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Abstract Abstract 
A novel type of organic selenide fiber composed of carbonized polyacrylonitrile/selenium (CPAN/Se) has 
been synthesized by heating polyacrylonitrile-selenium (PAN-Se) fibers via the electrospinning technique 
at 600°C. The Se molecules are confined by N-containing carbon ring structures in the form of energy-
storing selenium side chains in the carbonized PAN matrix. This unique stable chemical structure with a 
conductive carbon skeleton connected to the selenium side chains and excellent mechanical stability can 
allow CPAN/Se composite cathodes to be charged and discharged in a low-cost carbonate-based 
electrolyte with excellent long cycle stability and quite good rate performance. The superior 
electrochemical performance of CPAN/Se electrodes is demonstrated in both lithium-ion and sodium-ion 
batteries, where they have delivered a high capacity of nearly 600 mA h g-1 for 500 cycles in lithium-
selenium (Li-Se) batteries and 410 mA h g-1 for 300 cycles in sodium-selenium (Na-Se) batteries at 0.3 C, 
respectively. 
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Abstract: A novel type of organic selenide fibers composed of carbonized polyacrylonitrile/selenium 
(CPAN/Se) have been synthesized by heating polyacrylonitrile-selenium (PAN-Se) fibers via the 
electrospinning technique at 600 oC. The Se molecules are confined by N-containing carbon ring 
structures in the form of energy-storing selenium side chains in the carbonized PAN matrix. This unique 10 

stable chemical structure with a conductive carbon skeleton connected to the selenium side chains and 
excellent mechanical stability can allow CPAN/Se composite cathodes to be charged and discharged in a 
low-cost carbonate-based electrolyte with excellent long cycle stability and quite good rate performance. 
The superior electrochemical performance of CPAN/Se electrodes is demonstrated in both lithium-ion 
and sodium-ion batteries, where it has delivered a high capacity of nearly 600 mAh g-1 for 500 cycles in 15 

lithium-selenium (Li-Se) batteries and 410 mAh g-1 for 300 cycles in sodium-selenium (Na-Se) batteries 
at 0.3 C, respectively.

1 Introduction 
The rechargeable lithium-sulfur (Li-S) battery has attracted 
enormous attention in the past several years due to its high energy 20 

density and ultra-high theoretical specific capacity (2567 Wh kg-1 
and 1675 mAh g-1, respectively).1-3 Selenium, as a congener of 
sulfur, possesses similar chemical behavior and could react with 
lithium to form selenides. The theoretical gravimetric capacity of 
selenium electrode (675 mAh g-1) is lower than that of sulfur, 25 

however, the theoretical volumetric capacity of selenium (3253 
mAh cm-3) is comparable to that of sulfur (3467 mAh cm-3).4-7 
More importantly, the electrical conductivity of selenium is much 
higher than that of sulfur.5 These features of Se make it an 
attractive alternative candidate for cathode material in lithium-ion 30 

batteries as well as sodium-ion batteries. Due to the similarity to 
sulfur, however, the selenium cathodes also suffer from the 
dissolution issue of high-order polyselenides, leading to the low 
utilization of selenium, low coulombic efficiency of the selenium 
cathode, and fast capacity fading. 35 

At present, study on selenium cathode is at a very early stage. 
Several attemps have been applied to enhance the electrochemical 
properties of selenium-based cathodes. Amine’s group 

5 firstly 
conducted work on Se/CNT composite as a cathode material, and 
the Se/CNT composite electrode could deliver a capacity of 300 40 

mAh g-1 after 100 cycles for rechargeable lithium battery. Guo et 
al.6 prepared Se/CMK-3 composite with a reversible capacity of 
600 mAh g-1 after 50 cycles by using a simple thermal-treatment 
method. Wang et al.7 synthesized nano-Se8-carbon composite 
containing 30% selenium and the obtained Se8/C composite 45 

electrodes demonstrated excellent electrochemical performance 

and could remain capacity of 480 mAh g-1 in Li-Se batteries for 
1000 cycles, and 340 mAh g-1 in Na-Se batteries for 380 cycles. 
To date, all the research on the selenium cathode for energy 
storage has been focused on “physical” methods to confine 50 

selenium in a porous matrix to prevent soluble polyselenides 
from dissolving in the organic electrolyte.5-10 It is clear that 
trapping selenium in the porous matrix by such a physical method 
is an effective approach to solve the dissolution problem. On the 
other hand, using a “chemical” method involving functional 55 

groups and the unique chain structure of the polymer maybe a 
more efficient strategy to confine the selenium compared to the 
physical method because it can yield excellent stability and 
activity. Herein, we report a novel type of organic selenium-
containing fiber material, in which the Se is trapped in energy-60 

storing selenium side chains in an organic carbon skeleton matrix. 
This novel fibrous material was prepared by heating 
polyacrylonitrile-Se (PAN-Se) fibers via the electrospinning 
technique under vacuum, in which trigonal Se is converted into 
chain-like Sex molecular groups that are bonded to the carbonized 65 

polymer during the calcination process. The conductive carbon 
skeleton can effectively confine the selenium by forming a stable 
structure connected to the selenium side chains. Given the high 
electrochemical activity of the selenium side chains linked to the 
organic carbon and the strong interaction between them, this 70 

novel selenium cathode shows excellent stability during lengthy 
electrochemical cycling for both lithium-ion and sodium-ion 
batteries. 

2 Experimental 
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2.1 Preparation of carbonized polyacrylonitrile/selenium 
(CPAN/Se) fibers 

The carbonized polyacrylonitrile/selenium composite (CPAN/Se) 
fibers were synthesized through the electrospinning technique. In 
a typical synthetic procedure, 1 g PAN was dissolved in 10 g 5 

dimethylformamide (DMF) and stirred for 24 h at 70 °C to yield a 
clear solution. Next, 0.8 g selenium powder was added into the 
solution. Finally, a homogeneous suspension was obtained after 4 
h strong mechanical stirring. During electrospinning process, the 
solution was loaded into syringe with a metallic needle (inner 10 

diameter 0.5 mm) under applied voltage of 16.2 kV. The distance 
from needle tip to stainless steel mesh collector was about 11 cm. 
Then, the collected primary film was dried at 100 oC for 24 h. 
The obtained products were heat-treated at 600 oC for 5 h in 
vacuum with a heating rate of 5 oC min-1 to achieve the CPAN/Se 15 

composite. Control sample, carbonized PAN/Se powder 
(CPAN/Se powder), was prepared by the same process but 
without electrospinning technique. The PAN powders were 
mixed with selenium powders (5:4 by weight) and then heated at 
600 oC for 5 h in vacuum to obtain CPAN/Se powder.  20 

2.2 Materials Characterization 

The crystal structure of the samples were examined with X-ray 
diffraction diffractometer (XRD, MMA GBC, Australia) with Cu 
Kα radiation. Raman spectroscopy on an instrument (JOBIN 
YVON HR800) equipped with a 632.8 nm diode laser and 25 

Fourier-transform infrared spectroscopy (FT-IR) were carried out 
to characterize the chemical bonds in each sample. The selenium 
content of composite was measured by Thermogravimetric 
analysis/differential scanning calorimetry (TGA/DSC) type 
instrument (METTLER TOLEDO, Switzerland) at a heating rate 30 

of 10 oC min-1 from room temperature to 750 oC under argon 
atmosphere. X-ray photoelectron spectroscopy (XPS) analysis 
was conducted on a VG Scientific ESCALAB 2201XL system 
with aluminum Kα X-ray radiation. JEOL JSM-7500FA Field-
emission scanning electron microscopy (FESEM) and JEOL 2011 35 

transmission electron microscopy (TEM) were employed to 
investigate the morphologies of the samples. 

2.3Electrochemical measurement 

The CPAN/Se fibers and CPAN/Se powders (75% by weight) 
were mixed with super-P (15%) and PCDF (10%) in NMP 40 

solution to form the slurry for the electrode preparation, 
respectively. After that, the working electrodes were prepared by 
coating the slurry onto aluminum foil current collector then dried 
at 50 oC for 24 h. Coin-type (CR2032) cells were assembled in an 
argon-filled glove box, with 1 M LiPF6 in a mixture of ethylene 45 

carbonate/diethylcarbonate (EC/DEC, 1:1, v/v) as the electrolyte 
for Li-Se batteries and 1 M NaClO4 in a mixture of ethylene 
carbonate/diethyl carbonate (EC/DEC, 1:1, v/v) as the electrolyte 
for Na-Se batteries. Cells with CPAN electrodes were also 
prepared using the same procedure. The coin cells were 50 

galvanostatically charged-discharged from 0.8 to 3.0 V for Li-Se 
batteries and from 0.5 to 2.5 V for Na-Se batteries using a cell 
test instrument (CT2001A, LAND, China).  

3. Results and discussions  

The experimental procedures are illustrated in Fig. 1. First of all, 55 

selenium powders were added into the PAN solution to form a 
stable suspension due to the suitable viscosity of the PAN 
solution, although selenium powders are insoluble in DMF (Fig. 
1a). Next, one-dimensional (1D) PAN-Se fibers were prepared by 
the electrospinning technique. Finally, the as-spun PAN-Se fibers 60 

were heated at 600 oC for 5 h to obtain CPAN/Se composite 
fibers. During the thermal treatment, the reactions of PAN with 
selenium are summarized as follows (Fig. 1b): When the PAN-Se 
fibers are heated, Se plays the role of a reducer in facilitating the 
dehydrogenation and cyclization of PAN, resulting in a 65 

conductive main chain with generation of H2Se as a by-product. 
Meanwhile, the highly polar -CN functional groups can be 
cyclized in form of a stable and conductive heterocyclic 
compound. Subsequently, at relatively high temperature, 
elemental selenium is subject to being cleaved into selenium free 70 

radicals and intercalated into the heterocyclic compound, which 
then acts as energy-storing side chains with various lengths, or to 
forming covalent bonds with the carbon atoms in the PAN-
derived carbon matrix. A similar reaction has been reported in 
sulfur-based composites.11-13 This novel type of selenium in the 75 

CPAN matrix acts as an important role in the electrochemical 
properties of the CPAN/Se electrodes for both Li-Se and Na-Se 
cells. 

Fig. 1 (a) A schematic illustration of the experimental procedure; 
(b) the ideal structure of  CPAN/Se and its reaction process. 80 

Fig. 2 presents SEM images of the as-spun PAN-Se fibers and 

Fig. 2 SEM images of (a) as-spun PAN-Se fibers, with the inset 
showing an image of the selenium powders, (b) CPAN/Se fibers, 
and (c) a single PAN/Se fiber and the corresponding elemental 
mapping images of carbon, nitrogen, and selenium. 85 

CPAN/Se fibers. The as-spun PAN-Se sample has good fibrous 
morphology with smooth surfaces, except for a few large 
particles located on the surface, indicating that most of the 
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selenium powders were wrapped inside of the PAN fibers during 
the electrospinning process. (Fig. 2a inset is an SEM image of the 
selenium powders, in which the particle size was mainly less than 
200 nm.) The 1D fibrous morphology was preserved during the 
carbonization step, and no particles were left on the surfaces of 5 

the fibers, suggesting that a complete reaction between Se and 
PAN had occurred. The element mapping indicates that all the 
elements (carbon, nitrogen, and selenium) are uniformly 
distributed over the whole fiber. 
Transmission electron microscopy (TEM) was employed to 10 

further investigate the microstructure of the PAN-Se and 
CPAN/Se fibers in Fig. 3. Before calcination, it is clear that the 
selenium powders are well distributed throughout the whole fiber 
(Fig. 3a), and high resolution TEM (HRTEM) image (Fig. 3b) 
and selected area electron diffraction (SAED) pattern (Fig. 3c) 15 

indicate that the selenium powders are present in the form of the 
crystal structure in the fiber. The surface of the fiber becomes 
much smoother, however, and no obvious particles can be seen 
on the CPAN/Se fibers (Figure 3d) after the carbonization 
process. From HRTEM image (Figure 3e) and the SAED pattern 20 

(Figure 3f) of the CPAN/Se composite, it can be concluded that 
the CPAN/Se composite has an amorphous structure, suggesting  

Fig. 3 TEM image (a), HRTEM image (b), and SAED pattern (c) 
for PAN-Se fiber; TEM image (d), HRTEM image (e), and 
SAED pattern (f) of CPAN/Se fiber. 25 

that selenium could react with PAN during the carbonization 
process and exist in form of amorphous structure in the CPAN 
matrix.   
Fig. 4a shows the XRD patterns of the elemental selenium, 
CPAN, and CPAN/Se. The pristine Se possesses trigonal 30 

structure, while the CPAN/Se has amorphous structure. Although 
there is a substantial amount of selenium (36%, in Fig. S1 and 
S2) in the CPAN/Se composite, the peaks of elemental selenium 
could  not be observed, suggesting that the embedded selenium in 
the composite exists in the form of small molecules rather than 35 

Se8 and thus loses its characteristic of trigonal structure. Fig. 4b 
presents the Se 3d XPS spectra for pristine Se and CPAN/Se. In 
the pristine Se, the Se 3d5/2 and 3d3/2 peaks centered at 55.8 and 
56.7 eV, which could be assigned to metallic selenium.15 The Se 
3d5/2 and 3d3/2 peaks move towards higher binding energy in the 40 

CPAN/Se, however, which means that the Se has formed bonds 
with other atoms in the composite to yield selenium-containing 
heterocyclic compounds. There is evidence in the literature that 
the 3d peak could change when Se is combined with other atoms. 
4,14,15 45 

The existence of the C-Se bond is the key to judge whether Se is 
incorporated into the PAN-based polymer matrix. Therefore, 

Raman and Fourier-transform infrared (FT-IR) spectroscopy were 
performed to further examine the chemical bonds in CPAN/Se. 
Fig. 4c displays the FT-IR spectra of the CPAN and CPAN/Se. 50 

Both the CPAN and the CPAN/Se exhibit peaks at 1590, 1295, 
and 833 cm-1 corresponding to the C=C bond, C=N bond, and C-
N bond, respectively,16-19 suggesting the formation of a 
heterocyclic compound in the carbonization process. The new 
peak at 523 cm-1 corresponds to torsion of rings in which a C-Se 55 

bond is contained,20 and the peak located at 438 cm-1 could be 
also attributed to the C-Se bending vibration,19 indicating the 
formation of C-Se bonds after the dehydrogenation and 
cyclization process. In the Raman spectroscopy (Fig. 4d), the 

Fig. 4 (a) XRD patterns of Se, CPAN, and CPAN/Se fibers; (b) 60 

XPS spectra of Se and CPAN/Se fibers for Se 3d; (c) FT-IR 
spectra of CPAN, and CPAN/Se fibers; (d) Raman spectra of Se, 
CPAN, and CPAN/Se fibers. 
elemental selenium shows three peaks located at 138, 231, and 
458 cm-1, respectively. CPAN/Se exhibits distinctive peaks at 198 65 

and 288 cm-1, however, indicating that the atomic configuration 
of CPAN/Se has changed markedly after the reaction with 
selenium. The peaks centered at 198 and 288 cm-1 can be 
attributed to the C-Se stretching vibration and the C-Se-Se group 
vibration.19 70 

Cyclic voltammetry (CV) tests for CPAN/Se battaries were 
performed in the voltage window from 0.8 V to 3 V vs. Li+/Li, 
and 0.5 V to 2.5 V vs. Na+/Na, respectively. Typical CV of the 
CPAN/Se electrodes in Li-Se and Na-Se cells are displayed in 
Fig. 5. There is only one pair of reversible redox peaks for Li-Se 75 

batteries in the CV curves, suggesting that the CPAN/Se 
electrode experiences a single phase transition reaction from Sex 

chain to insoluble Li2Se without formation of soluble 
intermediate phase Li2Sex (x≥4) in carbonate electrolyte, which is 
in agreement with previous reports.6,7 During the first scan, the 80 

curve shows a cathodic peak at 1.0 V and an anodic peak at 2.2 V 
for the Li-Se batteries. After the first scan, the cathodic peak 
shifts towards the positive direction, while the anodic peak 
remains at 2.2 V. The interaction between organic selenium and 
the CPAN matrix during the first lithiation may lead to more 85 

potential peak in the first cycle. It is believed that the complex 
bond formed between selenium and the heterocyclic compound 
will affect the reaction of selenium and lithium, which 
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Fig. 5 Cyclic voltammograms of the CPAN/Se fiber electrodes in 
(a) Li-Se and (b) Na-Se batteries at a scan rate of 0.1 mV/s.  
needs additional energy to dissociate selenium from the complex 
bond, leading to a more negative potential.12 The CPAN/Se 5 

cathode in Na-Se batteries exhibits similar phenomenon to that in 
Li-Se batteries, as well as having lower redox potentials.  

Fig. 6 Cycling performance of CPAN/Se fiber and powder 
electrodes at 0.3 C for (a) Li-Se and (b) Na-Se batteries; 10 

discharge/charge voltage profiles of CPAN/Se fiber electrode at 
selected cycles for (c) Li-Se and (d) Na-Se batteries; rate 
capabilities of CPAN/Se fiber and powder electrodes for (e) Li-
Se and (f) Na-Se batteries. 
Fig. 6a and 6b displays the cycling performance of the CPAN/Se 15 

fiber and powder cathodes in Li-Se and Na-Se batteries at 0.3 C. 
Excellent cycling stability in both Li-Se and Na-Se batteries can 
be obtained. Compared to CPAN/Se powder electrode, the 
CPAN/Se fiber electrode could deliver a capacity of nearly 600 
mAh g-1 without any capacity loss after 500 cycles in Li-Se 20 

batteries. Even at the rate of 1.5 C, the CPAN/Se fiber electrodes 
can still maintain more than 400 mAh g-1 for 1000 cycles (Fig. 
S3), indicating a superior cycling performance compared to that 
of pristine Se electrodes for Li-Se and Na-Se batteries (Fig. S4). 
Such superior capacity of CPAN/Se is a combined outcome from 25 

its unique chemical structure. The carbon-based skeleton matrix 
supports high electrical conductivity, and the PAN-derived 
carbon-based matrix can confine the selenium during the charge 
and discharge processes by forming stable energy-storing side 

chains where selenium free radicals are intercalated into the 30 

heterocyclic compound. Furthermore, the presence of nitrogen 
atoms in the heterocyclic compound linked to selenium side 
chains could enhance the electronic conductivity,21,22 which 
additionally contributes to the exceptional electrochemical 
performance. Most of all, the interaction between selenium and 35 

conductive heterocyclic compound greatly improves the cycling 
stability of the CPAN/Se electrodes in the low-cost carbonate-
based electrolyte and provides a new strategy to develop Se-
based cathodes for renewable energy storage. 
It is worth noting that the CPAN/Se electrodes for Li-Se batteries 40 

deliver an initial discharge capacity of 560 mAh g-1, however, the 
discharge capacity drops to 460 mAh g-1 in the second cycle 
before increasing to 600 mAh g-1 in subsequent cycles. This 
interesting phenomenon is different from previous result.5-8 
Therefore, the electrochemical performance of CPAN electrode 45 

(Fig. S5) was tested to investigate the higher intial discharge 
capacity. The CPAN electrode displayed an irreversible capacity 
of nearly 300 mAh g-1 in the first discharge. A long potential 
plateau between 1.1 V and 0.8 V is initially present in the CPAN 
electrode, but it disappears in the second cycle, which is in 50 

agreement with the lower plateau of CPAN/Se fiber electrode for 
the first discharge in Fig. 6c. This can explain its higher initial 
discharge capacity. In addition, the increase of capacity between 
the 3rd and the 30th cycle demonstrates a possible activation 
process in the electrode materials. Accordingly, the increase of 55 

the capacity was accompanied by the reduced electrode 
impedance (Fig. S6). The fresh CPAN/Se cell shows a large 
charge transfer resistance. The reason is that the high degree of 
carbonization at higher temperature causes the active selenium to 
be deeply enveloped within the amorphous carbon skeleton. 60 

Therefore, lithium can only access to the surface of partial active 
selenium. The whole active selenium could work normally again 
only after the activation process with longer cycles, resulting in 
reduced charge transfer resistance in subsequent cycles. As a 
result, the discharge capacity is improved between the 3rd and the 65 

30th cycles and the reduced impedance in the second cycle shifts 
the lithiation potential to a higher value as demonstrated in the 
CV curves in Fig. 5a. For the sodium batteries, the CPAN/Se also 
demonstrates good cycling performance. In this study, the 
CPAN/Se shows higher initial discharge capacity and a similar 70 

trend in regards to capacity to that in the Li-Se batteries, retaining 
410 mAh g-1 after 300 cycles. Commonly, electrodes in sodium-
ion batteries display worse reaction kinetics and inferior 
electrochemical properties than that in lithium-ion batteries due to 
the fact that the sodium ion is much bigger than lithium ion. 75 

The rate performance of the CPAN/Se fiber and CPAN/Se 
powder electrodes is shown in Fig. 6e and 6f. The CPAN/Se fiber 
electrodes also show good rate capability in both lithium-ion and 
sodium-ion batteries. The control sample CPAN/Se powders were 
synthesized through the same heat-treatment process as for 80 

CPAN/Se fibers, but based on a mixture of PAN and selenium 
powders. The CPAN/Se powders consist of round particles with 
diameter of 250 nm (Fig. S7 and S8). At low rates, both 
CPAN/Se powder and fiber electrodes show similar rate 
performance, however, the CPAN/Se fibers exhibit superior rate 85 

performance at higher rates. In particular, the CPAN/Se fiber 
electrode can retain capacity of 290 mAh g-1 even at 3 C and 
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recover to 600 mAh g-1 after the rate is returned to 0.1 C, but the 
CPAN/Se powders just deliver 180 mAh g-1. The 1D fibrous 
nanostructure with smaller dimensions and large surface area can 
facilitate efficient contact between the active materials and the 
electrolyte, and provide more active sites for electrochemical 5 

reactions. In addition, the 1D architecture also possesses 
favorable structural stability, which can help to alleviate the 
structural damage caused by volume expansion and to keep the 
integrity of the electrodes during the charge-discharge process 
especially at high rate or after long-term cycling. All these 10 

characteristics result in such a good rate capabilities. For the Na-
Se batteries, the capacity of the CPAN/Se fibers is decreased 
from 550 to 245 mAh g-1 with the increase of rate from 0.1 C to 3 
C.  
To further investigate the reason why the CPAN/Se electrode 15 

shows such a superior electrochemical performance, the 
microstructure of the CPAN/Se fiber electrode after 100 cycles 
for Li-Se batteries was examined by SEM. The fibrous structure 
(Fig. S9a) is still maintained, and no obvious change is observed. 
The element mapping results (Fig. S9b) show that the selenium is 20 

still homogeneously distributed throughout the whole fiber, 
suggesting the excellent mechanical stability of the CPAN/Se 
fibers. Together with its unique chemical structure, excellent 
electrochemical properties of CPAN/Se can be achieved. 

4. Conclusion 25 

In summary, a novel type of selenium fibers were simply 
prepared by electrospinning technique. Selenium exists in the 
carbonized PAN matrix in form of energy-storing selenium side 
chains. Such a unique chemical structure not only enhances the 
electrical conductivity, but also can confine selenium during the 30 

charge and discharge processes, leading to superior long-term 
cycling stability and good rate performance. The CPAN/Se 
electrodes could remain a reversible capacity of 600 mAh g-1 for 
500 cycles in Li-Se battery and 410 mAh g-1 for 300 cycles in Na-
Se battery. In addition, this novel material exhibits superior 35 

electrochemical performance and it can be easily achieved 
manufacturing process, which makes our Se-based electrode 
highly promising for practical energy storage.  
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