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Implications of in-situ chalcogen substitutions in polysulfides for 
rechargeable batteries
Sanjay Nandaa, Amruth Bhargava, Zhou Jianga, Xunhua Zhaoa, Yuanyue Liua, and Arumugam 
Manthiram*a

The electrochemical behavior of sulfur-based batteries is intrinsically governed by polysulfide species. Here, we compare 
the substitutions of selenium and tellurium into polysulfide chains and demonstrate their beneficial impact on the chemistry 
of lithium-sulfur batteries. While selenium-substituted polysulfides enhance cathode utilization by effectively catalyzing the 
sulfur/Li2S conversion reactions due to preferential formation of radical intermediates, tellurium-substituted polysulfides 
improve lithium cycling efficiency by reducing into a passivating interfacial layer on lithium surface with low Li+-ion diffusion 
barriers. This unconventional strategy based on “molecular engineering” of polysulfides and exploiting the intrinsic 
polysulfide shuttle effect is validated by a ten-fold improvement in the cycle life of lean-electrolyte “anode-free” pouch cells. 
Assembled with no free lithium metal at the anode, the anode-free configuration maximizes energy density, mitigates the 
challenges of handling thin lithium foils, and eliminates self-discharge upon cell assembly. The insights generated between 
the differences of selenium and tellurium chemistries can be applied to benefit a broad range of metal-chalcogen batteries 
as well as chalcogenide solid electrolytes. 

1 Introduction
Lithium-sulfur batteries promise significant advantages with 

respect to energy density, cost, and sustainability as the energy 
storage landscape transforms in the 21st century.1,2 The 
formation of polysulfide (Li2Sn) species is central to the 
electrochemistry of Li-S batteries with liquid electrolytes.3,4 
Sulfur demonstrates a strong tendency to catenate and forms 
reactive polysulfide dianions and radical anions (Sn

2- and Sn/2
·-, 2 

< n ≤ 8) that are soluble in a variety of polar protic and aprotic 
solvents.5,6 As redox-active intermediates, polysulfides facilitate 
the sulfur ↔ Li2S conversion reaction through a kinetically 
favored solution-mediated pathway.7–10 The dissolved species 
also shuttle between the cathode and anode, degrading the 
lithium surface with insulating Li2S/Li2S2 deposition and 
compromising cycle life.11–14 The existing challenges with 
lithium-metal anodes are typically addressed with a fluorinated 
interface, which may not be compatible with the unique 
chemistry of the Li-S system.15–17 With the intrinsic constraint of 
polysulfide species, is there a way to make Li-S batteries 
practically viable?

Conventional approaches in the literature are primarily 
focused on suppressing polysulfide dissolution and migration to 
the lithium anode by modifying the cathode architecture or 
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Broader context 
The chemistry of sulfur compounds is central to several promising next-generation rechargeable battery chemistries including lithium-sulfur (Li-S) 
batteries. In Li-S batteries, the formation and shuttle of polysulfide intermediates are conventionally considered as a major roadblock towards their 
practical viability. Here, we look at this challenging hurdle from an entirely different angle and explore substituting the Group 16 chalcogen counterparts 
of sulfur, selenium, and tellurium, into polysulfide species to favorably tune their properties. We systematically delineate their diverging effects on 
electrochemical performance, with selenium enabling significant enhancements in cathode utilization and tellurium helping realize dramatic 
improvements in lithium anode cyclability. These improvements are well correlated with the varying chemistries of selenium and tellurium in substituted 
polysulfide species. For the first time, lean-electrolyte “anode-free” Li-S pouch cells are realized with long cycle life, establishing the viability of this 
approach under practically relevant cell design and testing conditions. The insights generated into the differences between selenium and tellurium 
substitution into polysulfide compounds is a useful addition to chalcogen chemistry and will prove valuable across many critical domains in energy 
materials, viz., metal-chalcogen batteries, superionic solid-state electrolytes, organosulfur compounds, metal thiolate complexes, sulfurized polymers, 
transition-metal dichalcogenides, chalcogenide solar cells, etc.

Page 1 of 9 Energy & Environmental Science



PAPER Energy and Environmental Science

2 | Energy Environ. Sci., 2021, 00, 1-3 This journal is © The Royal Society of Chemistry 2021

Please do not adjust margins

Please do not adjust margins

electrolyte formulation.18–20 In contrast, we show here that 
polysulfide molecules can be engineered by substituting 
chalcogen atoms, and the intrinsic shuttle effect can be 
exploited to enhance electrochemical performance under 
realistic cell design and testing conditions. We recently reported 
that a tellurium-rich lithium solid-electrolyte interphase (SEI) 
enhances the reversibility of lithium deposition.21 In this work, 
we undertake a comprehensive and comparative study of 
partially substituting sulfur in the polysulfide chains with its 
Group 16 counterparts, viz., selenium and tellurium.22 Sharing a 
similar chemistry with sulfur, Se and Te can be facilely 
incorporated to form polyselenosulfides (Li2SexSy) and 
polytellurosulfides (Li2TexSy) and generated in-situ during Li-S 
cell operation. Variations in the chemical properties of selenium 
and tellurium lead to significant differences in how they affect 
the electrochemical performance of Li-S batteries. These 
differences are systematically delineated in this work, allowing 
us to formulate a deeper understanding of the electrochemistry 
of the Li-S system. Employing this unique strategy, we 
demonstrate lean-electrolyte “anode-free” pouch full cells with 
high energy density, long cycle life, and zero self-discharge 
when assembled, thereby moving the Li-S system significantly 
closer to practical viability. With the insights generated by this 
work, we expect a similar substitution of selenium and tellurium 
to have a profound impact on other metal-chalcogen batteries 
and solid-state batteries employing chalcogenide solid 
electrolytes.

2 Experimental
2.1 Se and Te substituted Polysulfides

A stock 0.1 M Li2S6 solution in tetrahydrofuran (THF) was reacted 
with 0.06 molar equivalent of Se0 or Te0 at room temperature with 
stirring for 1 h to prepare the Se and Te substituted polysulfides. They 
were kept undisturbed for 1 h to let any unreacted solid particles to 
settle down. The clear solution at the top was used for 
characterization. For XPS, the solution was dropped on an inert Si 
wafer and allowed to dry before being transferred in an inert capsule. 
A monochromatic Al Kα source of energy 1468.5 eV at 12 kV and 10 
mA, with pass energies of 20 eV and 0.1 eV step size, was used for 
collecting the spectra.  Samples for 125NMR were prepared in 
deuterated acetone (D6-acetone, 99.8% D) and run at - 40 °C. 2048 
scans were run with a relaxation delay of 5 s, pulse width of 7 s, and 
an acquisition time of 0.25 s. For LC-EIS-MS, 0.1 µL of the sample was 
injected with no sample dilution at a flow rate of 0.2 mL min-1. The 
solvent was 10 % H2O with 50 mM NH4CO2CH3 and 90 % CH3OH with 
0.1% HCOOH. MS was performed using a Jetstream electrospray 
source in positive ionization mode. The nebulizer pressure was 60 psi 
to minimize fragmentation of the sample. 

2.2 Cell Assembly and Electrochemical Measurements

The Li2S cathodes were prepared by mixing 2 g of Li2S and 0.5 g 
of multiwalled carbon nanotubes (MWCNT) with 50 ml of 1,3-
Dioxolane and 1,2-Dimethoxyethane in 1 : 1 volume ratio (DOL/DME) 
and an excess of zirconia milling balls in a PTFE bottle with a long roll 
jar-milling system for 48 h. Elemental S0, Se0, or Te0 was added to the 
respective slurry vessels in a 0.1 molar ratio with respect to Li2S, 

which were then milled again for 24 h. The resultant slurry was drop-
cast onto an Avcarb P-50 carbon paper to prepare free-standing [Li2S 
+ 0.1 S/Se/Te] cathodes with a loading of 4 mg cm-2 of Li2S. For pouch 
cells, the cathode slurry was prepared by roll-milling 15 wt. % 
MWCNT, 8 wt. % polyethylene oxide, 2 wt. % polyvinylpyrrolidone, 
65 wt. % Li2S, either 10 wt. % Super P or Te0, an excess of zirconia 
balls, and DOL/DME as the slurry medium in a PTFE bottle for 48 h. 
The resultant slurry was blade cast onto a carbon coated Al-foil and 
dried to yield cathodes with a loading of 4 ± 0.5 mg cm-2. Coin cells 
were assembled with the free-standing cathodes described above 
and either a bare 30 µm thick nickel foil (in anode-free full cells) or a 
600 µm thick lithium foil (in half cell) as the counter electrode. Soft-
packaging pouch cells were fabricated with the blade-cast Li2S 
cathodes described above and nickel foil wrapped in Celgard 2500 
separator as the anode. The electrolyte used was the standard 1 M 
LiTFSI + 0.1 M LiNO3 in DOL/DME. In the pouch cells, the E/S ratio was 
maintained at 4.5 µL mg-1. The coin cells were cycled at C/20 rate for 
the first charge and C/5 rate for subsequent cycles. The pouch cells 
were cycled at C/20 rate for five cycles and C/10 rate for the rest of 
the cycles. A uniform uniaxial stack pressure of 50 psi (~ 345 kPa) was 
applied to the pouch cells. Cyclic voltammograms were collected 
between 2.8 and 1.8 V at multiple scan rates (0.05 - 0.2 mV s-1).

2.3 Lithium Surface Characterization

The surface of deposited lithium harvested from anode-free full 
cells after 20 cycles was characterized with XPS and ToF-SIMS. XPS 
was performed as described earlier. ToF-SIMS measurements were 
done in negative mode with a 500 eV Cs+ ion beam for sputtering the 
deposited lithium and generating the secondary ions and a 20 ns 
pulsed 30 keV Bi+ ion beam in high current mode for depth profiling. 
The sputtering area was 0.3 x 0.3 mm2, while the analysis was 
conducted over an area of 0.1 x 0.1 mm2. Morphological 
characterization was done with a field-emission SEM, employing a 
source with a beam voltage of 10 kV. 

2.4 Computational Methods

All the structural optimization calculations were performed using 
the projector augmented-wave (PAW) potential based on the density 
functional theory (DFT) in Vienna Ab initio Simulation Package 
(VASP).23–26 The Perdew–Burke–Ernzerhof (PBE) form for the 
generalized gradient approximation (GGA) was used for exchange-
correlation potential.27 The energy cutoff of the plane-wave basis is 
500 eV and the convergences of total energy and force in structural 
optimization are self-consistent and set to 1×10−6 eV and 0.02 eV Å−1 

per atom. The Brillouin zone was sampled using a Monkhorst–Pack 
k-point grid with a uniform spacing of 0.02 Å−1. The climbing image 
nudged-elastic-band (CI-NEB) calculations were performed in 
different supercell models for Li2S, Li2Se, Li2Te and Li2TeS3. After 
removing one Li+ ion, barrier energies were calculated based on 
single-ion migration. The results shown in the paper are without 
charge states. 

3 Results and Discussion
3.1 Molecular Engineering of Polysulfides by Substituting Se and Te

We investigated Se and Te substitution into polysulfides by 
simply adding 0.06 molar equivalents of elemental Se0 or Te0 to 0.1 
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M Li2S6 solution in tetrahydrofuran (THF) and stirring at room 
temperature for 1 hour. A clear change in color can be observed (Fig. 
1a). The yellow-orange polysulfide solution changes to bright red 
upon reacting with Se and dark brownish red upon reacting with Te. 

After filtering out the unreacted residue, the clear solution in the 
vials was analyzed with liquid chromatography - electrospray 
ionization - mass spectrometry (LC-EI-MS). A buffer solution of 
NH4CO2CH3 was used as the mobile phase, which protonates the 
soluble species formed in the reaction between polysulfides and 
Se/Te.28,29 Clear signals for SeS2

•-
 radical anion and TeS5

2- dianion can 
be detected as the dominant species in the [Li2S6 + Se] and [Li2S6 + 
Te] solutions, respectively (Fig. 1b). They can be positively identified 
because of the distinctive isotopic signatures of selenium and 
tellurium.30,31 Additionally, a range of monosubstituted polysulfides 
are detected: HSeS3

-, HTeS3
-, HSeS5

-, and TeS2
•- (Fig. S1). Thus, the 

reaction between polysulfides and Se/Te leads to the formation of 
polyselenosulfides (Li2SexSy) and polytellurosulfides (Li2TexSy), which 

are realized through a substitution of Se and Te atoms into the 
polysulfide chain. 

To investigate the chemistry of Se and Te substituted 
polysulfides, the clear solution in the vials was allowed to dry on an 
inert Si substrate and analyzed with X-ray photoelectron 
spectroscopy (XPS). Fig. 2a shows Se 3d and Te 3d spectra for 
polyselenosulfide and polytellurosulfide solutions, respectively. A 
single peak for selenium at ~ 55 eV (corresponding to Se0) indicates 
negligible change in oxidation state with the formation of Li2SexSy 
species.32 In contrast, a single peak for tellurium at ~ 574.6 eV 
(intermediate between Te0 at 573 eV and TeO2 at 576.3 eV) indicates 
partial oxidation from Te0 to Te+δ with the formation of Li2TexSy 
species.33 This is confirmed with liquid-state nuclear magnetic 
resonance (NMR) spectroscopy of a polytellurosulfide solution 
prepared in Acetone-D6 at -40ºC. Fig. 2b shows a clear 125Te peak at 
+1040 ppm, which is indicative of moderately oxidized Te bonded 
with electron-withdrawing sulfur atoms.34 Furthermore, 

Fig. 1. (a) Photograph of a 0.1 M Li2S6 solution in THF reacted with elemental Se0 and Te0 powder. THF was employed due to its high solubility of polysulfides. A clear change in color 
can be observed after 1 hour of stirring at room temperature. (b) Mass spectra obtained with LC-MS for [Li2S6 + Se] and [Li2S6 + Te] solutions indicate the formation of 
monosubstituted SeS2

•- radical anion and TeS5
2- dianion, which is confirmed by the distinct isotopic signatures of Se and Te. The insets show the relative intensities of the peaks 

predicted by theory. 

Fig. 2. (a) Se 3d spectra for [Li2S6 + Se] solution indicates negligible change in oxidation state of Se. In contrast, the Te 3d spectra for [Li2S6 + Te] solution indicates moderate 
oxidation to Te+δ by the surrounding sulfur atoms. Quantification with S 2p spectra reveals a Se : S ratio of 0.07 and a Te : S ratio of 0.025, indicating that 70% of Se and 25% of 
Te initially added is dissolved as Li2SexSy and Li2TexSy species, respectively. (b) 125Te NMR for polytellurosulfides dissolved in D-Acetone at - 40 ºC shows a single peak at ~ +1040 
ppm, which is typical for inorganic Te (IV) species. (c) Relative energies of six different configurations for the monosubstituted Li2TeS5 and Li2SeS5 molecules indicates the 
preference of tellurium for positions 2 and 5 in contrast to the “quasi-isotopic” substitution of selenium.
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quantification of Se 3d and Te 3d and the corresponding S 2p spectra 
(Fig. S2) reveals a large difference in the amounts of selenium and 
tellurium incorporated into dissolved polyselenosulfide and 
polytellurosulfide species; 70% and 25% of initially added selenium 
and tellurium are incorporated, respectively.  

To understand these differences, density functional theory was 
used for calculating the relative energies of substituting one Se or Te 
atom in Li2S6. Fig. 2c shows that it adopts a ring-like configuration, 
with three independent sites for Se or Te substitution (structures 1 
and 6, 2 and 5, 3 and 4 are symmetric). With Se, structures 2 and 3 
are energetically favorable with a difference of only 2 meV atom-1, 
indicating that all four bridging sulfur atoms in Li2S6 may be replaced 
with selenium. With Te, the difference between structures 2 and 3 
exceeds 120 meV atom-1, indicating that tellurium has a strong 
preference for replacing the penultimate sulfur atom. Replacing the 
terminal sulfur atom is more energetically unfavorable with Te than 
with Se.  

These results show that the substitution of selenium into 
polysulfides is “quasi-isotopic”,22 on account of the flat energy 
landscape for different Li2SeS5 configurations and negligible change 
in its oxidation state. In contrast, the substitution of tellurium into 
polysulfides is less facile, on account of only one Li2TeS5 configuration 
being energetically favorable and accompanying oxidation of Te 
atoms. The origin of these differences can be ascribed to the relative 
values of Pauling electronegativity and atomic size for Se (2.55, 115 
pm) and Te (2.1, 140 pm) when compared with S (2.58, 100 pm), 
which is supported by Bader charge analysis of Li2SeS5 and Li2TeS5 
(Fig. S3).35,36 The contrasting natures of non-polar Se-S and polar Te-
S bonds translates into the chemistry and properties of 
polyselenosulfide and polytellurosulfide molecules.  

3.2 Application of Se and Te Substituted Polysulfides in Lithium-
Sulfur Batteries

In order to understand their effect on the electrochemistry of 
lithium-sulfur batteries, polyselenosulfide or polytellurosulfide 
species were generated by simply adding 0.1 molar equivalents of 
elemental Se0 and Te0 to a Li2S cathode. 0.1 S0 is added to the control 
Li2S cathode to account for any additional capacity due to Se0 or Te0. 
Li2SexSy was formed during cathode preparation, which included a 
wet ball-milling step, by reaction between Li2S and 0.1 Se (Fig. S4). 
This is analogous to the formation of Li2Sn by reaction between Li2S 
and 0.1 S and underscores the “quasi-isotopic” nature of Se 
substitution. A similar reaction was not observed with tellurium, 
although Li2TexSy was formed in-situ during cell operation by reaction 
between polysulfides and 0.1 Te. 

Fig. 3a shows cyclic voltammograms (CVs) of half cells assembled 
with [Li2S + 0.1 S/Se/Te] cathodes. The presence of 
polyselenosulfides engenders a significant reduction in peak 
separation (ΔEp), indicating diminished overpotentials, and helps 
retain the canonical redox peaks of sulfur/Li2S with increased peak 
heights at high scan rates (≥ 1 mV s-1). The relationship between peak 
current (ip) and scan rate (ν) can be written as: ip = ανβ, where α and 
β are fitting parameters (Fig. S5).37 Plotting log (ip) versus log (ν) 
yields β = 0.64 for Se, compared to 0.52 for the control. An increase 
in β with the addition of Se indicates a shift away from slow diffusion-
controlled reactions and towards fast surface-controlled reactions. 
The improvement in the redox kinetics is more muted with the 
introduction of tellurium compared with selenium. 

Fig. 3b shows the capacities of Li || [Li2S + 0.1 S/Se/Te] half cells 
at 0.25 A g-1 of Li2S (~ C/5). It should be noted that while Se is 
electrochemically active between 2.8 and 1.8 V, Te is inactive in the 
same voltage window. The addition of 0.1 Se enables a significant 
enhancement in capacities of ~ 40% over the control. In contrast, the 
addition of 0.1 Te brings about no such improvement. The relative 
dominance of catalytic SeS2

•- radical intermediates in 
polyselenosulfide solutions, as shown in Fig. 1b, facilitates the 

Fig. 3. (a) Cyclic voltammograms for [Li2S + 0.1 S/Se/Te] cathodes at scan rates ranging from 200 to 2000 µv s-1 demonstrate the enhancement in charge-transfer and redox kinetics 
with the presence of polyselenosulfides. (b) Electrochemical performance of Li || [Li2S + 0.1 S/Se/Te] half cells, which is a function of cathode electrochemical utilization, show that 
the addition of 0.1 Se enables a ~ 40 % improvement in capacities over the control, while the addition of 0.1 Te has no such effect. 
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solution-mediated conversion reactions and drives complete 
electrochemical utilization.38–40 This is particularly critical for 
realizing high capacities under lean-electrolyte conditions in a 
practical Li-S cell.10,40,41 The presence of highly reactive SeS2

•- radicals 
that may react with various electrolyte components would also 
explain the faster capacity fade observed after ~ 70 cycles with 
polyselenosulfides. Conductivity of the sulfur/Li2S final products is 
also improved with the incorporation of Se atoms. Charge/discharge 
profiles of Li || Li2S half cells in Fig. S6 show that a significant 
reduction in overpotentials is achieved with selenium compared with 
sulfur or tellurium. Improvements comparable to those with Se are 
not realized with a physical mixture of Li2S and Te as the hindrances 
to polytellurosulfide formation render a considerable fraction of the 
added Te inactive in the sulfur/Li2S conversion reactions. Therefore, 
a significant improvement in charge-transfer and redox kinetics is 
realized with the introduction of selenium but not with tellurium. 

3.3 Impact of Se and Te Substituted Polysulfides on Lithium 
Deposition

 The migration of dissolved polysulfides from cathode to anode 
and their reduction to form Li2S and Li2S2 as SEI components is the 
main factor that renders the dynamics of lithium deposition in Li-S 
batteries fundamentally unique compared to other systems.42 It 
stands to reason that Se and Te substituted polysulfides would have 
a significant impact on lithium interfacial chemistry, and 
consequently on the dynamics of lithium deposition. 

This impact was investigated with anode-free full cells, which 
contain no excess lithium (N/P ratio = 1),43,44 and thereby maximize 
energy density.45–47 Hence, their electrochemical performance 
depends entirely on the efficiencies of lithium plating and stripping. 

Fig. 4a shows capacities for anode-free Ni || [Li2S + 0.1 S/Se/Te] full 
cells at ~ 1 mA cm-2 (C/5). Both the control cell and the cell with 
selenium show rapid capacity fade and lose 50% of their peak 
capacity within ~ 35 cycles. In sharp contrast, the introduction of 
tellurium enables remarkable cycling stability in the anode-free 
configuration and maintains 52% of peak capacity at 265 cycles, 
when the cell testing was terminated. An average of ~ 1.8 mAh cm-2 
was cycled over this period. The lithium inventory loss rate per cycle 
is reduced from 2.14% with Se to only 0.24% with Te.48 The 
Coulombic efficiencies of the anode-free full cells also reflect this 
improvement in lithium plating and stripping reversibility (Fig. S7). 
Thus, the in-situ formation of polytellurosulfides has a dramatic 
effect on lithium cycling efficiencies, despite the kinetic hindrances 
to tellurium substitution in polysulfides compared with selenium. In 
contrast, the formation of polyselenosulfides has no effect on the 
reversibility of lithium deposition. 

These improvements were investigated with symmetric Li || Li 
cells containing Li2SexSy and Li2TexSy species introduced ex-situ as 
electrolyte additives. Electrochemical impedance spectroscopy (EIS) 
shows that the lowest charge-transfer resistance (Rct) is achieved 
with polytellurosulfides (Fig. S7). In contrast to polyselenosulfides, 
which show high and unstable overpotentials (~ 100 mV), 
polytellurosulfides enable low and stable overpotentials (~ 10 mV), 
indicating a thin SEI layer with excellent ionic transport properties 
(Fig. S8). Scanning electron microscopy (SEM) images (Fig. S9) show 
that while lithium cycled with Li2SexSy is mossy and filamentous, 
lithium cycled with Li2TexSy is smooth, planar, and homogenous. The 
contrasting deposition morphologies help explain the differences in 
the capacity retention observed in Fig. 4a. The high-surface area non-
uniform deposition of lithium with polyselenosulfides leads to the 

Fig. 4. Electrochemical performances – (a) capacity retention and (b) Coulombic efficiencies of anode-free Ni || [Li2S + 0.1 S/Se/Te] full cells; the data show that in contrast to 
polysulfides and polyselenosulfides additives, which fail within 40 cycles, polytellurosulfides allow the anode-free full cell to cycle stably for over 250 cycles. (c) Electrochemical 
performances of large-area (39 cm2) anode-free Ni || Li2S single-layer pouch full cells with 10 wt. % tellurium (Te : Li2S molar ratio = 0.04) or 10 wt. % carbon black as cathode 
additives. The N/P ratio is equal to 1, the E/Li2S ratio is 4.5 µl mg-1, the Li2S loading is 4.2 mg cm-2, and the C-rate is C/10. 
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formation of “dead” metallic lithium.49 In contrast, the dense and 
uniform lithium deposits formed with polytellurosulfides preclude 
such irreversible loss of lithium inventory.

These results beg the question if a synergetic effect can be 
achieved with the introduction of both Se and Te. Fig. S10 shows the 
electrochemical performance of an anode-free Ni || Li2S full cell with 
0.05 Se + 0.05 Te additive. It shows that a synergetic effect is indeed 
realized - higher initial capacities than that with pure 0.1 Te due to 
the presence of polyselenosulfides and higher cycling stability than 
that with pure 0.1 Se due to the presence of polytellurosulfides. We 
believe that the presence of SeS2

•- radicals leads to faster capacity 
fade with 0.05 Se + 0.05 Te than with 0.1 Te, suggesting that an 
electrolyte system that stabilizes the radical anion might allow the 
higher capacities with selenium to be retained over a much longer 
number of cycles.  

These improvements were further validated with practical, large-
area (4.8 x 8.1 cm2), single layer pouch cells assembled in the anode-
free configuration (N/P = 1) with a 160 mg Li2S cathode (4.3 mg cm-

2) containing 10 wt. % Te0 (Te : Li2S molar ratio = 0.04) and operating 
under lean-electrolyte conditions (E/Li2S = 4.5 µl mg-1).2 In the 
control, tellurium was replaced by carbon black. As shown in Fig. 4b, 
the control cell delivered a high initial capacity of 77 mAh but 
subsequently showed rapid capacity fade and failed (80% retention) 
within 13 cycles. In contrast, the cell with Te additive exceeded 80% 
of its peak capacity for nearly 150 cycles and continued cycling 
without a rapid drop-off in capacity, precluding electrolyte dry-out, 
50,51 for over 300 cycles (Fig. S11). The initial rise in capacity can be 
explained as the “activation period” engendered by the slow 
dissolution of tellurium into polysulfides. The ten-fold improvement 
in cycle life with the introduction of tellurium can be attributed to 
the stabilizing effect of polytellurosulfides on lithium deposition. The 
low surface area of plated lithium mitigates parasitic side reactions 
with the electrolyte, which allows the limited electrolyte supply to be 

retained over extended cycling. This result validates our strategy 
under practically relevant cell design and testing parameters. To the 
best of our knowledge, this is the only reported anode-free pouch 
cell employing Li2S cathodes and one of the few reported anode-free 
pouch cells to date.52,53 Importantly, this result is achieved with 
commercial micron-sized Li2S and Te powder without any 
optimizations. The anode-free full cell configuration brings about 
significant practical advantages. It obviates the need to handle or 
process thin lithium foils, which has proven quite challenging and 
expensive. Self-discharge, which plagues conventional Li-S cells 
assembled in the charged state, is eliminated in anode-free full cells 
that are assembled in the discharged state similar to lithium-ion cells. 
Achieving long cycle life in the energy-dense, anode-free 
configuration moves the Li-S system significantly closer to 
commercial viability.  

3.4 Impact of Se and Te Substituted Polysulfides on Lithium 
Interfacial Chemistry

Why is dense, uniform, and reversible lithium deposition without 
high-surface area mossy growths achieved in the presence of 
polytellurosulfides, but not in the presence of polyselenosulfides? 
Much like Li2Sn, Li2SexSy and Li2TexSy species are expected to reduce 
on the lithium surface and modify the composition of the SEI layer. 

In order to understand their effects, the deposited lithium in 
anode-free full cells after 20 cycles was analyzed with XPS. Fig. 5a 
shows S 2p + Se 3p and Li 1s + Se 3d spectra for the cell with 0.1 Se 
additive. The S 2p spectra is dominated by oxidized sulfur species 
(SO4

2-) from LiTFSI decomposition. Analogously, this is also true for 
the control cell with 0.1 S additive (Fig. S12). The Se 3p and Se 3d 
spectra are dominated by peaks at 165 eV and 58.7 eV, respectively. 
This corresponds to oxidized Se+4 in selenites (SeO3

2-). Reduced sulfur 
species (Li2S) are present only as minor components. The presence 
of oxidized selenium species is due to LiNO3, which is a strong 

Fig. 5 (a) S 2p + Se 3p and Li 1s + Se 3d spectra for the lithium surface in an anode-free full cell cycled with polyselenosulfides. The S 2p spectra is dominated by oxidized sulfur species 
from electrolyte decomposition, and a peak for oxidized selenium species (Se+4 in SeO3

2-) is identified in the Se 3d and Se 3p spectra. (b) S 2p and Te 3d spectra for the lithium surface 
in an anode-free full cell cycled with polytellurosulfides. Both the Te 3d and S 2p spectra are dominated by thiotellurate (TeS3

2-) species. (c) 3D reconstructions of ToF-SIMS depth 
profiles for Li2- (metallic lithium) and SO2

- (oxidized sulfur species) secondary ions reveal the differences in the thicknesses of the electrolyte decomposition layer with 
polyselenosulfides and polytellurosulfides. 
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oxidizing agent and oxidizes selenides (Se2-) into selenites (SeO3
2-).54 

Thus, the introduction of polyselenosulfides does not fundamentally 
alter the chemistry of the lithium-electrolyte interface, which 
remains dominated by oxidized sulfur/selenium species. 

Fig. 5b shows the S 2p and Te 3d spectra for the cell with 0.1 Te 
additive. The S 2p spectra is dominated by reduced sulfur species (S-

2 at 160.6 eV). Likewise, the Te 3d spectra is dominated by sulfurized 
tellurium species (Te+4 at 574.6 eV). Quantification of the spectra 
reveals the formation of thiotellurate (TeS3

2-) species.21 Thus, 
polytellurosulfides are reduced on the lithium surface to form Li2TeS3 
as the dominant interfacial component. In contrast to the previous 
cases, oxidized sulfur species are now present only as minor 
components. Furthermore, oxidized tellurium species (TeO3

2-) make 
up only a minor fraction of tellurium atoms on the lithium surface. 
Thus, the introduction of tellurium alters the chemistry of the 
lithium-electrolyte interface towards reduced sulfur species (as 
Li2TeS3) and away from oxidized sulfur species.  

The observations made with XPS are validated with time-of-flight 
secondary ion mass spectrometry (ToF-SIMS). Fig. 5c shows the 
three-dimensional reconstructions of depth profiles for Li2- (metallic 
lithium) and SO3

- (oxidized sulfur species). A thick layer of electrolyte 
decomposition products is observed on the deposited lithium with 
polyselenosulfides but not with polytellurosulfides. Depth profiles in 
Fig. S13 reveal that with selenium, the signal for SeO- is much 
stronger compared to SeS-. This trend is reversed with tellurium, 
where the signal for TeS- is much stronger compared to TeO-. Thus, 
on the lithium surface, the majority of selenium atoms are bonded 
with oxygen, while the majority of tellurium atoms are bonded with 
sulfur. These differences in susceptibility to oxidation by LiNO3 can 
be explained by Pearson’s HSAB theory.55 Tellurium forms soft Lewis 
acid cations (Te+4) that prefer soft Lewis bases such as S-2 sulfides, 
while selenium forms hard Lewis acid cations (Se+4) that prefer hard 
Lewis bases such as O-2 oxides.56,57 

The differences in lithium interfacial chemistry help explain the 
divergent lithium stabilization capabilities of polyselenosulfides and 
polytellurosulfides. With interfacial species, a sulfide anionic 
framework (such as Li2TeS3) is preferable compared to an oxide 
anionic framework (such as Li2SO3 or Li2SeO3).58 This is due to the 
greater size and polarizability of S-2 compared to O-2, which reduces 
Li+ ion diffusion barriers and improves ionic transport properties. The 
varying propensities of selenium and tellurium to form a stable 
sulfide-rich SEI layer in the presence of LiNO3 additive underlie the 
observed differences in characteristics of lithium deposition. 

3.5 Lithium-ion Transport Properties of Selenides, Tellurides, and 
Thiotellurates 

The previous discussion pertained to interfacial components that 
are present on the surface of the deposited lithium, such as Li2TeS3 
and Li2SeO3. However, normalized depth profiles for LiTe- and LiSe- 
secondary ions in Fig. S14 show that species, such as Li2Te and Li2Se, 
are present throughout the bulk of the porous deposited lithium. In 
order to understand the impact of these fully reduced species on 
lithium deposition, their ionic transport properties were evaluated 
with first-principles calculations. 

Li2S, Li2Se, and Li2Te crystallize in a cubic antifluorite structure 
(Fm3m space group), with and face-centered cubic anionic 
framework and Li+ ions in tetrahedral sites. Li+ can diffuse along the 
[100], [110], and [111] directions, as shown in Fig. 6a. The diffusion 
barriers along each of these pathways was calculated based on the 
climbing image nudge-elastic-band (CI-NEB) method. The lowest-
energy pathway was found to be [100], with calculated barrier 
energies of ~ 0.3 eV in each case. Along [110] and [111], however, 
there are significant differences in barrier energies. The transition 
from Li2S to Li2Se to Li2Te lowers the barrier energy from 0.875 eV to 
0.748 eV to 0.539 eV, respectively. This can be explained by the larger 
size and lower charge density of Te-2, which form a softer and more 
polarizable anionic framework compared to S-2 and Se-2. The larger 
size of Te-2 also lends itself to a more open channel along [110] and 

Fig. 6 (a) Crystal structure of Li2X (X= S, Se, and Te) and the three Li+ ion diffusion pathways marked as purple [100], red [110], and green [111] lines. Migration energy barriers along 
[110] and [111] show a steady reduction from Li2S to Li2Se and to Li2Te. (b) Li+-ion transport pathway (2-6-3 indicated by red arrows) in Li2TeS3 along x-axis and the corresponding 
energy barrier based on single-ion migration.  
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[111], which opens additional viable diffusion pathways for Li+ as 
shown by a recent work using molecular dynamics simulations.59 
With Li2Te, these alternate pathways facilitate “three-dimensional” 
ion transport, which enables more uniform, homogenous, and dense 
lithium deposition. 

Li2TeS3 crystallizes in a monoclinic structure (P21/c space group), 
with trigonal pyramidal TeS3

2- anions arranged in layers and Li+ ions 
coordinated to sulfur atoms and occupying alternating tetrahedral 
and octahedral sites. Eight distinct “steps” between five adjacent and 
non-equivalent lithium sites in a Li2TeS3 unit cell can be identified 
(Fig. S15a), which form part of a complete migration pathway. The 
single-ion NEB model was applied to approximating the associated 
barrier energies and identify the most favorable pathway. It 
corresponds to migration from one tetrahedral site to another 
tetrahedral site via an intermediate octahedral site along the x-axis, 
labeled as 2-6-3 (Fig. S15b). The migration barriers are 0.378 and 
0.250 eV. As shown in Fig. S12b, the barrier energies for other 
migration pathways lie between 0.4 and 0.6 eV. Hence, there are 
multiple viable Li+ ion diffusion pathways in Li2TeS3, which enables 
“three-dimensional” ionic transport and helps realize stable and 
reversible lithium deposition. These factors combine to enable a 
significant improvement in lithium cycling efficiencies with interfacial 
components formed by the introduction of molecularly engineered 
polytellurosulfides. 

4 Conclusions
Unlocking the promise of lithium-sulfur batteries requires solving 

two main challenges: increasing energy density with enhanced 
cathode utilization and improving cycle life by stabilizing the lithium-
metal anode. We have shown that both of these challenges can be 
successfully addressed by the unconventional strategy of 
engineering polysulfides at the molecular level with selenium and 
tellurium substitution and exploiting the intrinsic shuttle effect. 
While a number of work have explored chalcogen-based cathode 
materials, this work presents a unified picture of introducing 
selenium and tellurium into Li-S batteries and systematically 
delineates the differences in their electrochemistry. The practical 
relevance and effectiveness of this approach is reflected in a 10-fold 
improvement in cycle life realized in an energy-dense anode-free 
pouch full cell.

  A comparison of the chemical properties of selenium and 
tellurium and its impact on the electrochemistry of Li-S batteries is 
profoundly revealing. The quasi-isotopic substitution of selenium 
and consequent enhancement in charge-transfer and redox kinetics 
at the cathode suggests that promoting the solid-liquid-solid 
conversion pathway by stabilizing catalytic intermediates, such as 
radical anions, with a suitable electrolyte is a viable strategy towards 
increasing electrochemical utilization. The shuttle of tellurium-
substituted polysulfides to the lithium surface and consequent 
stabilization of lithium deposition suggests that the in-situ formation 
of a stable ionically conductive sulfide-rich SEI layer is a viable 
strategy towards improving lithium cycling efficiency. These 
generalized strategies can potentially be realized by taking 

advantage of the rich chemistry of ether-soluble catenated sulfur 
compounds.

These molecularly engineered polysulfides may help solve some 
of the challenges with alternate metal-sulfur chemistries, such as Na-
S and Mg-S batteries, as well as lithium-selenium batteries. The 
insights generated into the ionic transport properties of different 
chalcogenides can be useful to the development of superionic 
sulfide-based solid electrolytes for solid-state batteries. 
Furthermore, an in-depth understanding of the chemistry of Se and 
Te substituted polysulfides can find relevance to the development of 
a wide range of energy materials, including organosulfur compounds, 
metal complexes with polysulfido ligands, chalcogenide 
photovoltaics, sulfurized polymers, and layered transition-metal 
dichalcogenides.
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