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a b s t r a c t

The sluggish redox kinetics and dissolution of polyselenide result in severe capacity attenuation of
lithium-selenium (Li-Se) batteries, thus significantly limiting its practical application. In this study, we
developed a facile annealing procedure to prepare CoSe2-porous carbon composites (CoSe2-PC) as a high-
performance cathode material. The formation of CoSe2 nanoparticles in the carbon matrix was confirmed
by high resolution transmission electron spectroscopy (HRTEM), X-ray diffraction (XRD) and X-ray
photoelectron spectroscopy (XPS) measurements. Se@CoSe2-PC achieved a reversible capacity up to
408mAh$g�1 after 100 charge-discharge cycles at the current rate of 1 C, a performance much higher
than that of porous carbon alone. The catalytic effect of CoSe2 on the redox reaction dynamics of poly-
selenide was examined by cyclic voltammetric measurements using a symmetrical cell of Se@CoSe2-PC
in the presence and absence of the polyselenide in the electrolyte, and this likely accounts for the high
specific capacity and superior cycle performance of Se@CoSe2-PC based Li-Se batteries. Results from this
work may open up a door for suppressing the dissolution of polyselenide and eventually realize Li-Se
batteries of high capacity and cycle stability.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Since Amine's group [1] pioneered the application of Se as a
positive electrode for a new class of rechargeable Li batteries in
2012, Li-Se batteries have become a hot topic of research because of
several advantages [2e10]. Firstly, selenium (Se) is the congener of
elemental S and has similar electrochemical performance to sulfur
[1,11,12]. Secondly, the electric conductivity of selenium is
1� 10�5 S$m�1, approximately 20 orders magnitude higher that of
sulfur, significantly increasing the utilization of selenium as active
cathode materials and thus the energy storage capacity [1,13e15].
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The solubility of polyselenide produced during the cycling process
is much lower than that of polysulfide in carbonate electrolyte, thus
leading to a much weaker shuttle phenomenon of polyselenide and
loss of capacity as compared to sulfur [16,17]. Although the theo-
retical gravimetric capacity of Se is only 675mAh$g�1 [18e20],
much lower than that of S (1672mAh$g�1) [21e23], the theoretical
volumetric capacity of Se is 3253mAh$cm�3, comparable to that of
sulfur (3467mAh$cm�3 based on 2.07 g$cm�3) [13,24e26].

Selenium has indeed shown great prospect as an alternative
cathode material for lithium batteries, but the dissolution of poly-
selenide and the large volume change of Se during the charge/
discharge process result in a low battery capacity and poor cycle
stability [18,27e29], limiting the cycle performance of Li-Se bat-
teries. A number of methods have been explored to overcome this
bottleneck for commercialization of Li-Se batteries. Among these,
the mostly studied approach is to physically confine Se in micro-
porous carbon spheres [30], ordered mesoporous carbon [10,13],
microporous/mesoporous carbon [16,31], hierarchical porous

mailto:esxkang@scut.edu.cn
mailto:shaowei@ucsc.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.electacta.2018.01.105&domain=pdf
www.sciencedirect.com/science/journal/00134686
www.elsevier.com/locate/electacta
https://doi.org/10.1016/j.electacta.2018.01.105
https://doi.org/10.1016/j.electacta.2018.01.105
https://doi.org/10.1016/j.electacta.2018.01.105


J. Yang et al. / Electrochimica Acta 264 (2018) 341e349342
carbon [32,33], graphene [34e36], etc. The porous structure of the
carbon materials not only offer space for the large volume variation
of Se during the lithiation/delithiation process, but also suppress
the dissolution of polyselenide intermediates in the electrolyte
[31,37]. Lately, it has been reported that noble metals, transition
metals and transition metal disulfides [38e43] may be used as
efficient catalysts to facilitate the polysulfide redox reactions and
transform more soluble lithium polysulfide Li2Sn (8� n� 4) to less
soluble Li2S2 and Li2S in electrolyte, thus enhancing the capacity
and cycle performance of the Li-S batteries. However, no such
strategy has ever yet been reported to improve the capacity and
cycle performance of Li-Se batteries.

Conceptually different from the traditional approach of physical
confinement to suppress the dissolution of polyselenide, which
usually involve complicated and time-consuming procedures and
high energy input to prepare the mesoporous carbon host
[10,13,16,31], herein we prepared a porous carbon and cobalt
nanoparticles composite (Co-PC) in one-pot reaction and the CoSe2
obtained during the Se melt-diffusion process behaved as redox
catalyst and efficiently promoted the transformation of more sol-
uble Li2Sen (8� n� 4) to less soluble Li2Se in electrolyte, thus
suppressing the dissolution of polyselenide and enhancing the
capacity and cycle performance. Attributed to this effect, Se@CoSe2-
PC achieved 408mAh$g�1 after 100 charge-discharge cycling, su-
perior to that of Se@PC without CoSe2 nanoparticles
(233mAh$g�1). This paper demonstrated an alternative strategy of
physical confinement to suppress the loss of polyselenide.

2. Experimental section

2.1. Preparation of Co-porous carbon (Co-PC) and porous carbon
(PC)

All the chemical reagents were of analytical grade and used
without further purification. In a typical procedure, 4 g of ethyl-
enediaminetetraacetic acid (EDTA, Energy Chemicals), 2 g of KOH
(Damao Chemical Reagents Factory), and 0.5 g of Co(NO3)2$6H2O
(Damao Chemical Reagents Factory) were added into an agate
mortar and ground for 2 h to obtain a fine mixture. The sample was
loaded in a ceramic boat and then directly heated in a horizontal
tube furnace under an argon atmosphere. Initially, the mixture was
heated up to 100 �C at a heating rate of 2 �C$min�1 and kept at this
temperature for 1 h, and then further heated up to 700 �C at a
heating rate of 3 �C$min�1 and maintained at this temperature for
3 h. After cooling down to room temperature in ambient, the ob-
tained black powder was washed with deionized water and abso-
lute ethanol for several times until pHz 7. Finally, the sample was
transferred to a drying oven and dried at 70 �C overnight to obtain
the Co-PC composite. The PC sample was prepared via the same
procedure except that no Co salt was added.

2.2. Loading of Se onto Co-PC and PC

The loading of Se onto the Co-PC composite was carried out via a
melt-diffusion method. Firstly, commercial Se powders (Energy
Chemicals) and the Co-PC prepared above were thoroughly ground
at a mass ratio of 2:1 in a quartz mortar for 1 h to yield a black
mixture. Subsequently, the mixture was sealed in a glass tube un-
der an argon atmosphere and heated to 260 �C (heating rate
3 �C$min�1 below 215 �C and 0.5 �C$min�1 above 215 �C) [25]. A
slowheating rate of 0.5 �C$min�1 above 215 �C (themelting point of
selenium) and a long term dwelling of 12 h at 260 �C were
employed to ensure a complete penetration of Se into the porous
carbon matrix and the full reaction of elemental Se with Co nano-
particles in Co-PC, leading to the formation of CoSe2 nanoparticles.
The Se loaded CoSe2-PC compositewas denoted as Se@CoSe2-PC. Se
loaded PC composite was synthesized via the same procedure as
above and denoted as Se@PC.

2.3. Materials characterization

Thermogravimetric analysis (TGA) was conducted on Mettler
ToledoTGA/SDTA851 in N2 and O2 atmosphere at the heating rate of
10 �C$min�1. Nitrogen adsorption-desorption isotherms were ac-
quired at 77 K with the Quantachrom Autosorb-1 instrument. X-ray
diffraction (XRD) measurements were performed with a Bruker D8
diffractometer with Cu-Ka radiation (l¼ 1.5406 Å). X-ray photo-
electron spectra (XPS) was acquired with a Phi X-tool instrument.
The morphology of the samples was examined by field-emission
scanning electron microscopy (FESEM, Hitachi S-4800) and high-
resolution transmission electron microscopy (HRTEM, JEOL TEM-
2010).

2.4. Electrochemical measurements

The Se cathode was prepared by a slurry coating procedure.
First, the Se@CoSe2-PC composite, carbon black (Super P, Timcal)
and water-soluble binder sodium alginate ((C6H7O6Na)x, SA) were
mixed at a mass ratio of 80:10:10 to obtain a slurry. Then, the slurry
was uniformly pasted onto an aluminum foil using a film applicator,
and dried at 70 �C in an electric oven overnight to remove the
solvent [44]. Themass loading of active materials for each electrode
was estimated to be 1.0e1.2mg$cm�2.

CR2016-type coin cells were assembled in an argon-filled glove
box (Vigor-LG2400/750TS, LTD, Suzhou), in which the oxygen and
water contents were less than 1 ppm. The coin cell structure use
Se@CoSe2-PC composites as the working electrode, the Li metal
with size of 15.6� 0.45mm as the counter and reference electrode
and the celgard-2400 film as a separator. The electrolyte was 1.0M
LiPF6 in a mixed solvent of ethylene carbonate (EC), ethyl methyl
carbonate (EMC) and dimethyl carbonate (DMC) at a volume ratio
of 1:1:1. Cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) measurements were carried out with a CHI 660
electrochemical workstation (Shanghai CH Instrument Co., Ltd.) at
room temperature.

3. Results and discussion

3.1. Structural analysis

The morphology and surface structure of the resulting Co-PC
sample were characterized by SEM and TEM measurements. As
shown in Fig. 1 (a), the Co-PC matrix clearly exhibited a three-
dimensional structure with microscale inner pores, mainly caused
by the etching actions of Co nanoparticles at a high temperature
[45]. Further zoom-in in Fig. 1 (b) shows abundant nanometer sized
pores on the matte surface of porous carbon, indicating the
immense potential for Se confinement and fast ions and electrons
transfer [46,47]. The Se@CoSe2-PC composite, obtained by anneal-
ing Co-PC in the presence of Se powders at a target temperature
under an argon atmosphere, inherited the overall morphology and
structure of the pristine Co-PC sample, further suggesting that Se
has been uniformly encapsulated into the porous structure of car-
bon host (Fig. 1 (c)) [31]. The transformation of Co into CoSe2 during
the melt-diffusion process was evidenced from the HRTEM image
in Fig. 1 (d), where the lattices distance of 0.261 nm was in agree-
ment with that of the (210) plane of pyrite CoSe2 particles.

The transformation of Co to CoSe2 during the melt-diffusion
process of Se into Co-PC was further approved by XRD measure-
ments. Fig. 2 (a) displayed three diffraction peaks at 2q¼ 44.21�,



Fig. 1. (a, b) SEM images of Co-PC. (c) SEM image of Se@CoSe2-PC. (d) HRTEM image of Se@CoSe2-PC.

Fig. 2. XRD patterns of (a) Co-PC and Se@CoSe2-PC; and (b) PC and Se@PC.
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51.52� and 75.85� for the Co-PC composite, which were attributed
to the (111), (200) and (220) lattice facets of metallic Co [39]. Upon
the integration of Se into Co-PC at 260 �C, these diffraction peaks
vanished while two new sets of diffraction peaks arose, which
could be assigned to those of cubic pyrite-structure (ICDD PDF no.
04-003-1990) and macarsite-structure CoSe2 (ICDD PDF no. 00-
053-0449) [48,49], suggesting the complete transformation of Co
nanoparticles to CoSe2 nanoparticles. From the Bragg's law, the
interspacing of the (210) crystalline plane of pyrite CoSe2 was
estimated to be 2.601 Å, in good agreement with the value obtained
from HRTEM measurement. Interestingly, whereas elemental se-
lenium was successfully loaded into the carbon matrix (as
confirmed by TGA measurements, below), no corresponding
diffraction peaks for Sewere observed in Se@CoSe2-PC (Fig. 2 (a)) or
Se@PC (Fig. 2 (b)), indicating that Se was well dispersed into the
porous structure of carbon matrix in an amorphous phase [13,20].
Besides, Fig. S1 depicted the Raman spectra of Co-PC and PC. The
characteristic D band (1340 cm�1) and G band (1585 cm�1)
belonged to disordered carbon and graphitic carbon [14,46,50],
respectively. Several bands for Co-PC sample located in the range of
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100e700 cm�1 could be attributed to the Co nanoparticles [51]. The
ID/IG values of Co-PC and PC were 0.99 and 0.98, respectively,
implying their similar graphitization degree. Upon melt-diffusion
treatment of the carbon matrix with Se, the specific surface area
decreased dramatically from 1257.5m2$g�1 to 6.9m2$g�1 for Co-PC
and 1567.5m2$g�1 to 26.3m2$g�1 for PC (Fig. S2), indicating that Se
was successfully infused into the porous structure of both Co-PC
and PC [19].

The loading of seleniumwas estimated to be 43wt% and 51wt%
for Se@CoSe2-PC and Se@PC respectively by TGA in a nitrogen flow,
as shown in Fig. 3. (a). The main weight loss between 300 and
600 �C was attributed to the evaporation of elemental Se from the
porous carbon matrix. The CoSe2 content in Se@CoSe2-PC was
derived from TGAmeasurements in an O2 atmosphere, as shown in
Fig. 3 (b). According to chemical reaction 3CoSe2 (s) þ 2O2
(g)¼ Co3O4 (s) þ 6Se (g), the content of the CoSe2 in the composite
was calculated to be 27wt%. The product of the Se@CoSe2-PC
sample after TGA test in O2 was confirmed to be Co3O4 by XRD
measurements, as shown in Fig. S3. The gravimetric capacity of
Se@CoSe2-PC composite was based on the mass of both elemental
selenium and those in CoSe2.

The valence states of Co and Se and the interaction between Se
and the carbon matrix in Se@CoSe2-PC and Se@PC were examined
by XPS measurements. Fig. 4 (a) displays the full survey spectra of
Se@CoSe2-PC and Se@PC, where Co, N and Se were clearly observed
for Se@CoSe2-PC. In Fig. 4 (b), the C 1s spectrum displays a main
peak at around 284.6 eV, corresponding to graphitic sp2 carbon
[20,39,46]. Meanwhile, the appearance of a peak at 285.4 eV could
be ascribed to carbon in CeO bond formed during the annealing
process [20]. The high-resolution spectrum of Se 3d electrons in
Se@CoSe2-PC was deconvoluted into four sub peaks and displayed
in Fig. 4 (c). The two peaks at around 56.2 and 55.4 eV are assigned
to the 3d3/2 and 3d5/2 electrons of elemental Se [17,20,52], whereas
the pair at 55.3 and 54.6 eVwere likely due to the Se 3d3/2 and 3d5/2
electrons in CoSe2, as observed previously [48]. The broad peak at
around 59.0 eV was ascribed to the Se 3d electrons having strong
interaction with the porous carbon host through SeeO or SeeC
bonds [20]. As illustrated in Fig. S4, the binding energy of Co 2p3/2
electrons in Se@CoSe2-PC was identified at 778.45 eV, in agreement
with that of CoSe2 [48,53].

3.2. Electrochemical characterization

The electrochemical performance of the Se@PC and Se@CoSe2-
PC composites as cathode materials for rechargeable Li-Se batteries
was evaluated by using 2016-type coin cells assembled with a
metallic lithium foil as the counter electrode. To figure out the
Fig. 3. TGA curves of (a) the Se@PC and Se@CoSe2-PC composites acquired in a N2 atmo
10 �C$min�1.
oxidation/reduction reactions in Li-Se batteries, the three initial
cyclic voltammograms were measured for Se@CoSe2-PC and Se@PC
between 1.0 and 3.0 V vs Liþ/Li at a scan rate of 0.1mV$s�1, as
shown in Fig. 5 (a). Se@PC displayed a pair of cathodic and anodic
peaks at 1.58 and 2.12 V in the first voltammetric cycle, corre-
sponding to the reversible one-step reaction of Se to Li2Se [9,28],
which was described by equation: 2Liþ þ Se þ 2ee 4 Li2Se. In the
second cycle, the cathodic peak at 1.58 V was shifted towards a
positive potential (1.75 V) due to the electrochemical activation of
selenium in the first cycle, associated with a volume expansion and
deformation of Se induced by lithiation [16,28]. The appearance of a
small peak at 1.68 V was ascribed to the formation of Li2Se2 or
Li2Sen [54], which became a shoulder in the second cycle. In sharp
contrast, two cathodic peaks at 1.38 V and 1.57 V and two anodic
peaks at 2.15 and 2.33 V in the CV curves were observed for
Se@CoSe2-PC. The cathodic peak at 1.38 V and the anodic shoulder
at 2.33 V were ascribed to the lithiation and delithiation of CoSe2.
Compared to that of Se@PC, no shoulder or sub peak near 1.68 V
was observed for Se@CoSe2-PC, indicating that the formation of
soluble polyselenide was significantly suppressed due to the pres-
ence of CoSe2. The stable and overlapping CV curves in the second
and third cycles demonstrated much better cycling performance of
Se@CoSe2-PC than Se@PC, possibly due to the suppressed dissolu-
tion of polyselenide into the electrolyte and improved utilization of
active materials in the cycling process [44,55]. The galvanostatic
discharge and charge curves of the Se@CoSe2-PC and Se@PC com-
posites in the potential range of 1.0 and 3.0 V at the current rate at
0.5 C (1 C¼ 675mA$g�1) were displayed in Fig. 5 (b). Two dis-
charging plateaus at the potentials of 1.4 and 1.75 V for Se@CoSe2-
PC can be seen due to the lithiation of CoSe2 and Se, in agreement
with the two redox current peaks of CV measurements in Fig. 5 (a).
In contrast, only one discharging plateau was observed for Se@PC at
1.75 V, corresponding to the discharging process of Se. Se@CoSe2-
PC showed the discharge capacity of 1095mAh$g�1 and a charge
capacity of 740mAh$g�1 in the first cycle, at the coulombic effi-
ciency of 67.6%. In the subsequent cycles, nearly 100% coulombic
efficiency was achieved owing to the reversible lithiation/deli-
thiation reaction. However, the initial coulombic efficiency of
Se@PC is much lower than that of Se@CoSe2-PC, suggesting that
CoSe2 played a vital role in maintaining the cycle stability of the Li-
Se batteries.

As shown in Fig. 6 (a), the Se@CoSe2-PC sample exhibited
excellent rate capability. At the rate of 0.1 C, the initial discharge
capacity reached up to 1213mAh$g�1 but declined rapidly due to
the activation process at the initial charging and discharging pro-
cess [56]. The specific capacity gradually degenerated as the current
rate increased from 0.1 C to 10 C. The reversible capacity of 631, 509,
sphere and (b) Se@CoSe2-PC composite in an O2 atmosphere at the heating rate of



Fig. 4. (a) High-resolution XPS spectra of Se@CoSe2-PC and Se@PC composites. (b) C 1s XPS spectrum of Se@CoSe2-PC. (c, d) Se 3d XPS spectra of Se@CoSe2-PC and Se@PC.

Fig. 5. (a) CV curves of the Se@CoSe2-PC and Se@PC at a scan rate of 0.1mV$s�1 in the voltage range of 3.0e1.0 V vs Liþ/Li. (b) Galvanostatic discharge and charge curves of the
Se@CoSe2-PC and Se@PC composites at 0.5C.
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428, 356, 275 and 210mAh$g�1 at the current density of 0.2, 0.5, 1,
2, 5 and 10 C, respectively, was retained, comparable to literature
values [13,16,31]. When the current rate returned back to 0.1 C, the
material recovered most of its specific capacity and retained a value



Fig. 6. (a) Rate performance of the Se@CoSe2-PC at increasing current density from 0.1 C to 10 C. (b) The corresponding charge/discharge profiles at various rates. (c) Cycling
performance and coulombic efficiency comparisons between the Se@CoSe2-PC and the Se@PC composite electrodes at 1 C.

Fig. 7. Polarization curves of the symmetrical cells using Se@CoSe2-PC, Se@PC with
and without Li2Sen in the electrolyte at a scan rate of 0.1 V$s�1. Insets are the photo-
graphs of (a) Se, (b) Li2Se and (c) combination of the two in the carbonate-based
electrolyte.
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of 574mAh$g�1. In contrast, the Se@PC composite exhibited amuch
lower capacity than Se@CoSe2-PC. In particular, at the large current
density of 5 C, it only delivered one third of the specific discharge
capacity of Se@CoSe2-PC (96mAh$g�1) (Fig. S5). Both the discharge
and charge capacities of the as-prepared Se@CoSe2-PC composite
were preferable at various current densities, demonstrating that
CoSe2 plays an important role in improving the specific capacity of
the batteries during the electrochemical reaction process. Fig. 6 (b)
displays the corresponding charge/discharge voltage profiles at the
current rates of 0.1, 0.2, 0.5, 1, 2, 5 and 10 C of the Se@CoSe2-PC
electrode in the potential range from 1.0 to 3.0 V. Obviously, the
charge/discharge profiles showed enlarged potential difference
when the current density increased from 0.1 C to 10 C, as a result of
the polarization loss and mechanical energy dissipation during the
charge/discharge process [31].

The cycling performance and coulombic efficiency of the
Se@CoSe2-PC and Se@PC samples at a current density of 1 C were
shown in Fig. 6 (c). The first discharge and charge capacities of the
Se@CoSe2-PC composite are 1182 and 696mAh$g�1, respectively,
and the reversible capacity remained at 408mAh$g�1 after 100
cycles along with the coulombic efficiency of 100%, suggesting the
high utilization of active materials and effective suppression of the
so-called shuttle effect. In contrast, Se@PC only achieved a revers-
ible capacity of 233mAh$g�1 after 100 cycles at the current density
of 1 C (red curve in Fig. 6 (c)), far lower than that of Se@CoSe2-PC
(408mAh$g�1). The cycling performance of Se@CoSe2-PC at 0.2 C
and 0.5 C was displayed in Fig. S6, demonstrating the discharge
capacity of 539 and 454mAh$g�1 in the 100th cycle at the current
rates of 0.2 C and 0.5 C. Besides, the SEM images after 100 cycles at
1 C were exhibited in Fig. S7, where the overall structure
morphology of the Se@CoSe2-PC composite could be well reserved,
suggesting the stability and integrity of the electrode structure
[56e59]. The rough surface of Se@CoSe2-PC composite after cycling
might be caused by the loss of Se, which was located at the surface
and responsible for the capacity loss [60]. Fig. S8 compares the rate
performance of the Se@CoSe2-PC with other typical cathode ma-
terials for Li-Se battery reported in literature, and the rate capa-
bility of Se@CoSe2-PC composite is obviously superior to many of
the reported electrode materials, such as Se/GPNF [14], Se/MCN-



Scheme 1. Illustration of the discharge process in Se-based cathodes. The trans-
formation of polyselenide to Li2Se was accelerated by CoSe2, suppressing the loss of
polyselenide into electrolyte.
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RGO [27], NCS/Se-50 [19], Se@C [60], Se8/C [16], Se@N-CT-48 [37],
Se@MICP [31], MHPCS/Se [24] and graphene-CNT@Se [61]. The
gravimetric capacity and cycle stability of Se@CoSe2-PC was equally
compared with other composites for Li-Se batteries reported in the
previous literature and summarized in Table S1. The gravimetric
capacity and cycle stability of Se@CoSe2-PC in the current work are
competitive to many of the cathode materials reported in the
literature. Most importantly, the results of the current work high-
lighted the role of CoSe2 when introduced into PC, which appar-
ently enhanced both the gravimetric capacity and cycle stability of
Se@CoSe2-PC cathode material in relative to that of Se@PC without
CoSe2.

Zhang and coworkers [41] have reported that CoS2 in sulfiphilic
host effectively propelled the redox reaction of polysulfide, sup-
pressed the dissolution of polysulfide and remarkably improved the
utilization of active materials. It has been widely accepted that the
poor capacity and cycle performance of Se@PC in lithium batteries
was mainly caused by the dissolution of polyselenide into the
ether-based electrolyte [62]. Thus, we speculate that the dissolu-
tion of polyselenide into the carbonate-based electrolyte might be
responsible for the poor cycle performance of Se@PC and CoSe2 in
Se@CoSe2-PC composite might play similar role to that of CoS2 in
sulfiphilic matrix, facilitating the redox reaction of polyselenide
and further improving the capacity of the Li-Se batteries.
Fig. 8. Nyquist plots of (a) Se@CoSe2-PC and (b) Se@PC based cells in the frequency range of
In order to simulate the possible polyselenide products in the
carbonate-based electrolyte, we added 5mg of Se and 5mg of Li2Se
respectively into two separate vials containing 5mL electrolyte. As
shown in the inset (a) and (b) to Fig. 7, only clear and colourless
solution was observed for the vials containing Se and Li2Se
respectively, indicating that Se or Li2Se is barely soluble in
carbonate-based electrolyte. In sharp contrast, clear and light-
brown solution was obtained for the vial containing both Se and
Li2Se in the inset (c) of Fig. 7, indicating the formation of poly-
selenide solution in the carbonate-based electrolyte. Although the
brown colour of polyselenide in carbonate-based electrolyte is
much lighter than that in ether-based electrolyte [17], which might
indicate much less solubility of polyselenide in carbonate-based
electrolyte than in ether-based electrolyte, the dissolution of pol-
yselenide to carbonate-based electrolyte is still appreciable and
might be responsible for the loss of active materials and battery
capacity.

To further investigate the electrocatalytic activity of CoSe2 to-
wards the redox kinetics of polyselenide, symmetrical cells were
assembled by sandwiching the electrolyte with or without Li2Sen
between two identical electrodes of Se@CoSe2-PC as working and
counter electrodes. The open circuit voltages of the designed
symmetrical cells were measured to be 0 V. CV tests for the sym-
metrical cells were performedwithin the voltagewindowof�1.5 to
1.5 V at the scan rate of 0.1 V$s�1. The polarization profiles are
essentially featureless when CoSe2 is missing in the electrode
material or the electrolyte is absent from Li2Sen (Fig. 7). In contrast,
the current density increased remarkably in the Se@CoSe2-PC
symmetrical cells using the Li2Sen-containing electrolyte, demon-
strating that CoSe2 particles likely triggered and dynamically
accelerated the redox reactions of lithium polyselenide, as illus-
trated in Scheme 1. Similar to that in symmetrical cells, in fully
assembled Li-Se batteries with Se@CoSe2-PC cathodes, CoSe2 might
significantly accelerate the redox kinetics of more soluble poly-
selenide to less soluble Li2Se on PC, thus alleviating the dissolution
of polyselenide into the electrolyte and thus reducing the loss of
active materials.

The cycle stability of the cells was strongly related with the
interfacial charge transfer and lithium ion diffusion in the cathode
materials. Thus electrochemical impedance spectroscopy (EIS)
studies were conducted to understand the electrochemical per-
formance of Se@PC and Se@CoSe2-PC. Fig. 8 (a) and (b) display the
Nyquist plots (dotted lines) for Se@CoSe2-PC and Se@PC, which
were fitted (solid lines) with the equivalent circuit shown in the
inset to Fig. 8 (b). Rs, Rct andWo represent the electrolyte resistance,
interfacial charge transfer resistance and Warburg resistance
[18,19,63], which was associated with the lithium ion diffusion in
100 kHz-100mHz. The inset in panel (b) is the equivalent circuit fitting the EIS spectra.
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active materials [64]. The fitting parameters were listed in Table S2.
Rct was quantified by the x-axis intersect of the semicircle in the
high-frequency domain, while Wo was represented by the straight
line in the low-frequency region [65]. Upon cycling, the increase of
the interfacial charge transfer resistance could be attributed to the
decomposition of electrolyte on the electrode surface and the vol-
ume variation [16,17]. In fact, Rct for Se@PCwas increased to 122.8U
after the first cycle and to 238.4U after the 100th cycle. In contrast,
Rct of Se@CoSe2-PC changed from 51.5 to 83.5U after the first cycle
and then remained almost constant even after 100th cycle, indi-
cating that the interfacial charge transfer of Se@CoSe2-PC was
much faster and more stable than that of Se@PC [18,66e68].

4. Conclusion

In summary, a Se@CoSe2-PC composite was prepared by a facile
chemistry approach and used as a high-performance cathode ma-
terial for Li-Se batteries, where CoSe2 served as an effective electro-
catalyst and dynamically facilitated the redox reaction kinetics of
polyselenide and suppressed the dissolution of Li2Sen in-
termediates into the electrolyte, thus mitigating the shuttle effect.
Because of the catalytic effect of CoSe2, Se@CoSe2-PC retained a
reversible capacity of 408mAh$g�1 at the current rate of 1 C after
100 charge-discharge cycles, much higher than that of
233mAh$g�1 achieved by Se@PC without the CoSe2 catalyst. Pol-
yselenide was demonstrated to be soluble in the carbonate-based
electrolyte. The catalytic activity of CoSe2 towards polyselenide
was demonstrated by the polarization of symmetrical cell:
Se@CoSe2-PC in the presence of polyselenide displayed a much
higher polarization current than that without polyselenide in the
electrolyte or Se@PC in the presence of polyselenide in the elec-
trolyte. The concise but efficient amelioration of the Se-containing
cathode material might offer an innovative strategy to promote the
overall electrochemical performance of high-energy rechargeable
Li-Se battery.
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