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Abstract

Organosulfur compounds are cheap and abundant cathode materials that can offer high
specific energies. Herein, we explore for the first time, the common vulcanization accelerators
viz. thiuram polysulfides embedded in carbon nanotubes as binder-free cathodes in lithium
batteries that show 3 highly reversible redox reactions (3 discharge plateaus) and high material
utilization (up to 97%). We use electrochemical characterization techniques, first-principles
calculations, XPS, XRD, FTIR, and SEM to gain insight into the chemical transformations
occurring during battery cycling. We identify that the mesomeric form of lithium
pentamethylene dithiocarbamate with a positive nitrogen center, formed in the discharge, can act
as polysulfide and sulfide anchors through strong Coulombic interactions thus enabling a
capacity retention of 87% after 100 cycles at C/5 rate. High loading cathode with an areal
capacity of 5.3 mAh cm™ tested under a low electrolyte to active material ratio of 3 uL mg’!
yields an active material specific energy of 1,156 Wh kg™ thus demonstrating the potential of

this class of compounds in high specific energy lithium batteries.
Introduction

Lithium-ion batteries have been instrumental in bringing about the age of portable
personal electronics and electric cars over the past two decades.! 2 This growth has increased the
demand for high energy density batteries to power them. High energy density battery chemistries
such as Li-S and Li-O, seem promising in meeting this demand.> Li-S chemistry is facing some
key technical challenges preventing it from widespread use. The predominating one being the
polysulfide shuttle effect due to the soluble lithium polysulfides (Li2Ses-g) when utilizing ethereal
electrolytes leading to low Coulombic efficiency and loss of active material. Improvements in

material design over the years such as utilizing tailored carbonaceous® ’ and non-carbonaceous®



materials have helped alleviate this issue to an extent. Despite this, sulfur electrodes with high
sulfur loading suffer from low material utilization.!*!? Furthermore, a high electrolyte-sulfur
ratio (>10 uL mg™!) enables good performance but lowers the energy density thus negating the
promise of Li-S chemistry.!> !* Conversely, low electrolyte-sulfur ratio (<5 pL mg™) increases
energy density while lowering cycling performance.!> '® However, the ability to tune the
electrochemistry through the use of organosulfur compounds as active materials can circumvent

some of these issues. Recent works clearly highlight this potential of organosulfur compounds.!”
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Organosulfur compounds, thus, can offer high specific energy as high as 1,700 Wh kg!
making them alternate candidates for high specific energy lithium batteries.!” 1 2° Pioneering
work on this class of compounds was done by Visco and others.!*?* In their early works, they
identified the potential of using thiuram disulfides as active materials in lithium batteries.
However, the practical potential of these thiuram disulfides is limited owing to their low specific
capacities. Despite the promising performance, higher order thiuram polysulfides have not been

explored to the best of our knowledge.

Thiuram polysulfides such as dipentamethylene thiuram tetrasulfide (PMTT) and
dipentamethylenethiuram hexasulfide (PMTH) are commercially available and are commonly
used as vulcanization accelerators in the rubber industry.?* This makes them easily available and
cost-effective materials for battery application. Herein, we explore the utilization of PMTT or
PMTH as a composite in carbon nanotubes (CNT) as a cathode material. Appealing
electrochemical performance supported by theoretical calculations, in-depth spectroscopic and
microscopic analysis of the discharge-charge process is presented. The usability of these

materials with practical level of loading is also explored.



Experimental
Materials:

Dipentamethylenethiuram tetrasulfide (PMTT, Ci12H20N2S¢, MP Biomedicals),
dipentamethylenethiuram hexasulfide (PMTH, C12H20N2Ss, 95%, Pfaltz & Bauer), carbon
nanotubes (CNT, 95%, OD: 10-20 nm, L: 30-100 um, Nanostructure and Amorphous Materials,
Inc.), ethanol (C2HsOH, Fisher Chemical), lithium bis(trifluoromethanesulfonimide) (LiTFSI,
LiN(CF3S02)2, 99%, Acros Organics), lithium nitrate (LiNO3, 99.999%, Acros Organics), 1,2-
dimethoxyethane (DME, 99.5%, Sigma Aldrich), 1,3-dioxolane (DOL, 99.8%, Sigma Aldrich),
dimethyl sulfoxide-de (99.9 atom % D, Sigma Aldrich), carbon disulfide (CS», anhydrous, >99%,
Sigma Aldrich), and potassium bromide (KBr, FTIR Grade, Alfa Aesar) were purchased and used

as received.
PMTT/PMTH cathode fabrication:

PMTT or PMTH and CNT were taken in 2:1 wt. ratio (typically 250 mg of PMTT/PMTH
with 125 mg CNT) and stirred in 300 mL of ethanol for 15 minutes to disperse them. This
mixture was later ultrasonicated using a vibracell VC505 sonicator for 15 minutes to entrap the
polysulfide particles in interwoven CNT. Following this, the mixture was vacuum filtered on a 7-
cm membrane. The resulting composite paper was easily peeled off the membrane and dried
under vacuum at 50°C overnight to yield the cathode paper. The PMTT/PMTH as obtained from
the manufacturer has < 5% as oil content. This oil was dissolved in ethanol during dispersion
which was verified by the absence of ~ 3% residue in TGA. This results in cleaner PMTT/PMTH

deposited on the cathode.



Lithium polysulfide cathode fabrication:

Lithium polysulfide solution in ethanol was prepared by adding stoichiometric amounts
of sulfur powder and Li>S and stirring overnight to give a 0.5 M Li»S6 (3 M sulfur) solution.
Then, 20 pL Li>Se solution was added into a CNT paper current collector (0.97 cm? in area, 4-4.2
mg in mass, prepared as reported previously'”) and dried in the glove box. Afterwards, another
16 pL of Li2S¢ was added, and the Li2Se/CNT was dried again. The corresponding sulfur mass in

the electrode is 3.46 mg (3.57 mg cm™) which equates to an areal capacity of ~6 mAh cm™.
Cell fabrication and electrochemical evaluation:

7/16 inch discs were punched from the PMTT-CNT and PMTH-CNT composite paper to
be used as cathodes. The active material loading was determined by weighing the cathodes and
noting the active material fraction from thermogravimetric analysis (TGA). PMTT cathodes had
an active material loading of 6-8 mg cm™ and that of PMTH was 5-7 mg cm2. The electrolyte
was composed of 1.0 M LiTFSI and 0.2 M LiNOs3 in mixture solvent of DME and DOL (1:1
v/v). CR2032 type coin cells were fabricated inside the glove box. For the normal cells,
electrolyte was added to the cathode disc. Celgard 2400 separator was placed on the cathode.
Following which, 20 pL electrolyte was added on top of the separator. Finally, lithium metal
anode was placed on the separator. The cell was crimped and taken out of the glove box for
testing. The amount of electrolyte on the cathode side was adjusted to have a nominal electrolyte
to active material ratio of 6 pL mg™'. High loading cells utilized two cathode discs and 10 pL
electrolyte on the anode side while adjusting the electrolyte on the cathode side to maintain a low
electrolyte to active material ratio of 3 uL mg™!. Cells with Li»S¢/CNT cathodes were made using
the same procedure while adding electrolyte to achieve electrolyte to sulfur ratio of 5 pL mg™!

and 10 uL mg™".



Cyclic voltammetry (CV) was performed on a BioLogic VSP potentiostat. The potential
was swept from open circuit voltage (OCV) to 1.8 V and then swept back to 3.0 V at a scanning
rate of 0.05 mV s!. Cells were galvanostatically cycled between 1.8 and 3.0 V on an Arbin
BT2000 battery cycler at different C rates (1C =417 mA g! for PMTT and 598 mA g! for

PMTH based on the mass of active material in the cells).
Computations:

Geometry optimization and total energy calculations based on the density functional
theory (DFT) were performed using SPARTAN software package (Wave function, Irvine, CA).
The M06-2X exchange-correlation functional and the 6-31G* basis set were used.?® To simulate
the effect of the solvent, a polarizable continuum model (PCM) was used, and the dielectric
constant was set to that of DME that was used as electrolyte in this study (the dielectric constant

of DOL is similar to that of DME)
Materials characterization:

The PMTT or PMTH content in the composite paper was determined by TGA performed
on a TA instruments SDT Q600 analyzer under argon flow at 50 mL min™' while heating from

25°C to 500°C at 10°C min™!. Samples of CNT were run as a baseline.

Cells used for materials characterization was cycled using a 0.5 M LiNO3z in DME/DOL
(1:1 v/v) electrolyte (to avoid presence of sulfur from it) at C/20 till the appropriate cut-off
voltage. The cell was then opened, the cathode was extracted, washed using DME and dried in
glovebox atmosphere before mounting on instrument sample holders. The samples were

transferred to the instrument in an argon-filled airtight container.

X-ray photoelectron spectroscopy (XPS) experiments were performed using PHI Versa

Probe II instrument equipped with focused monochromatic Al Ka source. The X-ray power of 50



W at 15 kV was used for 200 pm beam size. The PHI dual charge compensation system was used
on all samples. XPS spectra with the energy step of 0.1 eV were recorded using software
SmartSoft—XPS v2.0 and processed using Casa 2.317 software. The spectrum was calibrated
using HOPG strips attached alongside the samples as standard and setting its C 1s binding
energy (BE) to 284.4 eV and verified using adventitious (aliphatic) carbon BE.?® The XPS
spectra were fitted using a combination of Gaussians and Lorentzians with 0-50% of Lorentzian
contents. Shirley background was used for curve-fitting. The S 2p3» and S 2p1,2 doublets were

constrained using peak areas of 2:1 with a splitting of 1.18 eV.

X-ray diffraction (XRD) data were collected on a Bruker D8 Discover XRD Instrument
equipped with Cu Ka radiation. The samples were protected in the sample holder with Kapton

film. The scanning rate was 2° min !, for 20 between 20° and 60°.

Fourier transform infrared (FTIR) absorption spectra were recorded on a Thermo
Scientific-Nicolet iS10 FTIR spectrometer. 32 scans between 400 cm ™' to 4000 cm ™! were
recorded per sample. Samples were prepared by grinding the cathodes with KBr within the

glovebox and pelletizing it using an FTIR die set.

"H-Nuclear magnetic resonance (NMR) was carried out on a Bruker Avance III 400 MHz
NMR spectrometer. The cathode was soaked in 1 mL of DMSO-Dg:CS2 (1:1 v/v) solution
overnight to extract the active material. 700 uL of the supernatant liquid was subject to NMR
analysis and the chemical shifts (8) are referenced downfield from tetramethylsilane ((CH3)4S1)

using the residual solvent peak as an internal standard.

Scanning electron microscopy (SEM) of the electrodes was performed using a JEOL

JSM-7800F microscope. The elemental mapping was performed with energy-dispersive X-ray



spectroscopy (EDX) attached to the SEM at 10 kV to confirm the presence of sulfur in particles

of electrodes.

Results and Discussion

PMTT is first in our study followed by PMTH as both show similar electrochemical
behavior. Commercial PMTT appears as a buff-colored powder which is stable in air, as shown
in Figure 1a along with its chemical structure. PMTT has a theoretical specific capacity of 418
mAh g! considering a 6e” reduction reaction. The 4 single-bonded sulfur atoms are the active
sites. The middle 2 sulfur atoms could take 2e” each to form 2 lithium sulfides (Li2S), while the
other 2 sulfur atoms could take 1e” each to yield 2 lithium pentamethylene dithiocarbamates
(LiPMDTC, CsH1oNCSSLi).2! The PMTT-CNT composite cathode prepared by the dispersion-
then-filtration method is free-standing and free of binders and could be used as cathode without
additional current collectors. This provides a simple, efficient and scalable process for cathode
preparation. Thermogravimetric analysis (TGA) as seen in Figure S1 (ESI) shows that PMTT
constitutes 67% of the cathode weight demonstrating that all the PMTT is extracted during the

filtration process.

The electrochemical behavior of the PMTT cathode was first evaluated in lithium half
cells. Cyclic voltammetry (CV) performed at 0.05 mV s™! shows the redox characteristics of
PMTT (Figure 1b). In the cathodic scan from open circuit voltage (OCV) to 1.8 V, we encounter
the first reduction peak at 2.57 V (marked as I) which could be due to the formation of
LiPMDTCs.?? Further reduction of the intermediates occurs at 2.34 V (II) and 2.05 V (III)
leading to complete conversion by 1.8 V. This process is reversed in the anodic scan with IV and
V following conversions at IIT and II respectively followed by the addition of the

dithiocarbamate group at 2.67 V (VI) to yield PMTT. The continuous overlap of these peaks



over 10 cycles confirms the good electrochemical reversibility of the redox processes. The CV of
PMTT highlights a departure from the typical profile for Li-S batteries (Figure S2, ESI) due to
the addition of the high voltage processes of I and VI.” This leads to a higher average cell voltage
thus potentially increasing the cell specific energy and energy density when using thiuram

polysulfides as cathode materials in lithium batteries.

On examining the voltage profile for a cell galvanostatically cycled at C/5 shown in
Figure 1c we can see that from an OCV of 2.96 V the first plateau occurs at 2.53 V followed by
further reduction plateaus at 2.33 V and 2.1 V. The following charge has a sloping plateau (IV)
followed by two more oxidation steps. It is very evident that processes (I-VI) during cycling
occur with little overpotential from those of the CV. The corresponding cycling performance of
this cell shown in Figure 1d shows a high first discharge specific capacity of 406 mAh g"! which
corresponds to 97% of the theoretical capacity i.e. an almost complete 6¢” transfer to PMTT
while maintaining a Coulombic efficiency (CE) of 99.93%. These results demonstrate excellent
material utilization and reversibility of this material despite the high active material loading of
6.7 mg cm™ while operating at moderate electrolyte to PMTT ratio of ~6 uL mg'!. Over 100
cycles, the capacity fades to 353.4 mAh g! thus retaining 87% of its initial capacity. The CE
consistently remains over 99.5% throughout the 100 cycles indicating minimal active material

loss.

In order to better understand the chemical transformations taking place during the battery
operation, first-principles DFT calculations were performed. The reactions from these
calculations are outlined in Scheme 1. From the voltage profile in Figure 1c, it can be seen that
the stages I and II each correspond to ~70 mAh g! capacity, indicating they are both one electron

process (the one electron capacity is 69.67 mAh g!), while plateau III is a 4-electron process



with ~265 mAh g !capacity. For plateau I, we started by calculating the equilibrium geometry of
PMTT 1, shown in Figure 2a. The LUMO for this geometry is indicated in Figure 2b. LUMO
levels are mostly localized along the S-S chain, which means that the electrochemical reaction
will be initiated along the chain. Interestingly, after adding one electron, the S-S bond marked in
Scheme 1 becomes unstable (Figure S3, ESI), indicating the one electron process is dissociative.
This could lead to the formation of the CsH1oNCSS- radical or the radical 3, However, radical 3
is around 0.5 eV lower in energy, and thus is preferred. In other words, after the first electron
process, the PMTT molecule breaks up taking a Li-ion, forming the LiPMDTC 2 and 3. Tracing
the LUMO energy change provides the difference in reduction potential between the different
organic compounds.?”?® As can be seen in Figure 2¢, the LUMO energy difference of 0.54 eV
between 1 and 3 corresponds to the voltage drop to 2.55 V from the OCV for the first plateau.
Next, 3 will continue to react with Li*. However, no dissociative behavior is observed,
suggesting that this molecule can take one Li* without breaking up thus yielding 4. The LUMO
energy change of 0.25 eV from 3 to 4 roughly corresponds to the voltage gap between plateaus I
and II. Moving from plateau II to III of the voltage profile, additional Li* will again cause the
structure to be unstable (Figure S4, ESI), indicating another dissociative reaction along the bond
marked in 4. This yields the LIPMDTC 2 and the lithium persulfide radical S. This radical upon
further lithiation in the presence of excess Li* results in the formation of two Li»S 6. It is also
possible that two lithium persulfide radicals disproportionate to yield lithium tetrasulfide (Li2Sa4)
which eventually gets lithiated to yield the Li»S. The 0.39 eV increase between 4 and 2 aligns
with plateau III occurring at 2.1 V. Additionally, it is interesting to note that 2 can alternatively
exist in its mesomeric form 7 (Li,PMDTC™) with a positive nitrogen center in the presence of

excess Li* owing to the N-electron flow from nitrogen to sulfur through planar delocalized -
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orbitals which will be discussed later.?® As for PMTH, the pathway remains relatively unaltered (
see Figure S5, ESI) with the exception of higher order polysulfides formed in the penultimate

step before the reduction to LiS.

In order to validate the proposed reaction mechanism, XPS was performed on the
electrodes extracted from cells at different stages of cycling as in the S 2p spectrum shown in
Figure 3a. The PMTT-CNT electrode at OCV exhibits 3 pairs of doublets. The 2p3» peak
centered at 162.2 eV corresponds to sulfur in the C=S and the peaks at 164.2 eV and 164.3 eV
correspond to sulfur in C-S and the bridging sulfur respectively.*® Upon discharging to ~2.1 V,
we observe the formation of the LIPMDTC 2 (2p32 at 162.2 eV, marked blue) along with its
mesomeric form 7 (2p32 at 161.6 eV, marked red) as described to exist in literature.>* 3! We also
observe the 2ps/; of the terminal (green) and bridging (orange) sulfur of Li>S4 at 162.2 eV and

163.6 eV respectively.’? 33

This confirms the reaction pathway of 4 yielding 2 and S. Upon fully discharging, both
the mesomeric forms 2 with 2p3; at 163.0 eV and 7 at 161.4 eV are evident along with Li»S
(2p3n at 161.0 eV, green) confirm the fully discharged products of PMTT. The binding energies
for Li»S4 and Li»S agree well with those in literature albeit being slightly higher (reason
described in a later section).!” 323 Upon charging to 2.4 V, a state similar to that during half
discharge is observed, showing the presence of LIPMDTC and Li>Ss which converts to PMTT
upon fully charging. Small unresolved components observed beyond 166 eV correspond to
sulfate/thiosulfate species formed on oxidation of Li»S/Li»S4 while loading XPS samples on the

instrument.>

Chemical transformations were tracked using XRD as shown in Figure 3b. On
comparing the XRD diffractogram of the PMTT-CNT composite with that of commercial PMTT

11



powder, we can see all the peaks of PMTT appear along with the (002) carbon peak from CNT
thus indicating that no chemical transformation occurs during the cathode preparation process.
Upon discharge, new peaks between 26 of 21°-31° and 39°-45° appear signaling the formation of
LiPMDTC. Distinct Li>S peaks are absent in the spectrum despite its presence in the XPS S 2p
spectrum suggesting that the Li>S might be formed in its amorphous phase. Upon charging, the
PMTT reappears but with broader peaks having lower intensities signifying a change in particle
size and crystallinity on cycling. Further investigation was carried out in the form of FTIR
spectroscopy. The defining bands in the spectrum (Figure 3c¢) occur in the 1500-1400 cm’!
region corresponding to N-C bond vibrations, from 1170-1115 cm™ for the C=S bond and from
1030-930 cm™ for C(=S)-S bond.?* 3% 37 On comparing the spectrum of the discharged state with
that of the cathode we observe diminished intensity in the N-C band and for those of the C=S
bond whereas, the C-S bond is still evident on discharge. This is caused by the prevalence of the
mesomeric structure 7 which results in the loss of the single-bond character of the N-C bond and
the double-bond character of the C=S bond while retaining the C-S bond.?*:3” Upon recharging,
the peak intensities are restored on the formation of PMTT. This reversibility is further validated
by the "H-NMR of the cathode (figure S6) after recharge which clearly shows that PMTT is

reformed at the end of charge.

FTIR, as well as XPS data, strongly suggests the presence of the mesomeric form of the
discharge compound LiPMDTGC, i.e. Li,PMDTC™. Additionally, the excellent cycling
performance prompted us to probe the possible interaction between Lio-PMDTC™ and the
polysulfide intermediates formed during battery operation. It is likely that, the presence of excess
Li* in the electrolyte can promote and stabilize the electron delocalization in Li,PMDTC*

without an electron transfer. This causes a dipole moment change in the molecule from 0.77
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Debye for LIPMDTC to 17.0 Debye for Li,PMDTC" leading to strong Coulombic interaction
between Li,PMDTC* and the polysulfide/sulfide species present in the electrolyte as highlighted
in Figure 4a which shows the interaction between Li,PMDTC* and Li»S; as a representative
molecule. First-principles calculations were performed to determine the net charge transfer from
the sulfide and polysulfide (Li»Sx, x = 1,2,4) formed out of the intermediate S to the positive
nitrogen (N*) center in LibPMDTC. Figure 4b shows that the terminal sulfur of the electrolyte
soluble Li»S4 has much higher electron transfer compared to the solid Li>S and Li»S» phases.
Correspondingly, the nitrogen also experiences a loss in its positive charge character showing
strong affinity for electrons from Li»S and Li»S4. These translate to heightened polysulfide

attraction and thus their retention in the cathode during cycling, leading to stable cycle life.

Re-examination of S 2p XPS data in the discharged state and the half-charged state which
is pertinent to inhibition of the polysulfide shuttle provides evidence to support this phenomenon.
In the discharged state, the S*" ion from Li>S and N* center interaction leads to loss of negative
charge on the sulfide causing shift in binding energy to 161.0 eV from its reported value of 160.1
eV.** Similarly, in the half-charged state, the binding energy of the terminal sulfide group of
Li»S4 has its value shifted to 162.0 eV from 161.5 eV. Further support is provided by the N 1s
XPS spectrum in Figure 4c. The peak for neutral nitrogen species of PMTT (Panel i) as well as
LiPMDTC 2 (Panel ii and iii) occurs at 399.5 eV while that of N* nitrogen species on discharge
occurs at 400.5 eV. This is a downshift of 1.5 eV from ~402.0 eV reported for quaternary
nitrogen owing to the charge transfer from the electron rich S* to the N* center as expected from
the calculation.? % A shift of 0.5 eV to 401.5 eV is also observed for the interaction of Li>S4 in
the half-charged state (Panel iii). It is interesting to note that only a part of the discharge product

exists as Liz)PMDTC* probably based on the concentration of Li*, S*" and salt anion in the
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electrolyte available for interaction at any given site. Steric hindrances might also limit the

interaction at certain sites.

On unraveling the chemical transformations in the cathode, we turn to their physical
manifestations of morphology and structural changes analyzed through SEM. SEM image of the
PMTT-CNT composite (Figure 5a) shows that commercial PMTT particles are several microns
in length enabling them to be successfully trapped in the web of the interwoven CNT network.
This enables the use of commercial powders without the need for processing making the cathode
preparation simple, efficient and easily scalable. The entrapment of the PMTT also facilitates
excellent electron transfer into the particles enabling excellent performance without high
overpotentials despite large particle size. On discharging, at the end of plateau I (Figure 5b), we
can see that the particles have mostly eroded away leading to the deposition of intermediates in
the CNT network. On further discharge beyond plateau II (Figure 5c), we can observe
polysulfide deposits on CNT fibrils which transform on lithiation into solid discharge products
(Figure 5d) completely covering the CNT network.*’ These close deposits also assist in
strengthening the Coulombic interactions thus inhibiting the leaching of sulfur species into the
electrolyte. In the half-charged state (Figure Se), the polysulfide species are successfully
sequestered by the CNT network which enables the regrowth of PMTT on delithiation (Figure
5f). The PMTT formed on recharge are of much smaller particle size as evidenced by the XRD
spectrum. The conformal deposition of PMTT enables excellent confinement while providing
sufficient access to the electrolyte in the cathode thus prolonging cycle life and enabling

operation with low electrolyte-active material ratios.

Interestingly, polysulfide formation is also clearly discernable on visually inspecting the

separators from opened cells. While those at OCV and end of plateau I (Figures S7a and S7b in
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ESIrespectively) are clear, a yellowish tinge is visible for the extracted separator after plateau II
(Figure S7c, ESI) providing support to our XPS observations and reaction mechanism. It turns
clear again on full discharge (Figure S7d, ESI) while exhibiting the yellow tint at the half-
recharged state (Figure S7e, ESI). It turns clear again on full recharge (Figure S7f, ESI). These
results further confirm the formation of Li>S4 in the middle of discharge and charge, however the
strong Coulombic interaction between Li,PMDTC* and Li>S4 results in negligible loss of

intermediate polysulfides.

After gaining insight into the physical and chemical changes occurring in thiuram
cathodes we explore the potential of this chemistry in the form of a higher order polysulfide
analog of PMTT namely, PMTH. There are two more sulfur atoms in the middle of PMTH,
which can take 4 more electrons per molecule than PMTT as shown in Figure S5. Like PMTT,
PMTH is also commercially available and has similar physical properties and can yield a higher
specific capacity of 597 mAh g! considering a 10e” reduction reaction along with a theoretical
specific energy of 1,300 Wh kg! which makes it more suitable for practical applications. The
cycling performance on employing a PMTH-CNT cathode at C/5 is displayed in Figure 6a. The
cathode exhibits a capacity of 539.4 mAh g! in the first discharge which increases to 575 mAh g
by the 8™ cycle which corresponds to 96% of the theoretical capacity. The capacity increase
could be due to electrochemical activation of large PMTH particles in the electrode. The cathode
cycles with a high CE of >99.4% after the first cycle while retaining 85% of its initial capacity
after 100 cycles. The Li anode from this cell (Figure S8, ESI), upon inspection, reveals that
anode corrosion is the cause for premature failure of this cell.**#? On reinvigorating the cathode
in a new cell with fresh Li anode, we can see stable performance over 150 more cycles thus

establishing the durability of this cathode material. On surveying the voltage profile for PMTH
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(Figure S9, ESI) and the CV (Figure S10, ESI) we can see that it behaves similar to PMTT,

except the lowest discharge plateau is much longer than that of PMTT because of more sulfur
atoms in the middle of PMTH forming more Li>S in the discharge. PMTH displays promising
rate performance (Figure S11, ESI) affording about 550 mAh g™ at C/5, 510 mAh g’!, and 486

mAh g at practical rates of C/2 and 1C respectively.

To gauge the practical usability of this class of active materials, it is necessary to test the
battery with high areal capacity while utilizing low amount of electrolyte to estimate the cell
level energy density as highlighted by recent literature.'> '643 We tested high loading cells
employing 2 cathode films while utilizing an electrolyte to PMTH ratio of 3 uL mg™! at C/10.
Figure 6b shows the cycle performance of one such cell. In the first cycle, the cell delivers 5.3
mAh cm which corresponds to a specific energy of 1,156 Wh kg™!'. Even at the cathode level, a
specific energy of nearly 765 Wh kg™! can be achieved which is much greater than the theoretical
specific energy of layered oxide cathodes used in commercial Li-ion batteries.® This cell delivers
a specific capacity of 530 mAh g! in the first cycle corresponding to a material utilization of
88%. For comparison, this PMTH cathode was pitted against a sulfur cathode with an equivalent
capacity loading operating at an electrolyte to sulfur ratio of 5 as well as 10 uL mg™! (Figure S12,
ESI). At 5 uL mg™!, the performance of sulfur is far inferior with a utilization of only 43%
coupled with high overpotentials. Despite cycling at an electrolyte to sulfur ratio of 10 uL mg™!
only 59% of the active material is utilized with a CE of only 90% due to shuttle effect. Whereas,
it is evident that PMTH offers much better material utilization, higher energy density as well as
improved CE of 98% while minimizing the polysulfide shuttle. This demonstrates the versatility
of thiuram chemistry to operate in low electrolyte conditions which is crucial for its commercial

application. Also, the cell is able to deliver over 4 mAh g™! of areal capacity over this period
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which is comparable to Li-ion cells.** While the calendar life of the high loading cell is limited,
we note that the cathode is as yet un-optimized and utilizes commercially derived materials.
Thus, advanced cathode design, as well as advancements in this field, could certainly propel this

cathode to outperform current Li-ion technology.

Conclusion

This study utilizes abundant and cheap thiuram polysulfides as cathode materials for
lithium batteries. Binder-free cathodes fabricated through a facile and scalable process shows
high material utilization and promising battery performance. First-principles calculations
combined with materials characterization through XPS, XRD, and FTIR unveils the underlying
chemical reactions occurring during battery cycling. Further examination reveals the strong
Coulombic interactions between polysulfide species and mesomeric form of the discharge
product LIPMDTC with a positive nitrogen center. This enables stable cycle life. This unique
chemistry of thiuram polysulfides presented here highlights the relatively untapped potential of
utilizing organic molecules that can serve the dual purpose of active materials as well as
polysulfide and sulfide anchors for energy-dense lithium batteries. We hope that this work
inspires the development of cathodes that exploit this chemistry and also prompts further
organosulfur chemistry that could go beyond the 1,156 Wh kg'! demonstrated here in our quest

for new batteries to power our future.
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Figure 1. (a) Optical image of commercial PMTT powder along with its chemical
structure; (b) Cyclic voltammetry (CV) of PMTT-CNT cathode performed at 0.05 mV s!; (c)
Voltage profile of the first cycle of PMTT-CNT cathode cycled at C/5 and (d) the corresponding
cycle performance. The active material (PMTT) loading on the cathode was 6.7 mg cm™ and the

rate was based on PMTT mass in the cathode with 1C =418 mA g™!.
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Scheme 1. Redox reactions of PMTT during battery cycling. See text for details.
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Figure 2. (a) Equilibrium structure of PMTT along with its (b) LUMO configuration,
where the blue color indicates a positive phase whereas the red color refers to a negative phase.

(c) LUMO/HOMO energy levels of the different intermediates formed during discharge/charge.

These numbers correspond to those in Scheme 1.
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Figure 3. (a) Sulfur 2p XPS spectrum of PMTT cathode collected at different stages of cycling
as indicated in the insert figures. The color of the sulfur labeled in the structure is a guide to the
sulfur deconvoluted in the spectrum. (b) XRD and (c) FTIR spectrum of the cathode at different

states of cycling. The bond ascribed to the different bands are indicated in the FTIR spectrum.
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Figure 5. SEM images of the PMTT-CNT cathode taken at different stages of cycling as

represented by the insert figure. All scale bars represent 1 pm.
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Figure 6. (a) Cycle performance of PMTH-CNT cathode cycled at C/5. The active material
(PMTH) loading on the cathode was 6 mg cm™. Li anode was replaced at the end of 100"
discharge. (b) A high loading, low electrolyte: PMTH ratio cell cycled at C/10 to demonstrate the
practical capability of PMTH cathode. The cycling rate was based on PMTH mass in the cathode

with 1C =597 mA g,

27



Table of contents

Thiuram-type organopolysulfides show three discharge plateaus and high material utilization (up
to 97%) throughout cycling. The mesomeric form of lithium pentamethylene dithiocarbamate
with a positive nitrogen center, formed in the discharge, can act as polysulfide and sulfide

anchors through strong Coulombic interactions thus enabling long cycle life.

28



Electronic Supporting Information (ESI)

Unique Chemistry of Thiuram Polysulfides Enable Energy Dense
Lithium Batteries

Amruth Bhargav, Ying Ma*, Kollur Shashikala, Yi Cui, Yaroslav Losovyj, and Yongzhu Fu*

A. Bhargav, K. Shashikala, Y. Fu

Department of Mechanical Engineering, Indiana University-Purdue University Indianapolis,
Indianapolis, IN 46202, United States

*Corresponding author: yongfu@iupui.edu (Y. Fu)

Y. Cui

Department of Mechanical Engineering, Indiana University-Purdue University Indianapolis,
Indianapolis, IN 46202, United States

School of Mechanical Engineering, Purdue University, West Lafayette, IN 47907, United States

Y. Losovyj
Department of Chemistry, Indiana University, Bloomington, IN 47405, United States

Y. Fu

School of Chemistry and Molecular Engineering, Zhengzhou University, Zhengzhou, Henan 450001,
China

Y. Ma

Materials Science and Engineering Center, University of Wisconsin-Eau Claire, Eau Claire, W1 54702,
United States

Corresponding author: yingma@uwec.edu (Y. Ma)



Supplementary data:

100 CNT
& 8ot
a ' 67%
S 6ol
= _
> 40r PMTT-CNT
g I
20+
of .\ pwm
100 200 300 400

Temperature (°C)
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Figure S2. Cyclic voltammogram of sulfur cathode. The potential was swept from open circuit voltage
(OCV) to 1.8 V and then swept back to 2.8 V at a scanning rate of 0.05 mV sl

Figure S3. Addition of an electron to PMTT (left) at the S-S bond indicated yields the unstable structure
(right).

C

Figure S4. Addition of an electron to intermediate 4 (left) at the S-S bond indicated yields the unstable
structure (right).



ﬁ g Li* | e
I
|
i LS S L
QNJ\S/L' v %St
Li* | e
\ S )
S S Li
“xS/ \S/ L
3 ou
7 L|+I 7e
S

Figure S5. Redox reactions of PMTH during battery cycling.



——PMTT-CNT ¢ PMTT

—_ Recharged ¢
g ¢ Electrolyte

~ residue

> A

:l: f \

(7]

c

Q ¢
e

= ¢

6 5 4 3 2 1
Chemical shift (ppm)

Figure S6. NMR spectrum of fresh PMTT-CNT cathode and after recharge. PMTT peaks were
referenced from the Spectral Database for Organic Compounds (SDBS) by the National Institute of
Advanced Industrial Science and Technology. (Source: http://sdbs.db.aist.go.jp/sdbs/cgi-
bin/direct_frame_disp.cgi?sdbsno=7145)



Figure S7. Optical images of the separators taken from the cell at different stages of cycling as
represented by the insert figure. All scale bars roughly represent 5 mm.



Figure S8. Optical images of the lithium metal anode extracted from the cell containing PMTH cathode
after 100 cycles. Mossy and uneven Li deposition including dendrite formation leading to premature cell
failure can be visibly observed.
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Figure S9. Voltage profile of PMTH-CNT cathode cycled at C/5. The active material (PMTH) loading

on the cathode was 6 mg cm™. The cycling rate was based on PMTH mass in the cathode with 1C = 597
mA g
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" 600 -

<

>

-'E 300 —a— C/5

g - —e—C/2

g 150 |- ——1C

o _

E 0 1 | 1 | 1 | 1 | 1

8 0 10 20 30 40 50
(/p)

Cycle number
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