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The lithiation mechanism of the Li-Se cell in a carbonate-
based electrolyte is discussed. It is found that Se is directly
reduced to Li,Se in discharge without intermediate phases
detected by in-situ X-ray diffraction or X-ray absorption
spectroscopy. The reason is that the redox products Se and
Li,Se, as well as lithium polyselenides are insoluble in the
electrolyte.

Worldwide research efforts are underway to develop an advanced
energy storage system with high energy density, long cycle life, low
cost, and safety. High energy density batteries are essential for all-
electric vehicles or plug-in hybrid electric vehicles. At present,
commercial batteries with typical capacities of 120-160 mAh g™' are
far below the much higher energy requirement of these
applications.' Meeting this requirement will need breakthroughs in
the area of novel electrode materials. Both Li/S and Li/O, batteries
are attractive because they have the potential of providing 2 to 5
times the energy density of the lithium-ion batteries currently on the
market, but these systems still face tremendous challenges. *'° In
addition, selenium, another group 16 element, was recently tested as
a potential cathode material, which has a theoretical gravimetric
capacity of 678 Ah kg™ and theoretical volumetric capacity of 3268
Ah L' Tt is encouraging that a Se composite could be cycled
versus both Li and Na at room temperature, as reported by
Abouimrane et al. in 2012.'' Then, in early 2013, Yang et al.
successfully confined Se in the form of cyclic Seg molecules in
ordered mesoporous carbon using a water-soluble binder and greatly
improved the Li-Se battery performance.'?> Most recently, Luo et al.
reported exceptional electrochemical performance of Se/mesoporous
carbon composites in both Li- and Na-ion batteries: a reversible
capacity of 480 mAh/g for 1000 cycles without any capacity loss for
Li-ion batteries and an initial capacity of 485 mAh/g and 340 mAh/g
retained after 380 cycles for Na-ion batteries.'® In addition, Liu et al
tested the electrochemical performance of nanoporous selenium and
other Se/C composite as cathode materials of Li cells.'* '* These
exciting results further supported the claim that the Li-Se battery is a
promising energy storage system with high energy density.
However, some fundamental problems remain to be resolved to
further improve and optimize the performance of the Li-Se batteries.
In 2013, we reported the electrochemical reaction mechanism of the
Li-Se battery in the ether-based electrolyte, namely, that Se is
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reduced to intermediates, polyselenides first then Li,Se.'® In
addition, Luo et al. proposed that low-order polyselenide
intermediates formed and were stabilized by mesoporous carbon,
which avoided the shuttle reaction of polyselenides that occurs in the
carbonate-based electrolyte.’> While Yang et al. claimed that Se in
the mesopores of CMK-3 directly transforms into Li,Se, they
attribute the single-plateau electrochemical behavior in the
carbonate-based electrolyte to the mesoporous confinement effect.'”
Therefore, it is not clear whether there is polyselenide formation in a
cycled Li-Se cell exhibiting a single plateau in the discharge process.
Here, we present our recent results showing that even bulk Se
cathode material exhibits a single plateau in the carbonate-based
electrolyte in the voltage window of 0.8-3.5 V, and there are no
polyselenides observed in the electrochemical process. This result
clarifies the single-plateau mechanism of the Li-Se battery in
carbonate-based electrolyte and is of great significance to further
investigation and performance improvement of this promising
electrode material.

Se-carbon composite cathodes'® were cycled against Li metal anodes
between 0.8 and 3.5 V in carbonate- and ether-based electrolyte. The
former is designated GenlI and consists of 1.2 M LiPF¢ dissolved in
3:7 volume ratio of ethylene carbonate (EC) and ethyl methyl
carbonate (EMC); the latter is designated D2 and consists of 1M
lithium bis(trifluoromethanesulphonyl)imide in 1:1 volume ratio of
1,3-dioxolane (DOL) and 1,2-dimethoxyethane (DME). The cell in
D2 electrolyte was included for comparison. Figure la shows the
voltage profiles of Li-Se cells cycled in both Genll and D2
electrolyte at a rate of 110 mA/g. As we reported earlier, for the cell
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Fig. 1 Electrochemical performance of Li-Se cells: (a) voltage profiles of Li-

Se cells in ether-based (D2) and carbonate-based (Genll) electrolyte and (b)

cycling performance of Li-Se cell in GenllI electrolyte.
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with D2 electrolyte, there are plateaus at around 2.2 and 2.0 V in the
first discharge, which correspond to the reduction of Se to high-order
polyselenides Li,Se,(n>4) and further reduction to Li,Se, and Li,Se.
By contrast, in the cell with GenlI electrolyte, we only observe one
plateau, which is below 2 V. Further discharge and charge cycling
showed that the capacity of the cell with the GenlI electrolyte faded
quickly, as shown in Fig. 1b. The mechanism underneath these
phenomena is discussed below.

In-situ X-ray diffraction (XRD) and X-ray absorption spectroscopy
(XAS) were applied to track the Se phase change, oxidation states,
and phase distribution during electrochemical cycling. The in-situ
XRD patterns and the cycling profile are shown in Figs. 2a and
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Fig. 2 In-situ high-energy XRD characterization of Li-Se cell in Genll
electrolyte cycled between 0.8 and 3.5 V with a charging rate of 30 mA/g: (a)
XRD pattern of the cell during cycling and the reference material Se and
Li,Se and (b) voltage profile.

2b, respectively. In Fig. 2a, the very strong peaks at 20 = 2.74°,
3.16°, 4.47°, 2.57°, and 3.65° are due to the Al current collector and
the Li anode. We focus here on the Se characteristic peaks at 1.69
and 2.13 ° and the Li,Se peak at 1.85 ° to monitor the phase
transition. With discharging, the intensity of the Se peak keeps
decreasing; Li,Se starts to appear at 1.86 V and keeps increasing to
the end of discharge. The discharge capacity is 445 mAh/g at the
charging rate of 30 mA/g. A small amount of Se remains by the end
of discharge. By contrast, in the cell with D2 electrolyte, Se
completely reduces into Li,Se at the end of discharge, even at a
charging rate of 110 mA/g, with capacity up to 680 mAh/g (Fig. 1a).
In the GenlI electrolyte, the capacity highly depends on the cycling
rate: it is 320 mAh/g at a charging rate of 110 mA/g (Fig. 1a) and
445 mAh/g at a charging rate of 30 mA/g (Fig. 2b). This dependence
suggests that the electrochemical reaction in the GenlI electrolyte is
a slow reaction. All these phenomena indicate a different discharge
mechanism in different electrolyte. The XRD patterns proved that Se
is partially reduced into Li,Se by the end of discharge, and then
Li,Se is oxidized into Se at the end of charge without any
intermediate phases formed during cycling.

Although XRD is a powerful technique in determining the
crystalline phase change, it alone may not be conclusive in
determining the phase change in a battery system, considering the
complexity of a battery system including both solid and liquid
phases. Therefore, we selected in-situ X-ray absorption near edge
structure (XANES) spectroscopy to monitor the oxidation state
changes during cell cycling, which can provide reliable information
on all phases.'® !’

We carried out XANES measurements on a pouch cell made with
GenlI electrolyte and cycled at a rate of 110 mA/g. The selenium K-
edge absorption, at 12,658 eV, arises from the transition of Se ls
core electrons to the unoccupied 4p states.'® The Se K-edge of Li,Se
shifts to a higher energy (012,660 eV). The abnormal shifts of the
Li,Se Se-edge toward higher energy could be explained by the
reduced screening effect.'® In addition, the S K-edge of Li,S shifted
to a higher energy, as reported by Gao et al. and Mori et al., due to
the strong Coulombic interaction between the S* ion and the eight
neighboring Li* ions, which reduces the screening effect.'” %
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A 2D contour plot of the Se XANES spectra recorded during the cell
cycling is presented in Fig. 3a, with the voltage profile shown in Fig.
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Fig. 3 In-situ XANES measurement for Li-Se pouch cell in GenllI electrolyte:
(a) normalized XANES spectra of the cycling cell, (b) voltage profile, (c)
derivative of normalized XANES spectra, and (d) linear combination fitting
of residue values and corresponding phase compositions in different state of
charge/discharge.

3b. Generally, the energy position of the edge is determined as the
lowest energy peak of the first derivative of the XANES spectra, as
shown in Fig. 3c. Correlating Fig. 3¢ and 3b, we found that the edge
positions did not undergo obvious shifts during the cell cycling even
at the fully discharged state (0.8 V), in contrast to the significant
energy shifts in the Li-Se cell with ether-based electrolyte.'®
However, the absorption of the Se-edge is weakened when the cell is
discharged to 0.8 V.

Another common use of XANES is fingerprinting by linear
combination fitting of XANES spectra of known species to
determine the components in a mixture.”’ By selecting XANES
spectra of the powder materials Se and Li,Se as standards, we were
able to determine the composition of the Se electrode at different
states of charge/discharge by linear combination fitting of the
XANES spectra measured during cell cycling with the Athena
software package.”> Most of the spectra are well fitted, illustrated by
extremely small residues with reduced y from 0.012%o to 0.144%o as
shown in Fig. 3d (black squares). These results are comparable to the
values we obtained in multi-phase fitting with reduced y* from
0.017%o to 0.07%o in the D2 electrolyte.'® For Se and Li,Se two-
phase fitting, the spectra of cell with ether-based electrolyte leads to
huge residues, with reduced y* up to 5.676%o, indicating the
formation of an intermediate phase. The fitting results in Fig. 3d
suggest that there are no observable intermediate phases formed in
the carbonate-based electrolyte cell, i.e., Se is directly transformed
into Li,Se and the reduction is not complete. This is consistent with
the in-situ high-energy XRD analysis that Li,Se formed in the
discharge process, and Se reduction is not complete, as shown by the
coexistence of Se and Li,Se peaks. About 44% of Se is reduced into
Li,Se at the end of discharge, with a capacity of 425 mAh/g at a rate
of 110 mA/g for a pouch cell. Most importantly, the in-situ XANES
results confirmed that no lithium polyselenides formed in the
electrochemical process.

To understand the lack of any intermediate phases with the
carbonate-based electrolyte, we tested the solubility of Se in 3:7
volume ratio of EC/EMC solvent. We added 3.95 mg of Se and 4.64
mg of Li,Se to 5 mL EC/EMC solvent (equivalent to 0.01 mol/L
solution), respectively. Neither Se nor Li,Se dissolved in the solvent,
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as shown in Fig. 4. Then we took 1 mL solution from the Li,Se-
containing bottle and added it to the Se-containing bottle. No color

EC/EMC Se

= - — e ——
Fig. 4 Photograph of Genll electrolyte solvent EC/EMC alone, with insoluble
Se, with Li,Se, and with a combination of the two.

=

change was observed. By contrast, once Li,Se dissolved ether-based
solvent is added to the Se containing ether-based solvent, a dark-
brown solution is observed, corresponding to Li,Se, (n>4)
formation.'¢ In addition, we tested the solubility of Li,Se,, it turns
out that Li,Se, is insoluble in the carbonate based electrolyte (Fig. 1-
2S, ESI). In the D2 electrolyte, the formation of soluble
polyselenides facilitates lithium ion and electron transport,
accelerating the electrochemical process; however, it also results in a
shuttle effect. In the Genll electrolyte, Se is reduced into Li,Se
directly without the observation of Li,Se, phase since all those
species are insoluble in the electrolyte. We further tested Se cathode
prepared with water soluble binder sodium alginate (SA) for
camparation with poly(vinylidene fluoride) (PVDF) binder
(dissolved in N-methyl-2-pyrrolidone (NMP)), same voltage profiles
were observed (Fig. 3S, ESI), except a slightly higher capacity for
cathode with SA binder.'? Therefore, we believe the solubility of the
redox products in different electrolyte may actrually cause the
differentlithiation mechanism.

The electrochemical reduction of Se (or Li,Se oxidation) becomes
difficult in a solid matrix than in the form of soluble species due to
the poor lithium diffusion. Moreover, the weak connection between
solid particles and carbon matrix being further broken down with
repeated charge and discharge leads to worse interaction which leads
to quick capacity drop and large polarization in the later cycles (Fig.
4S, ESI) in our case. However the feasibility of carbonate-based
electrolyte in Li-Se cells has been proved by the work of Yang et al.
and Luo et al., which demonstrated that the shuttle effect could be
prevented by using carbonate based electrolyte and lithium ion and
electron transport could be improved by Se confinement in the
carbon matrix.'> '

Conclusions

To summarize, in the Li-Se cell with carbonate-based electrolyte, the
Se is directly reduced into Li,Se, which leads to a single plateau
during discharge. Due to the insolubility of Se, Li,Se and lithium
polyselenides in the EC/EMC electrolyte, no shuttle effect is
expected. The key to further enhance the Li-Se battery performance
will be on improving the lithium ion and electron transport property
and intensifying the interaction between Se and conductive matrixes.
This work demonstrated another advantage of the Li-Se cell over the
Li-S cell: the absence of soluble polyselenides with the Iess
expensive carbonate-based electrolyte avoids the need to prevent the
shuttle effect.
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