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lower than counterpart anodes. [ 5–7 ]  The 
energy density of current lithium ion bat-
teries is mainly limited by cathode mate-
rials. Due to a high theoretical capacity 
of 1672 mAh g −1 , sulfur has been con-
sidered as the next generation cathode 
for high energy Li-ion batteries, [ 8–12 ]  and 
it has attracted considerable research 
interest from both academy and industry. 
However, lithium sulfur batteries suffer 
from two major problems: [ 13 ]  (1) low uti-
lization of sulfur and poor power density 
due to the insulating property of sulfur 
and lithium sulfi de; (2) the dissolution of 
polysulfi de intermediates triggers severe 
shuttle reaction, resulting in rapid capacity 
fading during lithiation/delithiation pro-
cess. Nevertheless, the dissolution of 
insulating polysulfi de intermediates into 
electrolytes also allows full lithiation of 
sulfur, thus increasing the sulfur utiliza-
tion and capacity. The current strategy 
to achieve both long cycling stability and 
high capacity is to use highly polysulfi de-

soluble electrolyte, but physically restrict dissolved polysulfi des 
inside sulfur cathode to prevent shuttle reaction. The most 
effective method is to employ conductive porous carbon as a 
host to constrain polysulfi de intermediates and enhance the 
conductivity of sulfur. [ 14,15 ]  

 Recently, selenium, the congener of sulfur, is introduced as 
the cathode material for lithium ion batteries due to its higher 
electrical conductivity than sulfur and its comparable volu-
metric capacity (3253 Ah L −1 ) to sulfur (3467 Ah L −1 ). [ 16–18 ]  As 
demonstrated in our previous work, selenium impregnated 
mesoporous carbon composite exhibits excellent capacity reten-
tion that there is no capacity loss after 1000 deep charge/dis-
charge cycles. [ 19 ]  However, the mass capacity (480 mAh g −1 ) 
of selenium, is lower than the mass capacity of sulfur (from 
800 mAh g −1  to 1000 mAh g −1 ). Since selenium possesses high 
cycling stability, but low reversible capacity, and sulfur has high 
reversible capacity, but poor cycling stability, it is desirable to 
develop a cathode material that combines the advantages of S 
and Se. As a consequence, selenium sulfi de (SeS 2 ) has been 
explored as a cathode material for lithium ion batteries. [ 16,17 ]  

 Since SeS 2  has similar chemical properties with sulfur 
and selenium, it is believed that the method used to stabilize 
sulfur and selenium should be also effective for SeS 2 . It was 
reported that PAN could react with sulfur at 300 °C to form 
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  1.     Introduction 

 Lithium ion batteries which drive most portable electronics 
are promising energy storage devices for electric vehicles and 
smart grids. [ 1 ]  To fulfi ll the large-scale application of lithium 
ion batteries, energy density and cycle life of current Li-ion 
batteries have to be improved. [ 2 ]  Anode materials such as Si 
and Sn can provide theoretical capacities of 3579 mAh g −1  and 
993 mAh g −1  respectively, [ 3,4 ]  while the capacities of commer-
cial LiCoO 2  (137 mAh/g) and LiFePO 4  (170 mAh g −1 ) are much 
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a stable and conductive heterocyclic compound which could 
confi ne elemental sulfur and stabilize polysulfi des. [ 20,21 ]  When 
the carbonization temperature increases to 600 °C, the N-con-
taining carbon (ring) structures in carbonized polyacrylonitrile 
(PAN) is able to constrain lithium sulfi de species, [ 22 ]  which 
further enhances the cycling stability and electronic conduc-
tivity. In this study, we synthesized SeS x /CPAN composites 
by annealing the mixture of SeS 2  and PAN at 600 °C under 
vacuum. The x in SeS x /CPAN is less than 2 due to the property 
difference between Se and S in high temperature of 600 °C. 
SeS x  is uniformly distributed in the carbonized PAN spheres 
with a particle size of 200 nm, and the carbonized PAN matrix 
can effectively confi ne lithium polysulfi de and lithium poly-
selenide intermediates, thus improving the cycling stability of 
SeS x /CPAN composites in commercial electrolyte (LiPF 6  in EC/
DEC). The SeS x /CPAN composite delivers a reversible capacity 
of 780 mAh g −1  at the current density of 600 mA g −1 , and main-
tains the capacity of 780 mAh g −1  for 1200 cycles. As the cur-
rent density increased from 60 mA g −1  to 6 A g −1 , the capacity 
retains 50% of the capacity at 60 mA g −1 , demonstrating its 
exceptional rate capability. The superior electrochemical perfor-
mance of SeS x /CPAN composite is owing to synergic restric-
tion of SeS x  by both CPAN matrix and SEI layer. This is the fi rst 
report on detailed electrochemical performance of selenium 
sulfi de cathode. Our results demonstrate that SeS x /CPAN com-
posite is a promising cathode material for long cycle life and 
high power density lithium ion batteries.  

  2.     Results and Discussion 

 The scanning electron microscope (SEM) images in  Figure    1   
show the morphology of pre-carbonized PAN (PCPAN) and 
SeS x /CPAN composites. As shown in Figure  1 (a), PCPAN syn-
thesized under vacuum at a high temperature (600 °C) con-
sists of irregular-shape particles with a size about 3 μm. The 
SeS x /CPAN composites, synthesized by annealing the mixture 
of SeS 2  and PAN (1:1 by weight) at the same temperature of 
600 °C under vacuum, are composed of round-shape particles 
with a small particle size of 200 nm. The morphology differ-
ence is attributed to the reaction between PAN and SeS 2 . SeS 2  
can dehydrogenate PAN to form a conductive main chain, in 
the meanwhile, –CN functional groups in PAN are cyclized 
to form a stable heterocyclic ring at the high temperature. [ 20 ]  
The heterocyclic ring can confi ne SeS x  and accommodate the 
volume change caused by the lithiation/delithiation. The trans-
mission electron microscopy (TEM) image of SeS x /CPAN 
composites ( Figure    2  a) shows that primary particles are in 
round-shape with a size about 200 nm, and these particles 
aggregate into a large cluster, which is consistent with the SEM 
images. High resolution transmission electron microscopy 
(HRTEM) and selected area electron diffraction (SAED) are 
also carried out to investigate the microstructure of the SeS x /
CPAN composite. From the HRTEM image and SAED pattern 
in Figure S1, it can be clearly observed that SeS x /CPAN com-
posite has an amorphous structure. The energy-dispersive X-ray 
spectroscopy (EDS) elemental mapping images in Figure  2 b−d 
reveal that the carbon elemental mapping image overlaps with 
sulfur and selenium mapping images, demonstrating the 

uniform distribution of SeS x  in the carbon matrix. Moreover, 
the EDS mapping also indicates that the ratio of selenium and 
sulfur is 1:0.7, as shown in Figure S2, so x is 0.7. The content of 
SeS 0.7  in the SeS 0.7 /CPAN composites is 33% as shown in the 
thermogravimetric analysis (TGA) in Figure S3.   

 The phase structure of SeS 0.7 /CPAN composites was inves-
tigated by X-ray diffraction and Raman spectroscopy.  Figure    3  a 
and b show the XRD pattern and Raman spectrum of SeS 0.7 /
CPAN composites. XRD patterns and Raman spectra of pris-
tine SeS 2  and PCPAN are also showed in Figure  3  as controls. 
The XRD pattern shows that SeS 0.7 /CPAN composite has an 
amorphous structure, while pristine SeS 2  possesses a crystal 
structure. One broad peak at 26 degree in the XRD pattern 
of SeS 0.7 /CPAN composites is attributed to the carbon matrix 
formed through carbonization of PAN. The amorphous struc-
ture of SeS 0.7  in SeS 0.7 /CPAN composite may be due to the 
uniform distribution of SeS 0.7  at a molecular level in CPAN 
matrix, leading to strong confi nement of SeS 0.7  in CPAN. Sim-
ilar to the XRD pattern, characteristic Raman peaks of SeS 2  are 
not observed in SeS 0.7 /CPAN composites, and only two broad 
carbon peaks at 1345 cm −1  and 1595 cm −1  representing the dis-
ordered graphite (D band) and crystalline graphite (G band), 
respectively, appear in the Raman spectrum of SeS 0.7 /CPAN 
composites. Both XRD and Raman measurements confi rm 
that SeS 0.7  molecules are constrained by CPAN to form an 
amorphous structure. The X-Ray Photoelectron Spectroscopy 
(XPS) analysis was also used to obtain valuable information 
about the surface of SeS 0.7 /CPAN composites. The peaks for 
carbon-carbon bond and carbon-nitrogen bond are observed in 
Figure  3 c. Since CPAN consists of well-formed N-containing 
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 Figure 1.    SEM images for PCPAN (a) and SeS x /CPAN composites (b).
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carbon (ring) structures, [ 23 ]  the C 1s XPS spectrum is in well 
agreement with the structure of CPAN. The S 2p and Se 3p 
XPS spectrum in Figure  3 d shows the XPS peaks for S 2p 1/2, 
S 2p 3/2, Se 3p 1/2 and Se 3p 3/2, which further confi rms 
the existence of selenium sulfi de in SeS 0.7 /CPAN compos-
ites. Moreover, the composition of SeS 0.7  is obtained from the 
peak fi t using relative sensitivity factors from the Kratos vision 
library, and atomic ratio of S to Se is calculated to be 0.7, which 
is coincident with the result of EDS analysis. It was reported 
that sulfur can react with selenium to generate selenium sulfi de 
at a high temperature. [ 24,25 ]  Moreover, the heterocyclic sulfur-
selenium molecules such as Se 5 S 2 , Se 5 S 3  and Se 3 S 2  do exist as 
ring molecules with a majority of Se atoms. [ 26 ]  Therefore, in the 
SeS 0.7 /CPAN composite, SeS 0.7  can exist as molecules in the 
frame of CPAN.  

 The galvanostatic charge–discharge behaviors of SeS 0.7 /
CPAN composites in LiPF 6 -EC/DEC electrolyte are shown 
in  Figure    4  a. During the fi rst lithiation, a small plateau at 
2.35 V and a long fl at plateau at 1.7 V are observed. How-
ever, the short plateau at 2.35 V disappears, while the fl at pla-
teau at 1.7 V becomes a little steeper and shifts to 1.8 V in the 
subsequent cycles. The plateau at 2.35 V is assigned to the 
conversion of SeS 0.7  to polysulfi des/polysenelides and the pla-
teau at 1.7–1.8 V is atributed to conversion of polysulfi des to 
Li 2 S and polyselenides to Li 2 Se. [ 17 ]  The disappearence of the 
small plateau at 2.35 V is probably owing to the dissolution 
of high-order polysulfi de/polyselenide intermediates into the 

electrolyte. [ 17 ]  The long sloping line from 1.5 V to 0.8 V in the 
fi rst lithiation becomes much steeper in the following lithia-
tion cycles, resulting in large irreversible capacity in the fi rst 
cycle. The large irreversible capacity induced at the potential 
range from 1.5 V to 0.8 V may be attributed to the formation of 
SEI layer on the surface of electrode. The low Coulombic effi -
ciency (∼58%) in the fi rst cycle quickly increases to 95% in the 
second cycle, suggesting that SEI layer is well-formed after the 
fi rst cycle. The SEI layer on SeS 0.7 /CPAN electrode can prevent 
polysulfi des/polysenelides from reacting with carbonate-based 
electrolyte. Similar SEI formation process is also observed in 
carbon black electrode. As shown in Figure S4, a long potential 
plateau between 1.0 V and 0.8 V in carbon black electrode is 
observed in the fi rst cycle, but it disappears in the second cycle, 
resulting in a large irreversible capacity. The large irreversible 
capacity is ascribed to the formation and growth of SEI layer 
on the surface of carbon black, which is coincident with the 
result of SeS 0.7 /CPAN electrode. During delithation, only one 
sloping plateau centered at 2.1 V can be observed, and this peak 
remains stable during following lithiation/delithiation cycles. 
The CV curves in Figure  4 b are consistent with the charge–dis-
charge curves. In the fi rst scan, there are a small cathodic peak 
at 2.45 V, a sharp cathodic peak at 1.5 V and an anodic peak at 
2.2 V. The small peak at 2.45 V dissappears after the fi rst scan, 
while the sharp peak at 1.5 V shifts to 1.75 V in the subsequent 
scans. The peak shift indicates that there is an activation process 
due to volume expansion of SeS 0.7  in the fi rst lithiation process, 
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 Figure 2.    TEM image of SeS x /CPAN composites (a) and EDS elemental mapping images of the SeS x /CPAN composites, marked by a square, for carbon 
(b), sulfur (c) and selenium (d).
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and then the peaks become very stable, demonstrating high 
cycling stability of SeS 0.7 /CPAN composites. Figure  4 c shows 
the cycling stability of SeS 0.7 /CPAN composites. It delivers a 
reversible capacity of 780 mAh g −1 , and retains for 1200 cycles. 
The Coulombic effi ciency of SeS 0.7 /CPAN electrode is nearly 
100%. Its high reversible capacity, long cycle life and high 
Coulombic effi ciency demonstrate that CPAN can effectively 
confi ne SeS 0.7  and stabilize polysulfi de and polyselenide inter-
mediates. The rate performance of SeS 0.7 /CPAN composite 
is shown in Figure  4 d. At a current density of 60 mA g −1 , its 
reversible capacity can reach 900 mAh g −1 . As the current den-
sity increases from 60 mA g −1  to 6 A g −1 , the reversible capacity 
retains about 50% of the capacity at 60 mA g −1 . With the cur-
rent density increased to 12 A g −1 , the capacity decreases to 
80 mAh g −1 , but the reversible capacity recovers to 900 mAh g −1  
after the current density returns to 60 mA g −1 , demonstrating 
its superior robustness to tolerate current changes. The excel-
lent electrochemical performance of SeS 0.7 /CPAN composites 
demonstrates that CPAN is a good carbon host to enhance the 
kinetics and cycling stability of SeS 0.7  cathode material. There-
fore, the SeS 0.7 /CPAN composite is a promising alternative to 
sulfur for long cycle life and high power density lithium ion 
batteries.  

 It was reported that selenide anions can react with the car-
bonyl groups in the carbonate solvent and form an insulating 
SEI layer on the cathode surface. [ 16,17 ]  The SEI layer on Se/C 

cathode continuesly grows during charge/dishcarge cycles, 
reducing the cycling stability of Se/C cathode. On the contrary, 
SeS 0.7 /CPAN electrode shows exceptional cycling stability in 
carbonate-based electrolyte. To investigate the mechanism 
behind the long cycle life, XPS, a surface-sensitive spectro-
scopic technique, was employed to obtain the SEI informa-
tion on SeS 0.7 /CPAN electrode at a fully charged state (3.0 V) 
after the 1st deep charge/discharge cycle. To remove LiPF 6  salt, 
cycled SeS 0.7 /CPAN electrode was immersed in propylene car-
bonate for 48 h before XPS analysis. A control experiment was 
carried out with a fresh SeS 0.7 /CPAN electrode. As shown in 
 Figure    5  , the XPS peaks for Na and N, resulting from sodium 
alginate binder and CPAN matrix, are clearly observed in the 
fresh SeS 0.7 /CPAN electrode, but disappear in cycled SeS 0.7 /
CPAN electrode. The sulfur peaks cannot be observed in both 
fresh and cycled SeS 0.7 /CPAN electrodes because the sulfur 
peaks overlap with selenium peaks in XPS spectrum. The 
disappearance of peaks for Na and N in cycled SeS 0.7 /CPAN 
electrode is attributed to the formation of SEI layer on the sur-
face of SeS 0.7 /CPAN electrode that covers the sodium alginate 
binder and CPAN matrix. XPS is a surface-sensitive technique 
(10 nm). If SeS 0.7 /CPAN electrode was covered by SEI layer, 
XPS cannot detect the material inside SeS 0.7 /CPAN electrode, 
resulting in the disappearance of XPS peaks for Na and N. The 
formation of an insulating layer on the surface of Se cathode in 
carbonate-based electrolyte after the 1st cycle was also reported 

Adv. Funct. Mater. 2014, 24, 4082–4089

(a)
20 40 60 80

In
te

n
s

it
y

 (
a

.u
.)

2 Theta/Degree

pristine SeS
2

Carbonized PAN

SeS0.7/carbon composite

(b)

400 800 1200 1600 2000

In
te

n
s
it

y
 (

a
.u

.)

Wavenumber (cm-1)

pristine SeS
2

Carbonized PAN

SeS0.7/carbon composite

(c)
300 295 290 285 280

C-N

In
te

n
s
it

y
 (

a
.u

.)

Binding Energy (eV)

C-C

(d) 171 168 165 162 159

S 2p 1/2

S 2p 3/2
Se 3p 1/2

In
te

n
s

it
y

 (
a

.u
.)

Binding Energy (eV)

Se 3p 3/2

 Figure 3.    XRD patterns (a) and Raman spectra (b) for pristine SeS 2 , PCPAN and SeS 0.7 /CPAN composites; XPS spectra of SeS 0.7 /CPAN composites: 
(c) C 1s, (d) S 2p, and Se 3p.
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by Dr. Amine’s group. [ 16,17 ]  To further investigate the role of SEI 
layer in SeS 0.7 /CPAN electrodes, LiTFSI-TEGDME is employed 
as an electrolyte in SeS 0.7 /CPAN coin cells, because TEGDME 
solvent in LiTFSI-TEGDME electrolyte is stable and will not 

be reduced to form SEI layer during the lithiation process. [ 27 ]  
As shown in Figure S5, SeS 0.7 /CPAN electrode in LiTFSI-
TEGDME electrolyte suffers from quick capacity decline com-
paring to the highly stable cycling behavior of SeS 0.7 /CPAN 
electrode in carbonate-based electrolyte. Moreover, the Cou-
lombic effi ciency (calculated based on lithiation capacity over 
delithiation capacity) in the initial 40 cycles is larger than 100% 
due to the dissolution of polysulfi des and polyselenides. It dem-
onstrates that CPAN matrix cannot effectively confi ne poly-
sulfi des and polyselenides without a stable SEI layer. Therefore, 
though the formation of SEI layer induces a large irreversible 
capacity in the fi rst lithiation/delithiation cycle of SeS 0.7 /CPAN 
electrode (Figure  4 a), it can prevent the SeS 0.7  from reacting 
with carbonate-based electrolyte, leading to the enhancement of 
cycling stability.  

 The highly stable SEI layer during charge/discharge cycles 
was confi rmed by electrochemical impedance spectroscopy 
(EIS). As shown in  Figure    6  , the impedance curve of fresh 
SeS 0.7 /CPAN cathodes exhibits two depressed semi-circles 
in the high and middle frequency regions, and a sloping 
line in the low frequency region. The two depressed semicir-
cles in the high and middle frequency regions merge into a 
single depressed semicircle after fi rst charge/discharge cycle, 
and it remains stable during the rest of cycles. The high-fre-
quency semicircle stands for contact resistance of SeS 0.7 /CPAN 
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 Figure 4.    Electrochemical performance of SeS 0.7 /CPAN composites. (a) The galvanostatic charge–discharge curves between 0.8 V and 3.0 V versus Li/
Li + ; (b) cyclic voltammograms at 0.1 mV s −1  in the potential window from 0.8 V to 3.0 V versus Li/Li + ; (c) delithiation capacity and coulombic effi ciency 
versus cycle number at the current density of 600 mA g −1 ; (d) rate performance at various C-rates.

 Figure 5.    XPS spectrum of fresh SeS 0.7 /CPAN electrode and cycled 
SeS 0.7 /CPAN electrode.
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particles in fresh SeS 0.7 /CPAN cathode, and sum of SEI layer 
resistance and particle-to-particle resistance for cycled SeS 0.7 /
CPAN cathode. The middle-frequency semicircle is attributed 
to charge transfer resistance. The low frequency line represents 
ion diffusion resistance in the SeS 0.7 /CPAN particles. The 
fresh SeS 0.7 /CPAN cell displays a large charge transfer resist-
ance and ion diffusion resistance due to limit access of liquid 
electrolyte into SeS 0.7 /CPAN electrode fi lm. After volume 
expansion/shrinkage in the fi rst cycle, more electrolytes can 
penetrate into electrode fi lm, leading to lower charge transfer 
resistance and shorter ion diffusion distance in the following 
cycles. The reduced impedance in the second cycle decreases the 
overpotential, and shifts the lithiation potential to a higher value 
as demonstrated in the CV curves in Figure  4 b. The slightly 
impedance increase in the high-frequency semicircle is attrib-
uted to the formation of SEI layer. However, the formed SEI 
layer is very stable during following charge/discharge cycles, as 
evidenced by the overlapped impedance curves. The low and 

stable resistance of SEI layer and charge transfer reaction is 
coincident with the exceptional rate capability of SeS 0.7 /CPAN 
composites (in Figure  4 d), demonstrating its fast kinetics.  

 The morphology change of SeS 0.7 /CPAN composites during 
100 deep charge/discharge cycles was studied by using TEM. 
From the TEM image in  Figure    7  , it can be observed that the 
cycled SeS 0.7 /CPAN composites still consist of round-shape 
particles with a size about 200 nm, which is similar to the 
fresh SeS 0.7 /CPAN composites (Figure  2 a). It demonstrates 
that SeS 0.7 /CPAN composites maintain the morphology after 
100 cycles, and the good morphology maintenance guaran-
tees high cycling stability of SeS 0.7 /CPAN composites. The 
rough surface of the SeS 0.7 /CPAN particles is due to formation 
of the SEI layer. As shown in Figure  7 , A ∼20 nm SEI layer 
can be observed on the surface of SeS 0.7 /CPAN electrode after 
100 cycles in LiPF 6 -EC/DEC electrolyte. Moreover, the fuzzy 
SEI image of cycled SeS 0.7 /CPAN in Figure S6 is attributed to 
the low electronic conductivity of SEI layer. Figure S7 shows 
the TEM image of SeS 0.7 /CPAN electrode after fi rst cycle in 
LiTFSI-TEGDME electrolyte. A clean surface of SeS 0.7 /CPAN 
electrode without SEI layer is observed. To further confi rm that 
SEI layer is not formed on this electrode, TEM EDX mapping is 
employed to check the elemental distribution of this electrode. 
As shown in Figure S8, C, S and Se can still be observed in 
the cycled electrode, but F which is a main component of SEI 
layer cannot be observed, demonstrating that SEI layer is not 
formed on electrodes in LiTFSI-TEGDME electrolyte. The ele-
mental distribution in carbon black and binder (Sodium algi-
nate), surrounding SeS 0.7 /CPAN spheres, is also investigated 
by TEM EDX. As shown in Figure S9, C, S and Se are observed 
in the outside of SeS 0.7 /CPAN spheres. The C peak results 
from carbon black and binder. The S and Se peaks result from 
the dissolution of polysulfi des and polyselenides in LiTFSI-
TEGDME electrolyte, which triggers the shuttle effect. F peak 
is not observed, further demonstrating the absence of SEI layer.  

 To investigate how the in-situ carbonization of PAN affects 
the cycling stability, the electrochemical performance of ex-situ 
carbonized SeS 2 /pre-carbonized PAN (PCPAN) composite and 
pristine SeS 2  was also measured as controls to compare with 
in-situ formed SeS 0.7 /CPAN composite. The SeS 2 /PCPAN com-
posite was synthesized by pre-carbonization of PAN (PCPAN 
in Figure  1 a), and then infusing SeS 2  into PCPAN under the 
same condition as SeS 0.7 /CPAN composite. TG analysis shows 
that only 13% of SeS 2  is infused into PCPAN (Figure S10), 
which is much lower than the content (33%) of SeS 0.7  in in-situ 
formed SeS 0.7 /CPAN composite. The low SeS 2  content in ex-
situ formed SeS 2 /PCPAN composite is because the well-formed 
N-containing carbon (ring) structures in PCPAN hinder the dif-
fusion of SeS 2  into carbonized PAN matrix. The fi rst lithiation/
delithiation curves of SeS 2 /PCPAN composites in Figure S11 (a) 
exhibit higher overpotential and larger irreversible capacity 
(∼62%) than SeS 0.7 /CPAN composite (Figure  4 a). The charge/
discharge potential of ex-situ formed SeS 2 /PCPAN in the fol-
lowing charge/discharge cycles is also slightly lower than that of 
in-situ formed SeS 0.7 /CPAN. The reversible capacity of SeS 0.7 /
PCPAN composite is 1050 mAh g −1 , which is higher than that 
of SeS 0.7 /CPAN composite. As shown in Figure S11 (b), SeS 2 /
PCPAN composite also exhibits excellent cycling stability. 
Although ex-situ formed SeS 2 /PCPAN composite can maintain 
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 Figure 6.    Impedance analysis for SeS 0.7 /CPAN cell before test and after 
fully charge to 3.0 V and rest for 2 h.

 Figure 7.    TEM image of the SeS 0.7 /CPAN electrode after 100 cycles in 
Li-ion batteries.
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reversible capacity of 1050 mAh g −1  for 700 cycles, the low SeS 2  
content signifi cantly reduces the overall capacity. Therefore, 
the in-situ formed SeS 0.7 /CPAN composite is a more advanced 
cathode material than ex-situ formed SeS 2 /PCPAN composite. 
As another control, the pristine SeS 2  electrode (Figure S12a) 
shows much worse battery performance than both in-situ 
formed SeS 0.7 /CPAN and ex-situ formed SeS 2 /PCPAN elec-
trodes. It delivers high irreversible capacity (∼70%) and low 
lithiation capacity in the fi rst cycle due to the low conductivity 
of SeS 2 . Nevertheless, the formation of SEI layer stabilizes the 
pristine SeS 2  and increases the Coulombic effi ciency to almost 
100% by preventing the shuttle reaction. 

 The effect of SEI layer on preventing the shuttle reaction 
was investigated by comparing the charge/discharge behav-
iors of pristine SeS 2  in carbonate-based electrolyte and LiTFSI-
TEGDME electrolyte. The sloping lithiation plateau of pristine 
SeS 2  in LiPF 6 -EC/DEC electrolyte centered at 1.7 V shifts to 
fl at plateaus centered at 2.0 V in LiTFSI-TEGDME electrolyte 
(Figure S12b). LiTFSI-TEGDME is a standard electrolyte for S 
and SeS 2  cathodes because it does not react with polysulfi des/
polyselenides. [ 16,17 ]  The reversible capacity of pristine SeS 2  in 
LiTFSI-TEGDME electrolyte continuously decreases from 1 st  
cycle to 10 th  cycle, while its reversible capacity in LiPF 6 -EC/DEC 
electrolyte remains stable after the fi rst cycle. Thus, the SEI 
layer formed in carbonate-based electrolyte stablizes the SeS 2  
electrode and increases the Coulombic effi ciency.  

  3.     Conclusion 

 The SeS 0.7 /CPAN composites were synthesized by annealing the 
mixture of SeS 2  and PAN at 600 °C under vacuum. The CPAN 
matrix can enhance the electrical conductivity of SeS 0.7  material 
and constrain the polysulfi de and polyselenide intermediates 
during the lithiation/delithiation process, leading to superior 
electrochemical performance of SeS 0.7 /CPAN composites. The 
formation of stable SEI layer on the surface of SeS 0.7 /CPAN 
electrode further contributes to the long cycle life and high Cou-
lombic effi ciency. The composite delivers a reversible capacity of 
780 mAh g −1  and retains for 1200 cycles. As the current den-
sity increases from 60 mA g −1  to 6 A g −1 , its capacity retention 
is about 50%, demonstrating its high rate capability. Therefore, 
SeS 0.7 /CPAN composite is a promising cathode material for 
long cycle life and high power density lithium ion batteries.  

  4.     Experimental Section 
  Synthesis of SeS 0.7 /CPAN Composites : All chemicals were purchased 

from Sigma Aldrich and used as received. Selenium sulfi de and 
polyacrylonitrile were mixed with a ratio of 1:1 by weight and sealed in 
a glass tube under vacuum. The sealed glass tube was annealed in an 
oven at 600 °C for 3 h, and it was cooled to room temperature in 24 h. 
SeS 0.7 /CPAN composites were collected as black powder. PCPAN is also 
synthesized in a sealed glass tube at 600 °C for 3 h in vacuum.  

  Material Characterizations : Scanning electron microscopy (SEM) 
images were taken by Hitachi SU-70 analytical ultra-high resolution 
SEM (Japan); Transmission electron microscopy (TEM) images were 
taken by JEOL (Japan) 2100F fi eld emission TEM; Thermogravimetric 
analysis (TGA) was carried out using a thermogravimetric analyzer (TA 
Instruments, USA) with a heating rate of 10 °C min −1  in argon; X-ray 
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diffraction (XRD) pattern was recorded by Bruker Smart1000 (Bruker 
AXS Inc., USA) using CuKα radiation; Raman measurements were 
performed on a Horiba Jobin Yvon Labram Aramis using a 532 nm 
diode-pumped solid-state laser, attenuated to give ∼900 μW power at the 
sample surface. The X-Ray Photoelectron Spectroscopy (XPS) analysis 
was performed on a high sensitivity Kratos AXIS 165 X-ray Photoelectron 
Spectrometer using monochronic Al Kα radiation.  

  Electrochemical Measurements : The SeS 0.7 /CPAN composites were 
mixed with carbon black and sodium alginate binder to form a slurry 
at the weight ratio of 80:10:10. The electrode was prepared by casting 
the slurry onto aluminum foil using a doctor blade and dried in a 
vacuum oven at 60 °C overnight. The slurry coated on aluminum foil 
was punched into circular electrodes with an area mass loading of 
1.2 mg cm −2 . The same method is used to fabricate pristine selenium 
sulfi de electrode and carbon black electrode. The pristine selenium 
sulfi de electrode was made by mixing selenium sulfi de, carbon black 
and sodium alginate binder at a weight ratio of 26:64:10. The carbon 
black electrode was made by mixing carbon black and sodium alginate 
binder at a weight ratio of 90:10. Coin cells for lithium selenium sulfi de 
batteries were assembled with lithium foil as the counter electrode, 
1M LiPF 6  in a mixture of ethylene carbonate/diethyl carbonate (EC/
DEC, 1:1 by volume) or 1M LiTFSI in tetraethylene glycol dimethyl ether 
(TEGDME) as the electrolyte, and Celgard®3501 (Celgard, LLC Corp., 
USA) as the separator. Electrochemical performance was tested using 
Arbin battery test station (BT2000, Arbin Instruments, USA). Capacity 
was calculated on the basis of the mass of selenium sulfi de in SeS 0.7 /
CPAN composites. Cyclic voltammograms were recorded using Gamry 
Reference 3000 Potentiostat/Galvanostat/ZRA with a scan rate of 
0.1 mV s −1 . Impedance analysis was also performed by Gamry Reference 
3000 Potentiostat/Galvanostat/ZRA.

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