retention with virtually no degrada-
tion within 100 cycles. In order to evaluate the ability of the 
hierarchical core–shell particle architecture to provide long-
term resilience against defect formation during cycling, several 
cells were cycled for 300–600 cycles, demonstrating remarkable 
stability (Figure  7 b). The majority of the previous studies on 
Li 2 S could not achieve cycle stability in excess of 100 cycles. [ 23,29 ]  
A few recent studies on the Li 2 S cathode employing a core–
shell architecture (corresponding to the zero-level hierarchy) 
showed impressive 200–400 cycles. [ 19,20,25 ]  However, their lower 
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 Figure 5.    TEM characterization of the synthesized hierarchical nanocomposite samples: a) a low-resolution TEM image of the core–shell nanocom-
posite; b) an STEM image showing the projected sample density, c) normalized EDS line-scan profi le, showing the presence of C shell along the line in 
(b), d) a high-resolution TEM image showing both the graphitic shell and Li 2 S nanocrystals within amorphous carbon matrix, e) the highest resolution 
TEM image showing the inter-planar spacing within the nanocrystals coinciding with that of the (111) planes of Li 2 S.
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capacity utilization and signifi cantly more rapid fading suggest 
formation of suffi ciently large defects and cracks in their shells, 
which lead to cell degradation and failure. The combination of 
high-capacity utilization, rate performance and cycle stability 
of the hierarchical particle–shell architecture of the C–Li 2 S 
reported in this work is so far the best to our knowledge and 
likely can be further improved. Therefore, in spite of only small 
structural modifi cations we employed compared to prior art, we 
demonstrate signifi cant improvements in both capacity and sta-
bility over previous studies, where either pure Li 2 S was covered 
with a single shell [ 19,20,25 ]  or when S was used in hierarchical 
porous composites. [ 17 ]  

 Postmortem studies of the electrodes were conducted after 
100 and 200 cycles at 35 and 45 °C, respectively, in order to 
identify possible damages within particles (Figure S1, Sup-
porting Information). The cycled electrodes showed only the 
presence of a smooth solid electrolyte interphase (SEI) layer 
and the lack of reprecipitation of any Li 2 S, which are hard to be 
achieved in regular Li–S cells due to polysulfi de dissolution that 
becomes particularly signifi cant at elevated temperatures. [ 8,11,12 ]  
Similarly, we also could not detect any cracks on the particle 
surface (compare Figure S1a and S1b, Supporting Informa-
tion). To further confi rm the lack of polysulfi de dissolution, 
we conducted EDS on the electrodes and within experimental 
error observed no change in the chemical composition of the 
electrodes (Figure S1c, Supporting Information). TEM analysis 
on the cycled particles further confi rmed the lack of detectable 

defects and cracks within the shell. The SEM study of the Li-foil 
anodes before and after cycling showed formation of a smooth 
SEI layer on cycled Li foil without any Li or Li 2 S (or Li 2 S 2 ) pre-
cipitates or Li dendrites. 

 We have reported on the development of a hierarchical par-
ticle–shell architecture aimed to enhance long-term stability of 
the Li 2 S-based cathodes. Such architecture provides multilevel 
protection against failure in the protective shelling material. 
Numerical modeling demonstrated an opportunity to signifi -
cantly reduce stresses within the outer shell, which should fur-
ther enhance mechanical stability of the particles and thereby 
enable effective operation of the electrochemical cells. As an 
example of the practical hierarchical composite, we synthe-
sized C–Li 2 S–C particles by using a simple solution-based 
method followed by carbon outer shell deposition through 
atmospheric pressure CVD. Electrochemical tests showed 
excellent capacity utilization and rate performance, enabled 
by embedding Li 2 S (5–20 nm in size) into conductive material 
matrix. More importantly, by employing the hierarchical core–
shell nanocomposite design, our Li 2 S cathodes effectively miti-
gated polysulfi de dissolution and achieved remarkable stability, 
signifi cantly outperforming the best Li 2 S cathodes reported 
in the recent literature. The hierarchical particle–shell archi-
tecture could be applied in many other high-energy volume-
changing active materials (such as various metal fl uorides and 
chlorides) that could be damaged or dissolved during undesir-
able interactions with electrolytes. Therefore, the hierarchical 
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 Figure 6.    Electrochemical characterizations of the hierarchical C–Li2S composite nanopowder samples: a) discharge capacity at different C-rates and 
temperatures; b,c,d) charge–discharge profi les corresponding to different C-rates and recorded at: b) room temperature, c) 35 °C, and d) 45 °C.
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particle–shell architecture and the chemical synthesis route 
demonstrated in this work may have a profound impact on 
drastic improvements of various energy storage chemistries 
and technologies.  
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 Figure 7.    Electrochemical characterizations of the hierarchical C–Li 2 S–C 
nanocomposite nanopowder samples: a) cycling performance at C/2 and 
C/5 rates at selected temperatures, b) capacity and cycle stability of the 
produced samples with and without shells in comparison with previous 
literature reports on shell-enclosed Li 2 S powders.
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