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Selenium-Doped Cathodes for Lithium—Organosulfur
Batteries with Greatly Improved Volumetric Capacity

and Coulombic Efficiency

Jingiu Zhou, Tao Qian,* Na Xu, Mengfan Wang, Xuyan Ni, Xuejun Liu, Xiaowei Shen,

and Chenglin Yan*

For the first time a new strategy is reported to improve the volumetric
capacity and Coulombic efficiency by selenium doping for lithium-organo-
sulfur batteries. Selenium-doped cathodes with four sulfur atoms and one
selenium atom (as the doped heteroatom) in the confined structure are
designed and synthesized; this structure exhibits greatly improved volu-
metric/areal capacities, and a Coulombic efficiency of almost 100% for highly
stable lithium—-organosulfur batteries. The doping of Se significantly enhances
the electronic conductivity of battery electrodes by a factor of 6.2 compared to
pure sulfur electrodes, and completely restricts the production of long-chain
lithium polysulfides. This allows achievement of a high gravimetric capacity
of 700 mAh g' close to its theoretical mass capacity, an exceptional volu-
metric capacity of 2457 mAh cm~3, and excellent capacity retention of 92%
after 400 cycles. Shuttle effect is efficiently weakened since no long-chain
polysulfides are detected from in situ UV/vis results throughout the entire

attributes, such as being environmentally
benign and scalable.!l Lithium-sulfur bat-
teries have been considered one of the
most promising candidates since the con-
cept emerged in the 1960s, due to their
high specific theoretical energy storage
(1675 mAh g7!), natural abundance, and
low cost of sulfur?3] However, several
problems hinder their practical application
and mass commercialization: 1) the insu-
lating nature of low electronic and ionic
conductivity for sulfur, and the insoluble
reduction products of low-order sulfides
(Li,S) lead to low active material utiliza-
tion; and 2) the high solubility of long-
chain lithium polysulfide Li,S, (4 < x < 8)
intermediates in the organic liquid elec-

cycling process arising from selenium doping, which is theoretically con-

firmed by density functional theory calculations.

The development of promising new battery systems using new
chemistries and system configurations is being intensified to
meet rising standards for long-driving-range, battery-powered
electric vehicles, high-performance autonomous aircraft, and
robotics. The successful candidates for new generation batteries
should achieve many of these performance goals including high
capacity and high stability, and may also offer other attractive
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trolyte. These various soluble polysulfides
can freely migrate between the cathode
and anode, leading to so-called shuttle
effect. The shuttle effect would result in
active material loss, uncontrolled dendritic
and mossy lithium growth especially, causing safety issues,
low Coulombic efficiency, and poor cycle life.*>] Many efforts
and significant achievements have been made over the last few
years to overcome these problems.[®!

Organic materials”'% not only are renowned to be renew-
able, abundant, sustainable, and environmentally friendly, but
also possess promising electrochemical performance with high
capacity, molecular controllability, structural diversity, flexibility,
the tuning of the redox potential in a wide range, possible multi-
electron reactions, and ease in recycling, representing an attrac-
tive and emerging paradigm for next-generation energy storage
systems. Organosulfur polymer, as a kind of organic materials,
was investigated for Li-S batteries. Traditionally, organosulfur
polymer was mainly based on thioether compounds, which
exhibited relatively low capacity of 100-400 mAh g~! and cycling
life only for 20-40 cycles.['12I Recently, sulfur-containing copoly-
mers, by directly using elemental sulfur as a feedstock to copoly-
merize with poly(acrylonitrile) or 1,3-diisopropenylbenzene,
were brought up. However, the length of the sulfur chain in the
copolymer could not be controlled, so the long-chain polysulfides
generated during cycling would still cause severe shuttle effect;
unfavorable for the Coulombic efficiency and reversibility.[314
Moreover, it remains a challenge to improve the poor kinetics
of organosulfur polymers due to the intrinsic low electronic
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conductivity of sulfur (5 x 1072 S m™) and the crosslinks
between chains.[*!*] On the other hand, in addition to gravimetric
capacities (mAh g!), other important metrics such as volumetric
(mAh cm™) and areal (mAh cm™) capacities should be empha-
sized. This is because the volumetric capacities can be more
important than gravimetric capacities in many practical appli-
cations, which required batteries to not only be light in weight
but also compact in size.l') Most studies have focused only on
the gravimetric capacities, while overlooking the volumetric and
areal capacities. As a result, urgent attention should be paid to
the development of high-density electrode materials with high
volumetric/areal capacities, and a high Coulombic efficiency.

Compared to sulfur, selenium, as a d-electron-containing
member of group VIA in the periodic table and a con-
gener of sulfur, has a much higher electronic conductivity
(1% 1073 S m™!) and comparable theoretical volumetric capacity
(3240 mAh cm™), which are important factors for devices
where space is limited. However, the theoretical capacity
(675 mAh g™) of selenium is much lower than that of sulfur,
and the selenium cathodes also suffer from cycling deteriora-
tion and low Coulombic efficiency owing to the shuttle issue
of high-order polyselenide intermediates, similar to sulfur
cathodes.'”1l Based on the above complementary features
between selenium and sulfur cathodes, selenium-doped sulfur
molecules are attractive candidates in lithium-sulfur batteries
with superior performance. To our knowledge, many inorganic
selenium/carbon!"”® or §,Se,/carbon!?l composites were
widely investigated, but no research about selenium-doped
organosulfur polymers has been reported.

Herein, to improve the volumetric capacity and Coulombic
efficiency, selenium-doped poly(diallyl tetrasulfide) (PDATtSSe)
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with four sulfur atoms and one selenium atom (as the doped
heteroatom) in the confined structure is used as cathode mate-
rial in lithium-organosulfur batteries. The Se doping could
enhance the electronic conductivity, improve the Li-ion trans-
port, and the unique molecular structure could suppress the
shuttle effect, leading to a gravimetric capacity of 700 mAh g1,
close to its theoretical mass capacity, with a high capacity reten-
tion of 92% after 400 cycles, and a Coulombic efficiency of
almost 100%. Its dense electrode structure, and high electronic
and ionic conductivity also permit a high areal loading, deliv-
ering a striking volumetric capacity of 2457 mAh cm™, and
a high areal capacity of 5.0 mAh cm™ for the electrode with
an active material loading density up to 7.07 mg cm™, which
are crucial parameters for the practical application of lithium-—
sulfur batteries. The stabilizing mechanism of PDATtSSe cath-
odes was extensively investigated by density functional theory
(DFT) calculations and in situ UV/vis spectroscopy, revealing
that the generation of long-chain polysulfides was completely
prohibited due to the Se doping. This novel reaction mecha-
nism, along with the improvement in the molecular structure
with Se doping, contributed greatly to the improved volumetric
capacity and Coulombic efficiency.

We started with the DFT calculations to unveil the potential
of PDATtSSe for use as lithium—organosulfur cathodes. The
synthetic mechanism of selenium-doped PDATtSSe polymer
is demonstrated in Figure 1A, with diallyl sulfide (DADS) as
precursor and SeS, powders as doping source to realize sele-
nium-doped cathodes.?2!l Changes in the Gibbs free energy
were computed and compared to study the bond breaking in
the PDATtSSe. As elaborated in Figure S1 (Supporting Infor-
mation), the homolytic cleavage of the S—Se and S—S bond
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Figure 1. A) The synthetic mechanism of selenium-doped PDATtSSe polymer as cathodes for lithium—organosulfur batteries, where m and n indicate
the degree of polymerization. B) The presence of molecule CH,=CHCH,SSSeH (m/z =182, 183, 184, 186, and 188) was confirmed according to the
abundance of Se isotopes. C) "H NMR full spectra of the DADS monomer (green line) and PDATtSSe polymer (red line).
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delivered dissociation energies of —93.02 and —80.94 kcal mol™!,
respectively. These results indicate that the cleavage of the S—Se
bond most likely occurs when discharging. With an abundant
insertion of Li*, RSLi, Li,SSe, insoluble Li,Se, and Li,S were
produced for the next S-S homolytic cleavage of RS,SeLi and
RSSLi, where R corresponds to the polymeric carbon chains.
In addition, the detailed hypothetical illustration of paths for
the cleavage of S—Se and S—S bonds was clearly presented in
Figure S2, Supporting Information. This provides conclusive
evidence that it is not possible to generate the long-chain sol-
uble polysulfides, which is highly beneficial to the electrochem-
ical performance of lithium—sulfur cathodes.

To give more powerful and convincing evidence for the incor-
poration of SeS, into DADS molecule prior to polymerization,
the mass spectrometry measurement for the DADS with SeS,
(DATtSSe) was conducted. As shown in Figure 1B, the presence
of molecule CH,=CHCH,SSSeH (m/z = 182, 183, 184, 186, and
188) is confirmed according to the abundance of Se isotopes. The
calculated abundance of isotopic ratio for element Se is displayed
in the inset of Figure 1B (7°Se 10.8%, 7Se 7.9%, 78Se 22.9%, 8°Se
46.4%, and #2Se 12%),2% consistent with the natural abundance
of Se isotopes. The CH,=CHCH,SSSeH is derived from the
DATtSSe due to the dissociation of S—Se bond because the mole-
cule DATtSSe is not stable at the high vaporization temperature.
The detection of CH,=CHCH,SSSeH can convincingly validate
the SeS, has been successfully integrated into the DADS mol-
ecule through covalent bonding prior to its polymerization.

To certify the occurrence of the polymerization reaction,
Fourier transform infrared spectroscopic analysis was con-
ducted to identify changes in the interactions within the
DADS monomer and PDATtSSe polymer in the range of
4000400 cm™' (Figure S3, Supporting Information). The
presence of stretching (3085 cm™!) and out-of-plane bending
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vibrations (990 and 910 cm™) of the C—H group, and the
stretching vibration of C=C (1635 cm™) arising from the allyl
groups are consistent with the molecular structure of DADS.
After polymerization, these characteristic peaks all disappear,
and peaks of the stretching (3000-2800 cm™) and bending
vibration (1490-1350 cm™!) of C—H derived from a saturated
hydrocarbon radical are enhanced, which provides evidence
for the successful polymerization reaction. Furthermore,
!H NMR characterization was carried out (Figure 1C). After
polymerization, the allyl proton resonances at 6 = 5.84 and 5.12
ppm associated with the DADS monomer disappear, which fur-
ther verifies the occurrence of the polymerization reaction.

We next assessed the electrochemical performance of the
PDATtSSe polymer as a cathode material by pairing it with
metallic Li foils. The areal loading density of active materials
is =1.4 mg cm™2 for this part of the evaluation. The Coulombic
efficiency is a crucial property for lithium-—sulfur batteries. Ordi-
nary lithium-—sulfur batteries in ether-based electrolytes without
lithium nitrate (LiNO;) additive may suffer from the “shuttle”
effect, resulting in a poor Coulombic efficiency and lithium
dendrite growth.?3! Excellent Coulombic efficiency could be
obtained by selenium doping in lithium-organosulfur battery
due to the effectively suppressed shuttle effect. Here, the Cou-
lombic efficiencies for PDATtSSe cathodes using an electrolyte
with and without LiNOj3, poly(diallyl pentasulfide) (PDAPtS, five
sulfur atoms in the molecular structure), and sulfur cathodes
using LiNOs-free electrolyte were tested (Figure 2A). Coulombic
efficiency of over 98% could be achieved for Li/PDATtSSe cell
in an electrolyte without LiNO; compared to the electrolyte with
LiNOj; of about 100%. However, relatively low values of 91% for
the PDAPtS cathode, and 85% for the sulfur cathode, reveal that
the shuttle effect for the PDATtSSe cathode was greatly weak-
ened as no long-chain lithium polysulfides and polyselenides
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604 | O PDAPtS without LiNO,
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Figure 2. A) The Coulombic efficiencies of the PDATtSSe cathodes using an electrolyte with and without LiINO;, and PDAPtS and sulfur cathodes
using a LiINO;-free electrolyte. B-D) SEM images of the lithium anode surface of PDATtSSe, PDAPtS, and pure sulfur cathodes at a current density of
600 mA g~' operated in an electrolyte without LiNO; after 100 cycles, respectively.
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were generated in the Li/PDATtSSe battery during discharging
and charging. The superficial morphologies observed by scan-
ning electron microscopy (SEM) and energy dispersive X-ray
spectroscopy measurements of the lithium foil anodes for the
Li/PDATtSSe, Li/PDAPtS, and Li/sulfur cells after 100 cycles in
the LiNOs-free electrolyte were also investigated. As a common
sense, the solid electrolyte interface (SEI) layer is formed due
to the reaction of Li metal with solvents and lithium saltsi?
with products of LiF, Li,S,0;, Li,CO;, and Li;N.*! For Li/
PDATtSSe, a smooth morphology and a very dense and uni-
form SEI layer on the top surface of the lithium foil can be
observed (Figure 2B). In addition, the least amount (4.18 wt%)
of element S mainly derived from the SEI layer was detected on
the Li anode surface (Figure S5A,D, Supporting Information)
and no signal of element Se was observed (Figure S5A, Sup-
porting Information), confirming again that the shuttle effect
was greatly suppressed in the Li/PDATtSSe cell due to the Se
doping. By contrast, the lithium anode of the Li/PDAPtS bat-
tery exhibited a slightly rough morphology (Figure 2C) and the
amount of element S was 7.8 wt% (Figure S5B,D, Supporting
Information), implying the deposition of short-chain Li,S,
on Li surface. However, uneven deposition short-chain Li,S,
as well as irregular and blade-like lithium dendrites on the Li
anode were clearly observed when sulfur cathode was used?l
(Figure 2D), leading to dead lithium and performance deterio-
ration. Moreover, the largest amount (19.44 wt%) of element S
(Figure S5C,D, Supporting Information) was detected on the Li
surface, resulted from the severe short-chain Li,S, deposition
due to shuttle effect. Furthermore, the morphology changes of
PDATtSSe and sulfur cathodes before and after cycling were
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also observed through SEMP! (Figure S6, Supporting Informa-
tion). Apparently, the morphology of the PDATtSSe cathodes
was still maintained and no obvious change could be observed
after cycling. While for sulfur cathode, large and nonuniform
polysulfides after cycling were observed on the cathode surface,
which provided powerful evidence that the shuttle effect was
greatly weakened in the Li/PDATtSSe cell due to the Se doping.

Figure 3A depicts the cyclic voltammetry (CV) curves of the
PDATtSSe polymer scanned at 0.01 mV s! during the second
cycle. Due to the reduction of the S—S and S—Se bonds, two small
cathodic waves at =2.25 and =2.12 V can be seen in the negative
sweep, followed by a large cathodic peak with an onset potential
of 2.07 V, a peak centered at 1.98 V, as well as a small wave at
1.75 V.41 During the following anodic scan, the peak at 2.3 V
was attributed to the deintercalation of lithium ions. No obvious
changes in the CV peak positions or peak current were observed in
the subsequent curves (Figure S7A, Supporting Information),?’!
which confirms the electrochemical stability of PDATtSSe.

These are consistent with the galvanostatic charge/dis-
charge profiles of the second cycle at a current density of
200 mA g! based on mass of PDATtSSe (Figure 3B). More-
over, the PDATtSSe cathode delivered a discharge capacity
of 700 mAh g, which is close to its theoretical capacity
of 742 mAh g, of which 650 mAh g! can be recovered
and reversibly sustained afterward (Figure S7B, Supporting
Information). The stability during extended cycling can be
broadened to 400 cycles by employing a current density of
600 mA g! based on mass of PDATtSSe, with a simultaneous
exceptional capacity retention of 92%, a reversible capacity
of 500 mAh g1, and a high Coulombic efficiency of =100%

3.0
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Figure 3. A) The CV profiles of the second cycle at a scan rate of 0.01 mV s™'. B) Voltage profiles of the second cycle at a current density of
200 mA g' for the PDATtSSe cathode. C) The stability during extended cycling and Coulombic efficiency of the PDATtSSe for 400 cycles at a current
density of 600 mA g~' based on mass of PDATtSSe and mass of S and Se in PDATtSSe, respectively.
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(Figure 3C). This corresponds to a small average capacity
loss of 0.02% per cycle, attesting to its outstanding long-term
cycling performance. The corresponding galvanostatic charge—
discharge voltage profiles are displayed in Figure S8A (Sup-
porting Information), revealing negligible changes in both the
shape and specific capacity during 100 cycles. The content of S
and Se in the PDATtSSe is calculated to be 71.6 wt%. The spe-
cific capacities based on the mass of PDATtSSe and the mass
of S and Se in the PDATtSSe were both shown in Figure 3C.
For comparison, the cycling performance of PDAPtS cathode
without Se doping was also demonstrated (Figure S8B, Sup-
porting Information). A poor capacity retention of =50% was
obtained since it was easier to generate polysulfides during the
cycling process. In Figure S8C (Supporting Information), it can
be observed that the PDATtSSe presents an impressive rate
capacity, even at a maximum current density of 1200 mA gL
When the specific current ramped up stepwise from 50 to 100,
200, 500, 800, 1000, and 1200 mA g, specific capacities of
740, 632, 570, 490, 422, 373, and 333 mAh g! were reversibly
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obtained, respectively. The corresponding galvanostatic charge—
discharge voltage profiles are displayed in Figure S8D (Sup-
porting Information). As the current rate is increased, the
plateaus are shortened and decline due to the electrode polari-
zation, in agreement with previous reports.?®] Then, the cur-
rent density abruptly returns to 200 mA g1, with a capacity of
555 mAh g! that was reversibly measured. The outstanding
kinetic behavior should be closely associated with the improved
electronic transport and lithium-ion diffusion characteristics
of the PDATtSSe, which could be further supported by their
relatively lower charge transfer resistances (Rcr) and faster
lithium-ion diffusion coefficient (Dy;*) compared with that of
PDAPtS and sulfur powders discussed below.

Electrochemical impedance spectroscopy (EIS) meas-
urements were carried out to gain further insight into the
prominent electrochemical properties, and the equivalent cir-
cuit models of the studied systems are shown in the insets
of Figure 4AB to represent the internal resistance of the
electrodes. It can be seen that the impedance spectra can be
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Figure 4. Comparison of EIS results of cells with PDATtSSe, PDAPtS, and pure sulfur cathodes A) before and B) after ten cycles. C) Li* diffusion coef-
ficients of the PDATtSSe, PDAPtS, and pure sulfur cathodes. D) Gravimetric and volumetric capacities at a current density of 200 mA g, and E) areal
capacities with different PDATtSSe loadings as indicated. These capacities are all calculated based on the active materials.
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divided into two types according to the shape of the curves.
One type of impedance curves before cycling (see Figure 4A)
is composed of one depressed semicircle in the high frequency
(HF) region, while the other type of impedance spectra after ten
cycles (see Figure 4B) exhibited two depressed semicircles at
both the HF and middle frequency (MF) range. The depressed
semicircle in the HF region may reflect the charge transfer pro-
cess (Rer) at the conductive agent interface, and the depressed
semicircle in the MF range may be attributed to the forma-
tion of insoluble polysulfide species (Rcr2).2°! In addition, the
intercepts in the high frequency regions were attributed to the
electronic resistance of the cathodes and ionic resistance of
the liquid electrolyte (Rg).3% The fitted impedance parameters
are listed in Table S1 (Supporting Information). Clearly, irre-
spective of whether before or after cycling, the values of the
charge-transfer impedance (Rcy) of the PDATtSSe battery were
the lowest among the three electrodes, which validates that
selenium doping can greatly enhance the electron conduc-
tivity of PDATtSSe electrode compared to pure sulfur electrode
during the electrochemical lithium insertion/extraction reac-
tion.[1%31 Moreover, the much smaller MF semicircle observed
in the PDATtSSe battery after ten cycles indicates that the lower
polarization and more uniform deposition of insoluble poly-
sulfide species?”) results in a significant improvement in the
electrochemical performance. In addition, from the results
of four-point probe measurements (Figure S9, Supporting
Information), it can be found that the PDATtSSe electrode
(0.33 S cm™) is more conductive than the sulfur electrode
(0.053 S cm™) by a factor of 6.2.
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In addition, CV analysis of PDATtSSe, PDAPtS, and pure
sulfur batteries (Figure S10, Supporting Information) was con-
ducted to evaluate the Dy;+ using the Randles—Sevcik equation,
as described below

I, =2.69 x 10°n" > AD*v**°C . (1)
where I, indicates the peak current (A), n is the number of elec-
trons in the reaction, A is the electrode area (cm™2), v is the scan
rate (V s71), and Cy; is the lithium-ion concentration in the
electrolyte (mol cm™).*% From the linear relationship of I, and
105 (Figure S10, Supporting Information), D,;. of two reduction
and oxidation peaks were obtained, as shown in Figure 4C. It is
worth noting that D, for the two redox peaks of the PDATtSSe
battery was much higher than the other two battery systems,
suggesting that selenium doping also facilitates fast Li-ion
transport, which enhances the electrochemical performance for
lithium storage in terms of high loadings, which plays a key
role in real battery systems.

Despite its appealing gravimetric activity at the relatively
low PDATtSSe loading of 1.4 mg cm™2, other important battery
metrics including volumetric capacity (mAh ¢cm™) and areal
capacity (mAh ¢cm™) are important in controlling the perfor-
mance in practical applications, directly correlating with the
actual battery size, pack-level energy density, and lower fabrica-
tion cost.'633] As a result, we prepared electrodes with higher
PDATtSSe loadings of 3.57 and 7.07 mg cm™2. The electrodes
with three different mass loadings deliver gravimetric capaci-
ties between 677 and 714 mAh g}, and volumetric capacities
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Figure 5. A) Discharge profile of the PDATtSSe cell cycled at 200 mA g™', corresponding to the different discharge voltages. B) In situ UV/vis spectra

and C) homologous first-order derivatives of the PDATtSSe cell.
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between 2376 and 2506 mAh cm™ (Figure 4D) are delivered
(Tap density of PDATtSSe is 3.51 g cm™3). Their areal capacities
linearly scale with the areal loading, reaching an outstanding
value of 5.0 mAh cm™2 (Figure 4E).

To further explore the mechanism of the PDATtSSe reduc-
tion and the component transformation, in situ UV/vis spectros-
copy was carried out at different stages during the discharging
process (Figure 5A) by monitoring the changes of the interme-
diates in the electrolyte. The in situ UV/vis spectra, and the cor-
responding first-order derivatives of the PDATtSSe electrode,
are displayed in Figure 5B,C. No peaks were shifted during the
PDATtSSe cell discharge process; hence, no long-chain poly-
sulfide intermediates formed. An original reaction mechanism,
entirely different from ordinary lithium-sulfur batteries(?334
was demonstrated, where five fixed derivative peaks between
400 and 600 nm that represent the lithium sulfide and selenide
products of Li,SSe, Li,S,Se, RSLi, RS,Li, and RS,SeLi. In addi-
tion, the responses of other reduction products of insoluble
Li,S and Li,Se to UV/vis cannot be detected.?>3* Therefore, a
new reaction process has been confirmed where no long-chain
soluble polysulfides are formed, enabling a stable cycling per-
formance and high Coulombic efficiency. In order to investigate
the following delithiation process, we also conducted in situ
UV/vis spectroscopy at different stages during the charging pro-
cess (Figure S11, Supporting Information). Apparently, during
charging, no new derivative peaks representing long-chain
polysulfide show up and no peak shifts (peaks would shift from
short to long wavelengths if the long-chain polysulfides are pro-
duced during charging)?*34 can be observed, which validates
the production of long-chain lithium polysulfides is restricted.

In summary, to improve the volumetric/areal capacities
and Coulombic efficiency, a new promising battery mate-
rial of selenium-doped organic polymer (PDATtSSe) as a
cathode material for lithium—organosulfur batteries was dem-
onstrated. DFT calculations and in situ UV/vis spectroscopy
reveal that no long-chain polysulfides were generated during
cycling due to novel reaction chemistries resulting from the
improvement of the molecular structure through selenium
doping, leading to a =100% Coulombic efficiency and satis-
factory cycling stability. The prepared electrodes exhibited a
high gravimetric capacity of 700 mAh g}, close to its theo-
retical mass capacity, an exceptional volumetric capacity of
2457 mAh cm™, and a high areal capacity of 5.0 mAh cm™2.
The superior electrochemical performance is due to the dense
structure, and high electronic and ionic conductivity of the
active materials, promoted through selenium doping, which
are crucial parameters for the practical application of lithium—
sulfur batteries.
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