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ABSTRACT: In contrast to the stable cycle performance of Se LiSe
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space confined Se-based cathodes for lithium batteries in
carbonate-based electrolytes, their common capacity fading in
ether-based electrolytes has been paid less attention and not
yet well-addressed so far. In this work, the lithiation/
delithiation of amorphous Se,S; confined in micro/meso- . .
porous carbon (Se,Ss/MPC) cathode was investigated by in
situ X-ray near edge absorption spectroscopy (XANES) and
theoretical calculations. The Se,S;/MPC composite was
synthesized by a modified vaporization—condensation method to ensure a good encapsulation of Se,S; into the pores of
MPC host. In situ XANES results illustrated that the lithiation/delithiation reversibility of Se component was gradually decreased
in ether-based electrolytes, leading to an aggravated formation of long-chain polyselenides during cycling and further capacity
decay. Moreover, ab initio calculations revealed that the binding energy of polyselenides (Li,Se,) with carbon host is in an order
of Li,Ses > Li,Se, > Li,Se. The insights into the failure mechanism of Se-based cathode gain in this work are expected to serve as
a guide for future design on high performance Se-based cathodes.
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Lithium/ sulfur (Li/S) batteries have been under scrutiny in popular electrolytes for selenium—sulfur based cathodes.

the past decades owing to its low cost, abundance, and Selenium has been found to be well-adaptive to carbonate-
nontoxicity as well as much higher energy density than based electrolytes, while sulfur does not. The space-confined
conventional lithium ion battery."” Lithium/selenium (Li/Se) selenium displays excellent electrochemical performance in Li—
batteries have also attracted an increasing attention in recent Se batteries with carbonate-based electrolytes.” Meanwhile,
years owing to its comparable volumetric capacity with sulfur even well-confined in the carbon host materials, most sulfur
and much higher electronic conductivity (~20x) than sulfur.® cathodes does not work well in carbonate-based electrolytes
A new concept based on selenium—sulfur composites by with very few exceptions, such as when confined in small
combining the advantage of sulfur and selenium was previously micropores (pore size <0.5 nm), which is due to the
developed by our group, which can be used as cathode for both nucleophilic attack to the carbonyl groups.”” Recently,
lithium and room temperature sodium batteries.” However, the amorphous sulfur-rich S,_,Se,/C (x < 0.1) composite was
electrochemical performances of these selenium-based cathodes reported by Li et al., which was prepared by immobilizing sulfur
in terms of reversible capacity, cycle stability, and rate capability in the porous carbon via the interaction of a small amount of
still need optimization. It has been intensively reported that the
electrolytes play a great role on the electrochemical perform- Received: January 25, 2016
ance of sulfur and selenium based cathodes.”® Among them, Revised: ~ March 2, 2016
carbonate-based and ether-based electrolytes are two kinds of Published: March 29, 2016

ACS Publications  © 2016 American Chemical Society 2663 DOL: 10.1021/acs.nanolett.6b00318
L2 4 Nano Lett. 2016, 16, 2663-2673


pubs.acs.org/NanoLett
http://dx.doi.org/10.1021/acs.nanolett.6b00318

Nano Letters

selenium and demonstrated excellent electrochemical perform-
ance in carbonate-based electrolytes.'’

It was reported that ether-based electrolytes could facilitate
the redox reaction of sulfur-based cathodes and generally offer
higher reversible capacity than that of carbonate-based
electrolytes."" However, compared to Se-based cathodes in
carbonate-based electrolytes,'” ™" researches focused on ether-
based electrolytes are barely reported until a recent break-
through reported by Cui et al.” They performed an in-depth
study on the first lithiation/delithiation process of Se-based
cathodes in ether-based electrolytes by synchrotron X-ray
diffraction and X-ray absorption near edge spectroscopy
(XANES). It was found that Se is reduced to the polyselenides,
Li,Se, (n > 4), Li,Se, and Li,Se sequentially during the
lithiation process, and Li,Se is oxidized to Se through Li,Se, (n
> 4) during the delithiation process in the first cycle, which
undergoes similar reaction process to the sulfur system.
Therefore, it is very important to design rational Se cathodes
with conductive host to constrain the polyselenides and avoid
the shuttle effect. Lots of carbonaceous materials with different
pore structures, specific surface area, and morphology such as
3D interconnected hierarchical porous carbon aerogels,'®
nitrogen-containing hierarchical porous carbon,'”” 3D meso-
porous carbon/graphene hierarchical architecture,'® polypyr-
role hollow spheres,'” hollow carbonized polyaniline spheres,”’
mesoporous carbon microspheres,”' reduced graphene oxide,””
MWCNTS,” mesoporous aerogels,”* and bimodal porous
carbon” were then investigated for Se-based cathodes in ether-
based electrolytes. However, it was found that, even with a very
good encapsulation of selenium or selenium—sulfur in the
various carbon host materials, most of the previous reported Se-
based cathodes still show a gradual capacity fading in ether-
based electrolytes.”'®™** Meanwhile, it has been also widely
reported that sulfur/carbon composites with sulfur loading
ranging from 30 wt % to 75 wt % can generally maintain a
stable reversible capacity above 600 mA h g~" within 100 cycles
in ether-based electrolytes by optimizing the structure of
carbon host materials.'?*7>° Therefore, the confinement of
carbon host for polysulfides and polyselenides should be
different as they both suffer from dissolution in ether-based
electrolytes. To the best of our knowledge, such a ubiquitous
phenomenon has been paid less attention and not yet well
addressed. Moreover, the detailed capacity fading mechanism of
Se-based cathodes in ether-based electrolytes is still unknown.

Understanding the lithiation/delithiation process of battery
materials is crucial for the successful development of high
performance lithium batteries. However, lithium batteries are a
very complex system, which involves liquid and solid, as well as
amorphous and crystalline phases. Unlike X-ray diffraction that
is limited to crystalline samples, X-ray absorption spectroscopy
especially XANES is sensitive to the electronic changes and/or
oxidation state of all the atoms of the targeted type in the
samples. In this work, we are motivated to disclose the
lithiation/delithiation process and capacity fading mechanism
of Se-based cathodes in ether-based electrolytes upon
continuous cycling by using in situ X-ray absorption near
edge spectroscopy and ab initio calculations. Micro/meso-
porous carbon (MPC) with a pore size about 2 nm was selected
as carbon host to enhance the confinement for polysulfides and
polyselenides. Se,S;/MPC composite with a Se,Ss loading of 50
wt % was then prepared by a modified vaporization-
condensation method to ensure a good encapsulation of
Se,S; into the pores of MPC host. In situ XANES study reveals
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that the lithiation/delithiation reversibility of Se component
was gradually decreased upon continuous cycling, leading to an
aggravated formation of long-chain polyselenides during cycling
and further capacity decay. Ab initio calculations further
revealed that there is a pronounced preference on binding of
long-chain polyselenides with carbon host than short-chain
polyselenides. In addition, optimization on the cycle perform-
ance and rate capability of Se,S;/MPC cathode was discussed
and carried out. The insights into the failure mechanism of Se-
based cathode gain in this work are expected to serve as a guide
for future design on high performance Se-based cathodes.

Experimental Section. Preparation of Se,Ss;, Se,Ss/MPC,
and Se/MPC Composite. All chemicals were purchased from
Sigma-Aldrich and used without further treatment. Micro/
mesoporous carbon (MPC) was received from our collaborator.
The preparation of Se,S;/MPC composite was prepared by a
modified vaporization—condensation method.*'*** In a typical
synthesis, sulfur powder, selenium powder, and MPC were
mixed in a ratio of 1:1:2 by weight and then sealed in a glass
tube under vacuum. The sealed glass tube was heated up to 600
°C with a heating rate of 5 °C min™" in a box furnace and then
held for 3 h before cooled down to room temperature naturally.
Se,Ss/MPC composite was finally collected as black powder.
Bulk Se,S; sample was also prepared similar to the preparation
of Se,Ss/MPC composite except without adding MPC. Se/
MPC composite with a Se content of S0 wt % was prepared
similar to the preparation of Se,S;/MPC composite except
without adding sulfur.

Materials Characterization. The morphologies and struc-
tures of the as-synthesized materials were characterized by field
emission scanning electron microscopy (HITACHI S-4700-1I)
and transmission electron microscopy (FEI Titan). Raman
experiment was performed using a Renishaw inVia microscope
spectrometer. The specific surface area and pore structure
parameters of MPC were determined from the adsorption
isotherm of nitrogen at 77K (NOVA-2020 Micromeritics Co.,
USA). The content of Se,S; in the Se,S;/MPC composite was
measured by thermo gravimetric analyses (TGA) on a STA 449
F3 instrument under argon atmosphere. Small angle X-ray
scattering data were collected at Beamline 12-ID-B of APS. The
2D SAXS images were radically averaged to 1D profiles and
presented in X-ray scattering intensities verse momentum
transfer, q (q = 4z sin 0/4, where 0 is one-half of the scattering
angle and 4 = 0.886 A is the wavelength of the X-ray at 12-ID-
B), measured in the range of 0.01-2.3 A~'. High-energy
synchrotron XRD experiments were carried out at the Beamline
11-ID-C at the Argonne National Laboratory using X-rays with
wavelength of 0.11725 A. During the measurements samples
were sealed in glass capillaries and XRD data recorded with a
large-area 2D detector up to wave vectors of 25 A™". Diffraction
data were reduced to atomic PDFs following well-established
procedures.

Electrochemical Characterization. The slurry was prepared
by spreading a mixture of 70 wt % active material, 20 wt %
carbon black, and 10 wt % poly(acrylic acid) (9.8 wt %) onto a
aluminum foil current collector. The as-prepared electrodes
were then dried at 60 °C in a vacuum oven for 24 h. The
loading density was controlled at 1.0-2.0 mg cm™ The
electrochemical performances of the Se,S;/MPC electrodes
were characterized by assembling them into coin cells (type
CR2032) in an argon-filled glovebox under conditions that the
content of moisture and oxygen were both below 0.5 ppm. The
electrode was separated from lithium counter electrode by a
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Figure 1. (2) N, adsorption—desorption isotherms curve and (b) pore size distribution and inset is the enlarged region between 1.5 and 3.0 nm, (c)
SAXS and (d) pore size simulation, (e) bright-field TEM image, and (f) HAADF STEM image of MPC.

separator (Celgard 2325). Electrolyte used in the cell was 1.0 M
lithium Dbis-trifluoromethanesulfonylimide (LiTFSI) in a
mixture of 1,3-dioxolane (DOL) and dimethoxyethane
(DME) (1:1 by volume) with 0.1 M LiNO, additive. The
cells were charged and discharged using a MACCOR cycler.
The capacties were calculated based on the active mass of Se,S;.
Cyclic voltammogram of the Se,S;/MPC electrodes was
recorded on a Solartron Analytical 1400 System between 0.8
and 4.0 V (vs Li/Li*) at 0.1 mV s~

In Situ X-ray Absorption Near Edge Spectroscopy. The in
situ X-ray absorption near edge spectroscopy (XANES)
experiments on Se K-edge between 12458 and 13458 keV
was carried out in transmission mode at Beamline 20-BM-B of
the APS. The incident beam was monochromatized by using a
Si(111) fixed-exit, double-crystal monochromator.” During the
in situ experiment, a MACCOR cycler was used to charged/
discharged the cell using a constant rate of 0.2 C (1C = 1389
mA g~') between 0.8 and 4.0 V.
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Computational Details. The ab initio calculations were
performed using B3LYP/6-31+G* combination as imple-
mented in Gaussian09 suite. The carbon substrate is an H-
terminated graphene sheet with hydroxyl functional group as
these groups are often present as defect on carbon surface and
are likely the active binding sites for polyselenides. The binding
energy (En,q) of polyselenides on the carbon substrate is
defined as Ebind = Esub + ES - Esub+S where Esub) Es) and Esub+S
represent the ground-state energies of the carbon substrate,
polyselenides, and the corresponding polyselenides composite.
A larger positive value refers to a greater binding ability.

Results and Discussion. Pore size of porous carbon
materials is defined by the IUPAC as being either macro (>50
nm), meso (2—50 nm), or micro(<2 nm)." In order to enhance
the confinement of carbon host for selenium—sulfur active
materials, micro/mesoporous carbon (MPC) was used in this
work. Nitrogen adsorption experiment was carried out to
evaluate the specific surface area and the pore volume of the as-
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Figure 2. (a) HEXRD and (b) Raman of MPC, bulk Se,S;, and Se,S;/MPC; (c) PDF of MPC, bulk Se,Ss, and nano Se,S; that formed in the Se,Ss/
MPC; (d) low, (e) high magnification SEM images, and (f) TGA curve under argon atmosphere of Se,Ss/MPC composite.

received MPC. Figure la shows the N, adsorption—desorption
isotherms curve of MPC, which shows a typical type IV
isotherm with a hysteresis loop, indicating the existence of well-
developed porous structure. According to the Brunauer—
Emmett—Teller (BET) model, the specific surface area of MPC
is measured to be 848.8 m*> g”". For the pore size distribution,
there is no obvious pore information from 3 to 32 nm.
However, from the enlarged image inset, the MPC actually has
a wide pore size range from 1.5 to 3 nm, which cover the range
of microporous (<2 nm) and mesoporous (2—50 nm). The
pore volume of MPC was 0.55 cm® g™' as calculated by the
Horvath-Kawazoe method (Figure 1b). The small-angle X-ray
scattering (SAXS) spectrum of the MPC is shown in Figure 1c,
which has a typical shape for cylindrical objects, having a
diameter less than 100 nm. The average diameter of the MPC is
approximately 2 nm by numerical analysis from the SAXS
spectrum (Figure 1d), which is very close to that measured by
BET. The microstructure of the MPC is further characterized
by transmission electron microscopy (TEM). Figure le and f
show bright-field TEM image and high-angle annular dark-field
(HAADF) scanning TEM (STEM) image of MPC, respec-
tively. Comparing to the bright-field TEM image, the Z-
contrast HAADF image provides better information about
micro/mesopores. In Figure 1f, lots of micropores with a size
about 2 nm can be observed, in addition to few large mesopores
with a size of about 4—5 nm. The pore size is similar to that
characterized by BET and SAXS simulation. These micro/
mesopores could be served as a good host for the infiltration of
selenium—sulfur based active materials.

Se,Ss/MPC composite was then prepared through a
modified vaporization—condensation method to ensure a
good encapsulation of Se,Ss into the micro/mesopores of
MPC host. By this method, Se,Ss could be well-impregnated
into the micro/mesopores of MPC.*”” The HEXRD patterns
of bulk Se,Ss, MPC, and Se,Ss/MPC composite are compared
in Figure 2a. The diffraction peaks at 0.5° that appeared in all
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three samples are attributed to the diffraction peak of the
Kapton tube used for sample preparation. As shown, MPC
presents three broad peaks due to its amorphous structure,
while the bulk Se,S; exhibits strong diffraction peaks owing to
its large particle size. The Se,S;/MPC composite shows the
same three broad peaks in the same 2-Theta position with
MPC, indicating that Se,Ss particles may be either small or at
an amorphous state. Similar to the HEXRD patterns,
characteristic Raman peaks of Se,Sg are not observed in the
Se,Ss/MPC composite, and only two broad carbon peaks at
1327 and 1591 cm™' representing the disordered graphite (D
band) and crystalline graphite (G band), respectively, appear in
the Raman spectrum of Se,S;/MPC composite (Figure 2b),
suggesting that negligible amount of exterior Se,S; exists in the
Se,Ss/MPC composites. The intensity ratio (Ip/Ig) of Se,Ss/
MPC between D band and G band has been slightly increased
compared to MPC, which should be attributed to the
infiltration of Se,Sg into the MPC host. The pair distribution
function (PDF) provides local and long-range structural
information as a histogram of all atom—atom distances within
a system, independent of crystallinity.”® Therefore, a PDF
experiment was further conducted on the bulk Se,S;, MPC, and
Se,Ss/MPC to confirm their crystallinity (Figure 2c). It was
found that the short-range structure of MPC is similar to
graphite: the first three peaks are positioned at real space
distances of 1.42, 2.46, and 2.83 A, matching the in-plane
carbon—carbon distances in graphite (1.43, 2.46, and 2.85 A).
The bulk Se,S; is pretty crystalline, while the nano Se,Sg that
formed in the Se,S;/MPC composite looks like inorganic glass.
Noted that the PDF pattern of nano Se,S; was obtained by
subtraction between Se,S;/MPC and MPC. The PDF shape of
nano Se,S; resembles that of the PDF for bulk Se,S;, indicating
that the nano Se,S; has the same local atomic ordering
structure of bulk Se,S;. A debate is about the formation of Se,S;
or a mixture of selenium and sulfur during the preparation of
Se,Ss and Se,S;/MPC. The Raman spectra (Figure Sla) and

DOI: 10.1021/acs.nanolett.6b00318
Nano Lett. 2016, 16, 2663—2673


http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.6b00318/suppl_file/nl6b00318_si_001.pdf
http://dx.doi.org/10.1021/acs.nanolett.6b00318

Nano Letters

HEXRD pattern (Figure S1b) of sulfur, selenium, and bulk
Se,Ss clearly show that the as-prepared Se,S; is a new
compound instead of a physical mixture of sulfur and selenium.
The scanning electron microscopy (SEM) images of the Se,S;/
MPC composite in Figure 2d and e shows that there are no
large particles formed on the surface of MPC compared to the
SEM image of pure MPC (Figure Slc). The thermogravimetric
analysis (TGA) curve of the Se,S;/MPC composite under
argon atmosphere shows a main weight loss at a temperature
range of 300—550 °C, demonstrating that the content of Se,Sq
in the composite was about 50 wt %, which is very close to the
designed weight ratio (Figure 2f). The SEM X-ray energy
dispersive spectroscopy (EDS) elemental mapping of Se,Ss/
MPC in Figure S2 clearly shows that carbon, sulfur, and
selenium are uniformly distributed throughout the Se,S;/MPC
composite, in agreement with the above HEXRD, Raman, and
PDF analysis. To identify the microstructure further, bright-
field TEM image and HAADF STEM image of the Se,S;/MPC
composite were presented in Figure 3a and b. As shown, there

Figure 3. (a) Bright-field TEM image, (b) HAADF STEM image, (c)
HRTEM image, and (d) the corresponding Fast Fourier Transform
(FFT) pattern of the Se,S;/MPC composite. TEM elemental mapping
images of (e) sulfur and (f) selenium in the Se,S;/MPC composite.

are no obvious morphology changes compared to that of MPC.
In the HAADF image (Figure 3b), one can see many small
brighter dots with a size of 1—2 nm, especially near the edge of
sample due to less overlapping effect at thin areas. These bright
dots correspond to high Z elements Se and S since the HAADF
image is roughly proportional to Z2.*’ High-resolution TEM
image (Figure 3c) shows graphite lattices, but no lattice related
to Se,S; was found in the fast Fourier transform (FFT) pattern
of Figure 3d, confirming that Se,Ss is in an amorphous state.
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The TEM elemental mapping images in Figure 3e and f further
confirm the uniform distribution of sulfur and selenium in the
Se,Ss/MPC  composite. In one word, the above finding
indicates that Se,S; is in an amorphous state and well-
embedded into the micro/mesopores of MPC host materials,
which presents similar structures to the previous reported Se/
carbon nanocomposites.”* The well encapsulated Se,S; in the
MPC host could help us identifying the common issue during
cycling for Se-based cathodes in ether-based electrolytes.

In order to understand the lithiation/delithiation mechanism
of Se,Ss/MPC cathode, cyclic voltammogram (CV) of Se,Ss/
MPC cathode in ether-based electrolytes in the first five cycles
was conducted at a scan rate of 0.1 mV s~ within the voltage
range of 0.8—4.0 V. As shown in Figure S3, the CV curves
present four main reduction peaks and one main broad
oxidation peak in the first cycle, which is consistent with the
result reported by Abouimrane.” The weak reduction peak at
1.6 V and the oxidation peak at 3.5 V appeared in the first cycle
and disappeared in the subsequent cycles may be due to the
reduction and oxidation of LINOj; additive, which cannot be
seen in the result reported by Abouimrane’ as there are no
LiNO; additives in their electrolytes. During the negative scan,
the first reduction peak at around 2.29 V corresponds to the
conversion of long-chain polysulfides to short-chain poly-
sulfides. As the reduction proceeds, short-chain polysulfides
were further converted to Li,S, and/or Li,S, which should be
responsible for the third reduction peak at about 2.04 V.>**’
The second reduction peak at around 2.12 V and the fourth
reduction peak at around 1.77 V can be attributed to the
conversion of Se component to polyselenides (Li,Se,, n > 4)
and then to Li,Se, respectively.'®™"*** During the positive scan,
only one oxidation peak at about 2.53 V is observed, which
suggests that the “recovered” product after the charge may be
intermediate Sg°~ and Seg?” instead of elemental S and Se.”
However, the CV curves in the subsequent cycles are obviously
different to that in the first cycle. In the discharge process, the
intensities for the reduction peaks of Se component especially
the peaks at about 1.77 V were obviously decreased, suggesting
that the transformation of polyselenides (Li,Se,, n > 4) to Li,Se
was gradually decreased. The reduction peaks of sulfur
component are more stable compared to Se component. In
the oxidation process, the oxidation peak in the first cycle was
split into four oxidation peaks. Compared to the gradually
decreased peak intensities for the oxidation of Li,Se, the peaks
for the transformation of short-chain polysulfides to long-chain
polysulfides are also more stable. Therefore, the CV results
demonstrate that the reversibility for the lithiation/delithiation
of Se component in the Se,S;/MPC composite is gradually
decreased, which may be responsible for the common gradual
capacity fading of Se-based cathodes in ether-based electro-
Iytes. 16171928

In order to gain further insights into the electrochemical
behavior of Se,S;/MPC cathode in ether-based electrolytes, in
situ X-ray absorption near edge spectroscopy (XANES) Se K-
edge measurement on the Se,S;/MPC cathode during cycling
was carried out as XANES is useful for determining the average
chemical environment of the elements in all phases involves
liquid and solid, as well as crystalline and/or amorphous
phases.**~** The structure of the in situ electrochemical cell is
shown in Figure S4, which used a typical coin cell with a hole
for X-ray penetration. Figure 4a shows the 2D contour plot of
in situ XANES data for the discharge and charge process of
Se,Ss/MPC cathode at 0.2 C (1C = 1389 mA g™ ') in the first
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normalized absorption intensity.

cycle. The color reflects the normalized absorption intensity,
the red color represents high intensity, and the blue color
means low intensity. In addition, the voltage profile in the first
cycle is also displayed and correlated with the evolution of the
XANES data. For example, the inflection point observed in the
contour plot of the XANES data coincides well with the critical
point in the fully discharge state. The apparent symmetry of the
data set emphasizes that the discharging and charging proceed
through a reversible sequence of reactions in the first cycle. The
typical Se K-edge XANES spectra for the pristine Se,S;/MPC,
first discharge state and first charge state are shown in Figure
4b. The Se K-edge absorption energy for pristine Se,S;/MPC
matched well with that of Selenium powder (12658 eV), which
is assigned to the transition of Se 1s core electrons to the
unoccupied 4p state.” The spectrum for the electrode in the
first discharged state is similar to that of Li,Se, indicating the
formation of Li,Se phase when the cell was discharged to 0.8 V.
The shift of Se K-edge to a higher energy from Se to Li,Se may
be due to the increasing oxidation state and/or reduced
screening effect.” In order to further confirm the transformation
of Se to Li,Se, we have conducted ex situ high energy X-ray
diffraction on the first discharged product. The pristine material
presented no crystalline peaks due to the amorphous state of
Se,Ss in the MPC (see Figure 2a). While in the HEXRD
pattern of the first discharged electrode (Figure SS), in addition
to the strong signal of Al current collector, we can also observe
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the diffraction peaks of Li,S and Li,Se, confirming the
transformation of Se,Ss to Li,S and Li,Se during the lithiation
process. When the cell was charged back to 4.0 V, the Se K-
edge shifted back to lower energy for Se K-edge, suggesting that
the Se could be almost recovered. In order to understand the
detailed reaction along with the potential, in situ XANES
spectra under different potential during discharge and charge
process are depicted in Figure 4c and d, respectively. As shown,
upon discharging, the absorption peaks belong to selenium
have a relatively large decrease starting from about 2.11 V,
while the signal for Li,Se was gradually increased from about
1.80 V. During the first charge process, the spectra have little
change until the voltage went to 2.37 V. After that, the signal of
Li,Se was continuously decreased, and the intensity for Se was
increased accordingly. The potential for the lithiation/
delithiation of Se component in the first cycle are quite
consistent with that in the CV of Se,S;/MPC. In brief, in situ
XANES study shows that the Se K-edge is shifted significantly
with (de) lithiation in the first cycle and is in agreement with
that reported by Cui and et al.”

Linear combination fitting included in the Athena software
was commonly used to analyze the components for the
intermediate products during electrochemical reaction. By
selecting XANES spectra of the starting materials and discharge
products as standards, the compositions of the intermediate
products may be disclosed. Note that the intermediate products
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during electrochemical reaction should not be simple mixtures
of Se and Li,Se but actually a mixture of Se, Li,Se, and Li,Se.
For example, the fitting for the XANES spectrum collected at
1.80 V in the first discharge using two phases (Se and Li,Se)
and multiphases (Se, Li,Se,, and Li,Se) are compared in Figure
S6. As shown, the residual is much larger when using two phase
fitting, while a better fitting was obtained using multiphase
fitting. A quantitative analysis of the in situ data was not carried
out because of the lack of standard spectrum; the spectrum
collected at the end of discharge was used as a “pseudo”
standard to illustrate the existence of an intermediate. However,
it should reach a consensus that the evolution of selenium in
ether-based electrolytes is from Se to Li,Se through
polyselenide intermediates.

Figure S shows in situ Se K-edge measurement data on the
Se,Ss/MPC cathode in ether-based electrolytes for the second
cycle. The 2D contour plot for the second cycle in Figure Sa is
significantly different from that of the first cycle. It can be seen
that the reduction of Se component and formation of Li,Se are
not completed. Even at the end of the second discharge, the Se
K-edge for Se and Li,Se can be both observed. Figure Sb
compares the typical Se K-edge XANES spectra for the pristine
Se,Ss/MPC, second discharge state, and second charge state.
Although Se could be completely recovered at the end of the
second charge, the XANES spectrum in the second discharge
seems like a mixture of Se, polyselenides, and Li,Se instead of
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sole Li,Se. The XANES spectra under different potential during
discharge in Figure Sc also reveal that the Se K-edge for Se has
a little decrease from 2.10 to 2.03 V owing to the conversion of
Se to long-chain polyselenides (Li,Se,, n > 4). However, when
the cell was further discharged, the transformation of long-chain
polyselenides (Li,Se,, n > 4) to Li,Se that occurred in the first
cycle was gradually decreased as indicated from the little change
of the XANES spectra from 1.76 to 1.04 V. Figure 5d gives the
XANES spectra collected during the second charge process.
The result shows that all the polyselenides could be completely
converted back to Se. Besides, the derivatives of the XANES
data that can determine the energy position are shown in
Figure S7. The results clearly demonstrate that the Se K-edge
shifted from 12656.7 to 12660 eV and then shifted back to
12656.7 €V in the first cycle. However, the Se K-edge has little
shift in the second cycle, further confirming that the lithiation/
delithiation reversibility of Se component was decreased. To
summary, in situ XANES study illustrates that the lithiation/
delithiation reversibility of Se component in the Se,S;/MPC
composite is gradually decreased upon continuous cycling even
though the Se,Ss was well confined in the MPC host. This
electrochemical characteristic will significantly affect its electro-
chemical performance in terms of reversible capacity,
Coulombic efficiency and cycle performance as discussed
below.
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The electrochemical performance of Se,S;/MPC cathode
was evaluated by assembling them into coin cells with lithium
as reference and counter electrode. The electrolytes are the
widely studied ether-based electrolytes, 1.0 M lithium bis-
trifluoromethanesulfonylimide in a mixture of 1,3-dioxolane
(DOL) and dimethoxyethane (DME) (1:1 by volume) with 0.1
M LiNO; additive. The charge/discharge curves of Se,Ss/MPC
cathode in the first, second, and 50th cycle at 0.1 C (1C = 1389
mA g~') are shown in Figure 6a. Four main discharge plateaus
at about 2.25, 2.03, 2.12, and 1.80 V are observed, representing
the two-step lithiation process of sulfur and selenium,
respectively. During its charge process, there is a long charge
plateau ranging from 2.30 to 2.50 V, ascribing to the
transformation of Li,S and Li,Se to long-chain polysulfides
and polyselenides. These voltage plateaus coincide well with
results from CV and in situ XANES. The first discharge
capacity was measured to be 1564.6 mA h g, slightly higher
than the theoretical capacity of Se,Ss (1389 mA h g™'). It is
believed that this capacity includes the reduction of LiNOj;
additive in the first discharge process as indicated by the small
discharge plateau (discharge curve) and the weak reduction
peak (CV) at about 1.6 V.*’ The initial charge capacity is
1661.2 mA h g7', leading to a Coulombic efficiency of 94.1%.
Figure 6b depicts the charge/discharge capacities and
Coulombic efficiency along with increasing cycle number at
0.1 C. As shown, the Se,Ss/MPC cathode presents a rapid
capacity fading upon continuous cycling. After S0 cycles of
charge/discharge, it can only maintain a discharge capacity of
345.5 mA h g, Similar capacity fading tendency in ether-based
electrolytes could be also observed in other previous reported
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Se-based cathodes.'®'”'”2” Moreover, the Coulombic effi-
ciency also gets very poor, indicating a severe shuttle effect. The
cycle performance of Se/MPC composite was also investigated
and shown in Figure S8. Its initial discharge/charge capacities
were measured to be 481.1 mA h ¢g' and 509.8 mA h g/,
respectively. However, the capacity was significantly decreased
in only 10 cycles, and a severe polyselenides shuttle was clearly
observed, indicating that the rapid capacity fading and the low
Coulombic efficiency of the Se,S;/MPC composite should
come from the Se components. As discussed in the CV and in
situ XANES study, an aggravated formation of long-chain
polyselenides during cycling could be expected. The more
formation of long-chain polyselenides, the lower specific
capacity it will be as less electron transfer is involved. These
polyselenides may further diffuse to the anode side and react
with lithium to form short chain polyselenides and then
oxidized to long-chain polyselenides again during the charge
process, which will lead to polyselenides shuttle and corrosion
of lithium anode as well as increase of internal resistance, and
further the poor Coulombic efficiency and gradual capacity
fading.*

To elucidate the mechanism of polyselenide detachment, we
performed ab initio calculations to understand the surface
interaction of polyselenides with a carbon surface. Different
polyselenides, Li,Se, (n = 1, 4, 6), were investigated to compare
their bonding strength with carbon host, while the carbon
substrate is an H-terminated graphene sheet with hydroxyl
functional group as these groups are often present as defect on
carbon surface and are likely the active binding sites for
polyselenides. The approach may not give an absolute
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quantification of the binding strength between the poly-
selenides with the carbon surface but will provide a good
comparison with different polyselenides and hence the
interfacial effect on the cycling performance. The most stable
geometric configurations of the different polyselenides with H-
terminated graphene sheet with hydroxyl functional group are
shown in Figure 7 with their binding energy values,
respectively. As clearly shown, the binding energy is in an
order of Li,Ses (—2.26 eV) > Li,Se, (—2.07 eV) > Li,Se (—1.44
eV), indicating that there is a favorable bonding between long-
chain polyselenides with carbon surface. CV and in situ XANES
study found that the transformation of long-chain polyselenides
to short-chain polyselenides was suppressed during cycling,
which may be due to the weaker binding energy of short-chain
polyselenides with carbon surface than long-chain polysele-
nides. Therefore, an aggravated formation of long-chain
polyselenides could be expected, which will lead to the gradual
capacity fading during cycling. On the contrary, the binding
strength of short-chain polysulfides with carbon host was found
to be generally stronger than long-chain polysulfides, which
may lead to the distinct cycle performance between sulfur
cathodes and Se-based cathodes in ether-based electrolytes.*>**
In addition, we have summarized recently reported works about
Se-based cathodes using ether-based electrolytes as possible as
we can. As shown in Table SI, it all shows poor cycle
performance although most of the Se and Se—S are also well-
embedded into the corresponding carbon host. Considering in
situ XANES results and the ab initio calculations together with
the related works reported in the current literatures, we
concluded that the current DOL-DME based electrolytes may
be not a good electrolyte for space-confined Se-based cathodes
as the lithiation/delithiation reversibility was gradually
decreased upon continuous cycling, while carbonate-based
electrolytes may be a better choice as the excellent electro-
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chemical performance of the well-confined Se-based cathodes
in carbonate-based electrolytes have been widely re-
ported,13-153645—47

Given that space-confined sulfur cathodes can work in
carbonate-based electrolytes by subnano confinement, Se-based
cathodes may also work in ether-based electrolytes in some
restriction. As recently reported by Han et al, although Se/
mesoporous carbon (Se/MCN) particles illustrated rapid
capacity fading in ether-based electrolytes, the RGO coating
indeed greatly increased the reversible capacity and the cycle
stability of Se/MCN composite."® The cycle life of Se-based
cathode could be also improved by using a graphene-coated
separator, which can localize the highly soluble polyselenides in
the separator and prevent its further reaction with lithium
metal.” In addition to the surface coating and separator
optimization, more factors are discussed in this work. It is well-
known that the depth of discharge (DOD) and state of charge
(SOC) could greatly affect the cycle life of battery. Therefore,
the cycle performance and rate capability of the Se,S;/MPC
composite in a voltage range of 1.5—-3.0 V instead of 0.8—4.0 V
were evaluated. The cell was first cycled at 0.1 C for 3 cycles
and then cycled at 0.5 C for the subsequent cycles. As shown in
Figure 6¢, the Se,Ss/MPC composite could deliver a discharge
capacity of 691.9 mA h g™" at 0.5 C for the first cycle. After 100
cycles of charge/discharge at 0.5 C, it can still maintain a
capacity of 4302 mA h g, illustrating higher reversible
capacity and better cycle stability than that within the voltage
range of 0.8—4.0 V. Moreover, the Coulombic efficiency is also
improved. Except the first cycle, the Coulombic efficiency
stabilized at about 100% in the subsequent cycles, suggesting a
suppressed shuttle effect. The rate capability of the Se,S;/MPC
composite was also tested to investigate its fast charge/
discharge performance. The charge/discharge rates were
successively increased from 0.1 C, 0.2 C, 0.4 C, 0.6 C, 0.8 C,
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1 to 2 C, and then decreased back to 0.1C again. As shown in
Figure 6d, the reversible capacity was gradually decreased along
with increasing the rate. However, at a high rate of 2 C, it can
still deliver a capacity of about 360 mA h g~'. When we
decreased the rate back to 0.1 C, an average capacity of about
500 mA h g™' could be recovered. In a word, ether-based
electrolytes could facilitate the redox reaction of Se-based
cathode but also bring challenges. In order to make Se-based
cathodes work well in ether-based electrolytes, surface
modification, separator optimization, DOD/SOC optimization
and other efforts such as electrolytes and binder optimization
may be done.

Conclusions. In this work, the capacity fading mechanism
of space confined Se-based cathode in ether-based electrolytes
upon continuous cycling was investigated by in situ XANES
technique and theoretical calculations. The Se,S;/MPC
composite was prepared by a modified vaporization—con-
densation method to ensure a good encapsulation of Se,S; into
the MPC host. The HEXRD, Raman, PDF, SEM, and TEM
showed that the Se,S; are well-embedded into the micro/
mesopores of MPC and existed in an amorphous state. In situ
XANES results demonstrated that the lithiation/delithiation
reversibility of Se component was gradually decreased in ether-
based electrolytes, leading to an aggravated formation of long-
chain polyselenides upon continuous cycling. Ab initio
calculations further revealed that there is a pronounced
preference on binding of long-chain polyselenides with carbon
host than short-chain polyselenides. We expect our current
study could enable a better understanding on the lithiation/
delithiation process of Se-based cathodes and facilitate the
development of high performance Se-based cathodes in the
future.
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