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As high capacity cathodes for Li-ion and Na-ion batteries, carbon bonded and encapsulated selenium
composites (C/Se) with a high loading content of 54% Se were synthesized by the in situ carbonization
of a mixture of perylene-3,4,9,10-tetracarboxylic dianhydride (PTCDA) and selenium (Se) in a sealed

vacuum glass tube. Because Se is physically encapsulated and chemically bonded by carbon, the shuttle
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cycling stability for both Li-ion and Na-ion batteries in carbonate-based electrolytes. The reversible
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Introduction

Emerging electric vehicles and smart grids require high power
and high capacity energy storage devices." The primary tech-
nological bottleneck of state-of-the-art Li-ion and Na-ion
batteries appears due to the low energy density of ceramic
cathodes, which cannot satisfy the critical energy requirement
of electric vehicles and smart grids.>* Even though lithium rich
metal oxides, which attract considerable research interest due
to its higher capacity than the commercial lithium metal oxide,
can deliver only a reversible capacity of 250 mA h g~ %;5¢ it still
cannot match with its anode counterparts such as graphite, Sn
and Si.”™*°

To date, sulfur is the most promising cathode material due
to its abundance, high theoretical capacity (1675 mA h g~ ') and
low cost.**** However, lithium sulfur batteries suffer from two
major challenges:'*"” (1) the insulating nature of sulfur results
in the low utilization of sulfur cathodes and the sluggish
kinetics of lithium sulfur batteries; (2) severe shuttle reaction,
triggered by the formation of high solubility polysulfide inter-
mediates during the lithiation/delithiation process, results in
rapid capacity fading. Although tremendous advances in
stabilizing sulfur cathodes have been achieved via carbon
coating and nanomaterial fabrication,"?* the two challenges
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batteries and 280 mA h g~* after 50 cycles in Na-ion batteries at a current density of 100 mA g™

still cannot be resolved, and sulfur cannot be commercialized as
cathodes in Li-ion and Na-ion batteries.

The recent investigation on selenium provides new oppor-
tunities to develop advanced cathode materials for lithium and
sodium storage. Abouimrane et al. reported that selenium, the
congener of sulfur, is a promising cathode material for both
lithium ion and sodium ion batteries due to the comparable
volumetric capacity (3253 Ah L") to sulfur (3467 Ah L™').22°
Though Se cathodes suffer from similar dissolution issues as
sulfur, its higher electrical conductivity than sulfur is advanta-
geous because it may increase the utilization and power density
of Se cathodes. In selenium cathodes, porous carbon as a
conductive framework was used to encapsulate Se, thus cir-
cumventing the shuttle reaction.”®* Carbon coated Se, nano-
fibrous Se, free standing graphene/Se film and TiO,-Se
composite were also reported to demonstrate improved elec-
trochemical performance.®?* In our previous work, we
impregnated Se into mesoporous carbon, which delivered a
reversible capacity of 480 mA h g~ * for 1000 cycles without any
capacity loss in Li-ion batteries, and 340 mA h g~ for 380 cycles
in Na-ion batteries.*® The exceptional battery performance is
ascribed to the synergic physical encapsulation by porous
carbon and solid-electrolyte-interphase (SEI) formed from the
reduction of a carbonate-based electrolyte. Though such excel-
lent electrochemical performance is achieved by filling Se into
mesoporous carbon, the low loading content (30%) of Se in the
composite impedes its widespread application in rechargeable
batteries.

In this study, C/Se composites containing 54% of Se were in
situ synthesized by annealing a mixture of PTCDA and Se in a
sealed vacuum glass tube, as shown in Fig. 1. One PTCDA
molecule contains six oxygen atoms, which are active sites to
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Fig. 1 (a) Schematic illustration for the in situ synthesis of C/Se
composites; and (b) image of sealed vacuum glass tube after
annealing.

react with selenium at high temperatures. The resulting C/Se
composites were collected as a black powder (Fig. 1b) in the
vacuum glass tube after annealing at 600 °C. The high
temperature treatment enables the chemical bonding and
physical encapsulation of Se by carbon. The in situ formed C/Se
composites exhibit a very stable cycling performance in
commercial carbonate based electrolytes. The C/Se composites
with a high loading content of Se maintains a reversible capacity
of 430 mA h g~ " after 250 cycles in Li-ion batteries and 280 mA h
g " after 50 cycles in Na-ion batteries.

Experimental
Synthesis of C/Se composites

All the chemicals were purchased from Sigma Aldrich and used
as received. Selenium and perylene-3,4,9,10-tetracarboxylic-
dianhydride were mixed in a ratio of 1.5 : 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 over 24 h. The C/Se composites were collected as a
black powder.

Material characterization

Scanning electron microscopy (SEM) images were obtained by a
Hitachi SU-70 analytical ultra-high resolution SEM (Japan);
transmission electron microscopy (TEM) images were obtained
by a JEOL (Japan) 2100F field emission TEM; thermogravimetric
analysis (TGA) was carried out using a thermogravimetric
analyzer (TA Instruments, USA) with a heating rate of 10 °C
min " in argon; X-ray diffraction (XRD) pattern was recorded by
a Bruker Smart1000 (Bruker AXS Inc., USA) using CuKo radia-
tion; Raman measurements were performed on a Horiba Jobin
Yvon Labram Aramis using a 532 nm diode-pumped solid-state
laser, attenuated to give ~900 uW power at the sample surface.
X-ray photoelectron spectroscopy (XPS) analysis was performed
on a high sensitivity Kratos AXIS 165 X-ray photoelectron
spectrometer using monochronic AlKa radiation.

556 | J Mater. Chem. A, 2015, 3, 555-561

View Article Online

Paper

Electrochemical measurements

The in situ formed C/Se composites were mixed with carbon
black and sodium alginate binder to form a slurry with a weight
ratio of 80 : 10 : 10. The electrode was prepared by casting the
slurry onto aluminum foil using a doctor blade, and the elec-
trode was dried overnight in a vacuum oven at 60 °C. The slurry
coated on aluminum foil was punched into circular electrodes
with an area mass loading of 1.2 mg ecm 2. Coin cells for the
lithium selenium batteries were assembled with lithium foil as
the counter electrode, 1 M LiPFs in a mixture of ethylene
carbonate/diethyl carbonate (EC-DEC, 1:1 by volume) and
Celgard®3501 (Celgard, LLC Corp., USA) as the separator. Coin
cells for the sodium selenium batteries were assembled with
sodium metal as the counter electrode, 1 M NaClO, in a mixture
of ethylene carbonate/dimethyl carbonate (EC-DMC, 1:1 by
volume) and Celgard®3501 (Celgard, LLC Corp., USA) as the
separator. Electrochemical performance was tested using an
Arbin battery test station (BT2000, Arbin Instruments, USA).
Capacity was calculated on the basis of the mass of selenium in
the C/Se composites. Cyclic voltammograms were recorded
using a Gamry Reference 3000 Potentiostat/Galvanostat/ZRA

with a scan rate of 0.1 mv s~ .

Results and discussion

Fig. 2 shows the morphology of the C/Se composites, which
consist of irregular shaped particles with a size of about 1 um.
The Se is uniformly distributed in the C/Se composite (Fig. 2b),
as demonstrated by the energy dispersive X-ray spectroscopy
(EDS) (Fig. 2c and d). The content of Se in the composite was
determined by thermogravimetric analysis (TGA), as shown in
Fig. S1.7 The in situ formed C/Se composites contain 54% of Se,
which is considerably higher than that (30%) of the Se
impregnated mesoporous carbon composite in our previous
work.**

© (d)

Fig. 2 (a) SEM image of the in situ formed C/Se composite; (b) TEM
image of the in situ formed C/Se composite and EDS elemental
mapping images of the composites, marked by the purple square, for
carbon (c) and selenium (d).
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composite. (@) The galvanostatic charge—discharge curves between
0.8V and 3.0V versus Li/Li*; (b) cyclic voltammograms at 0.1 mV st in
the potential window from 0.8 V to 3.0 V versus Li/Li*; (c) delithiation
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Fig. 3 XRD patterns (a) and Raman spectra (b) for pristine Se, and the
in situ formed C/Se composite; XPS spectra of the in situ formed C/Se
composite: (c) C 1s, and (d) Se 3d. Note: the XPS peaks are calibrated
using the C 1s peak at 284.8 eV.
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The structure of the C/Se composite was characterized using
X-ray diffraction (XRD), as shown in Fig. 3a. It shows a broad
peak at 26 degrees with few small peaks. The broad peak at 26
degrees is attributed to graphitic carbon derived from the
carbonized PTCDA, whereas the small peaks are indexed to
crystalline Se. Because the intensity of the XRD peaks for crystal
Se is very weak, it can be inferred that only a small portion of Se
exists in the form of crystalline structure.

The nature of the interaction between C and Se was char-
acterized using Raman spectroscopy and X-ray photoelectron
spectroscopy (XPS). Se and carbonized PTCDA were used as
control samples to identify the Raman spectra of the C/Se
composites. Fig. 3b shows the Raman peaks of pristine Se,
carbonized PTCDA and the in situ formed C/Se composites. Two
broad carbon peaks at 1345 cm™ " and 1595 cm™ ', appearing in
both the carbonized PTCDA and C/Se composites, represent the
disordered graphite (D band) and crystalline graphite (G band),
respectively. The similar peak intensity between the D band and
G band in the C/Se composite is indicative of the good electrical
conductivity of the carbon matrix derived from the carbonized
PTCDA. No Raman peak for pristine Se is observed in the C/Se
composites, demonstrating that the small amount of crystal Se
is encapsulated by a carbon matrix because Raman spectros-
copy only collects signals from the surface of a material. The
interaction between C and Se was characterized by XPS, as
shown in Fig. 3c and d. The asymmetry of the C 1s peak of the C/
Se composite in Fig. 3¢ indicates the co-existence of sp* and sp®
carbons owing to the graphitic structure of the carbon matrix.
The binding energies of elemental Se 3d 5/2 is in the range from
55.1 eV to 55.5 eV. However, the binding energies of Se 3d 3/2
and Se 3d 5/2 in the C/Se composite are located at 57.0 eV and
56.2 eV, respectively, which are higher than that of elemental Se.
The high binding energies of Se is attributed to the strong
chemical bond between Se and carbon.?” The unique synthetic
technique of using a sealed vacuum glass tube enables the
formation of the C-Se bond at high temperatures. The absence
of elemental Se in the XPS spectrum further confirms that a
small amount of crystal Se is encapsulated by a carbon matrix
because XPS collects signals only from the surface of a material.
Therefore, the in situ formed carbon bonded and encapsulated
selenium-carbon composites are obtained by using the unique
synthetic technique of a sealed vacuum glass tube.

The electrochemical performances of the C/Se composites in
Li-ion battery and Na-ion batteries were measured in coin cells
with carbonate-based electrolytes. Fig. 4a shows the lithiation/
delithiation behavior of the C/Se composite in a Li-C/Se cell. In
the first cycle, two lithiation plateaus centered at 1.6 Vand 0.9 V,
and a long slopping delithiation plateau centered at 1.8 V are
observed. The lithiation plateau at 1.6 V and delithiation
plateau at 1.8 V represent the redox reaction between Se and Li-
ions, while the plateau at 0.9 V corresponds to the formation of
a solid electrolyte interphase (SEI) layer and the lithiation of Se
that is bonded with carbon. The low coulombic efficiency of the
first cycle (65%) is due to the growth of SEI layer. In the second
cycle, the coulombic efficiency increases to 94%, indicating a
very small amount of newly formed SEI layer. In the second
lithiation, the capacities of the plateaus at both 1.8 Vand 0.9 V
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are reduced due to the dissolution of polyselenide caused by
incompletely encapsulated Se. The physical encapsulation and
chemical bonding of Se by carbon coating suppresses the
volume expansion in the first few lithiation/delithiation cycles,
which require an additional overpotential to overcome the
stress/strain energy. After the activation process in few cycles,
the deformation of the carbon matrix releases the stress/strain
of the C/Se composite cathode, which shifts the lithiation/
delithiation potential to a higher value. After 20 cycles, the
lithiation plateau at 0.9 V becomes very short, while the lith-
iation plateau at 1.6 V shifts to 1.9 V with a higher capacity,
demonstrating that most of the Se is activated. The delithiation
plateau at 1.8 V also shifts to 1.95 V. The positive shift of both
the lithiation and delithiation plateaus indicates the relief of
the strain/stress in the composite upon cycling. The cyclic vol-
tammogram (CV) scans in Fig. 4b confirm that there is only one
pair of redox peaks during the lithiation/delithiation process.
The cathodic peak is at 1.6 V in the first scan, and then it shifts
to 1.7 V in the subsequent cycles, while the anodic peak is at
1.83 V with a little positive shift upon cycling. The sharp
cathodic peak at 0.8 V represents the formation of a solid
electrolyte interphase (SEI) layer and the cleavage of C-Se bond
by electrochemical reaction between Se and Li-ion. The strong
cathodic peak at 0.8 V is recovered in the second and third
cycles, demonstrating that the contribution of the growth of the
SEI layer is very small because the growth of the SEI layer mainly
occurs in the first cycle. Fig. 3c and d show the cycle life and rate
capability of the in situ formed C/Se composites. The compos-
ites deliver a charge capacity of 560 mA h g~' at a current
density of 100 mA g~ " in the first cycle, and retain the reversible
capacity of 430 mA h g~ " after 250 cycles. In addition to a
superior cycling stability, the composites also exhibit an excel-
lent rate capacity. As shown in Fig. 3d, the reversible capacity of
the composite is 600 mA h g~ " at a current density of 40 mA g™,
while the reversible capacity remains at 280 mA h g~ " when the
current density increases to 1.2 A g ', and the reversible
capacity recovers to 600 mA h g " after the current density
decreases back to 40 mA g~ '. Therefore, the exceptional elec-
trochemical performance of the C/Se composite demonstrates
that it is a promising cathode for rechargeable lithium batteries.

It was reported that Se cathodes have two potential plateaus
at ~2.3 Vand 3.75 V during delithiation.?® The plateau at ~2.3 V
corresponds to the conversion of Li,Se to Se, whereas the
plateau at 3.75 V is attributed to the redox shuttle reaction,
triggered by the dissolution of polyselenide species in the
electrolyte upon cycling. If the dissolution of polyselenide
species can be avoided, the plateau at 3.75 V will disappear.
Only one plateau at ~2.0 V was reported for the carbon encap-
sulated Se cathode®® because the small pores of mesoporous
carbon confine the polyselenide species and avoid the dissolu-
tion. In our work, Se is bonded and encapsulated by carbon
such that the polyselenide species are restrained by the carbon
matrix, thus the plateau at 3.75 V which is associated with the
shuttle effect is not observed.

The phase structure of the C/Se electrodes before cycling and
after fully lithiation/delithiation was characterized using XRD
and Raman measurements, as shown in Fig. S2.1 The fully

This journal is © The Royal Society of Chemistry 2015
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Fig. 5 Electrochemical performance of the in situ formed C/Se
composite. (a) The galvanostatic charge—discharge curves between
0.5V and 2.5V versus Na/Na™; (b) cyclic voltammograms at 0.1 mV s+
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rates.
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discharged C/Se electrode was prepared by disassembling the
Li—-C/Se cell in an Ar filled glovebox after discharging the cell to
0.8 Vand maintaining it at 0.8 V for 24 h. The fully charged C/Se
electrode was prepared after charging the electrode to 3.0 V and
maintaining it at 3.0 V for 24 hours. Both electrodes were
immersed in dimethyl carbonate for 24 h to remove LiPF4 salt
before the XRD and Raman measurements. The fresh C/Se
electrode shows typical characteristic XRD peaks. All the char-
acteristic XRD peaks of Se disappear in the fully discharged C/Se
electrode, demonstrating that the lithiated Se becomes amor-
phous Li,Se after complete lithiation. However, the character-
istic XRD peaks of Se recover after complete delithiation,
demonstrating that the crystalline structure of Se recovers upon
cycling. The formation of Li,Se after the full lithiation of the C/
Se cathodes was also reported in the previous studies.”**® The
Raman spectra of the fresh and cycled C/Se electrodes are
shown in Fig. S2b.7 In the fresh electrode, two broad carbon
peaks at 1345 cm™ ' and 1595 cm ™' can be observed, and the
characteristic peak for cyclic Seg disappears due to the encap-
sulation and bonding of Se by the carbon matrix. After one
change/discharge cycle, a small peak at 256 cm ™, representing
the chain-structured Se, appears. The formation of the chain-
structured Se,, after the first cycle enhances the electrochemical
stability of the C/Se composite.

The unique C/Se composite can also be used as a cathode for
sodium ion batteries. Fig. 5 shows the charge/discharge profiles
of the C/Se composite in NaClO, EC/DMC electrolyte. The
different behaviors of the C/Se composite for lithiation/deli-
thiation and sodiation/desodiation are due to the different ion
sizes and different potentials between Li metal and Na metal.*®
Firstly, the volume change induced by sodium ion insertion/
extraction is considerably larger than lithium ion due to the
larger size of sodium ion than that of the lithium ion. The larger
volume change results in severe particle pulverization, which is
a main reason for the capacity fading. Secondly, the potential of
sodium metal (referring to a standard hydrogen electrode) is 0.3
V lower than that of lithium metal, thus the sodiation/des-
odiation plateau of the C/Se composite is 0.3 V lower than the
lithiation/delithiation plateau. In Fig. 5a, two plateaus centered
at 1.3 Vand 0.6 V are observed during the first sodiation, while
one slopping plateau centered at 1.5 V is observed during the
first desodiation, which are 0.3 V lower than the lithiation/
delithiation plateaus in lithium ion batteries due to the lower
potential of sodium metal than lithium metal. The plateau
centered at 0.6 V becomes very short from 2™ cycle to 10™ cycle,
while the plateau centered at 1.5 V becomes longer from 2™
cycle to 10™ cycle, demonstrating that most of the Se in C-Se
composite is activated after 10 cycles. The positive shift of both
the sodiation and desodiation plateaus indicates the relaxation
of the strain/stress in the composite upon cycling. The CV scans
in Fig. 5b show that there is only one pair of redox peaks during
the sodiation/desodiation process. In the first scan, there is a
broad cathodic peak at 1.05 V and a conspicuous cathodic peak
at 0.5 V, corresponding to the two plateaus at 1.3 V and 0.6 V in
the first sodiation curve, and an anodic peak at 1.55 V, corre-
sponding to the plateau at 1.5 V in the first desodiation curve. In
the following scans, both the cathodic peak at 1.05 Vand anodic
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peak at 1.55 V shift to positive values, and the intensity of the
sharp cathodic peak at 0.5 V becomes weaker upon cycling,
which is coincident with the changes in the charge/discharge
profiles. The long term cycling performance and rate capability
are shown in Fig. 5¢ and 5d. The in situ formed C/Se composites
deliver a charge capacity of 605 mA h g™ in the first cycle at a
current density of 100 mA g~ ', while it decreases to 258 mA h
g~ " after 50 cycles. The cycle life in sodium cell is poorer than
that in lithium ion cell due to the more severe volume change
induced by the larger size of sodium ion. When the current
density increases from 40 mA g ' to 1.2 A g%, the desodiation
capacity remains at 138 mA h g~'. Therefore, the good electro-
chemical performance of the in situ formed C/Se composite
paves the way for the feasibility of high-performance Na-ion
batteries.

Conclusions

In conclusion, carbon bonded and encapsulated C/Se compos-
ites with 54% of Se were synthesized by the in situ carbonization
of a mixture of PTCDA and Se in a sealed vacuum glass tube.
The unique synthesizing technique enables the physical
encapsulation and chemical bonding of Se by carbon, which
greatly enhances the charge/discharge cycling stability in both
lithium and sodium batteries. The exceptional electrochemical
performance of the in situ formed C/Se composite demonstrates
that it is a promising cathode material for rechargeable lithium
and sodium batteries.
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