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Abstract

Sulfur cathodes in conversion reaction batteries offer high gravimetric capacity but
suffer from parasitic polysulfide shuttling. We demonstrate here that transition metal
chalcogels of approximate formula MoS3 4 achieve high gravimetric capacity close to
600mAhg~! (close to 1000mAhg~' on a sulfur-basis), as electrode materials for
lithium-ion batteries. Transition metal chalcogels are amorphous, and comprise poly-
sulfide chains connected by inorganic linkers. The linkers appear to act as a “glue” in
the electrode to prevent polysulfide shuttling. The Mo chalcogels function as electrodes
in carbonate— as well as ether-based electrolytes, which further provides evidence for
polysulfide solubility not being a limiting issue. We employ X-ray spectroscopy and
operando pair distribution function techniques to elucidate the structural evolution of
the electrode. Raman and X-ray photoelectron spectroscopy track the chemical moi-
eties that arise during the anion-redox-driven processes. We find the redox state of Mo
remains unchanged across the electrochemical cycling and correspondingly, the redox

is anion—driven.

Introduction

Conversion-based lithium ion (Li-ion) batteries provide a higher gravimetric capacity al-
ternative to intercalation-based mechanisms, which are limited to extraction and insertion
of <0.6 moles of Li ions from metal oxide host lattices. '™ Li—sulfur (Li-S) is the most ex-
tenstively studied electrochemical couple in the conversion class. In a typical cell, the Li
anode is separated from a composite cathode of sulfur, conductive carbon, and polymeric
binder. The active material, sulfur, is reduced to lithium sulfide upon discharge. The the-
oretical gravimetric capacity of the Li-S couple is 1672 mAh g~', which makes it a highly
attractive alternative to Li-ion. Li-S gravimetric capacity is quickly diminished to less than
half of the initial capacity by the 10" cycle,®> which has resulted in a variety of strategies

to address the technical challenges arising from the insulating nature of elemental sulfur,®



the volume changes upon cycling,” and the polysulfide shuttle involving diffusion of Li,,S,
through the bulk electrolyte. 813

We have studied the use of amorphous transition metal polysulfides (chalcogels) as
the active material in an electrode to overcome the poor kinetics of lithium diffusion and
to prevent polysulfide shuttling experienced in Li-S batteries. Transition metal nitrides,
oxides, fluorides, phosphides, and sulfides have been investigated as alternatives to S elec-
trodes.? More specifically, transition metal sulfide (Cr,'* Mn, > Fe,'® Ni,!” Cu'®) and disul-
fide (Fe,!'” Co,2° Ni,2! Mo,?? , and W?3) systems have been studied due their high theoret-
ical gravimetric capacity, which have been demonstrated to achieve between 900 mAh g*
and 1300 mAh g—! upon the first discharge.?* More recently, transition metal tri- and tetra-
sulfide materials have been studied for their more complex chemistries as electrodes in
conversion reactions involving both redox-active cationic and anionic species.?>~2” For ex-
ample, upon lithiation of VS,, the vanadium species is oxidized from V™ (VS,) to V*°
(LisVS,) then to a mixture of both valences (Lis,,VSs) before reduction to V° (Li,S +
V).?7 This was concomitant with a reduction of the sulfur species from S5~ to S*~. Despite
initial high gravimetric capacities, retention remains a challenge with transitional metal
sulfide electrodes. Transition metal sulfide electrodes have cation—driven redox in which
the oxidation states change upon discharge and charge.?® In the case of transition metal
chalcogels, redox is anion—-driven. We demonstrate here, for the first time, that sulfur
in the polysulfide chains is reduced upon discharge and oxidized upon charge while Mo
maintains a +4 oxidation state.

The implementation of transition metal linkers allows for the use of carbonate-based
electrolytes, which is not compatible with traditional Li-S batteries. The Li-S system re-
quires ether-based electrolytes, which enable cycling, but also cause polysulfide shuttling.
Previous studies on pyrites? and MS, (M = Co, Ni, Cu)* have demonstrated low solu-
bilities of transition metal sulfides in carbonate-based electrolytes. Linking the polysulfide

chains with inorganic linkers such as those in chalcogels provides a strategy for stabilizing



the electrode material structurally while suppressing the dissolution of lithium polysul-
fides.

The morphology and size dimension of the electrode material have been heavily studied
to take advantage of increased surface areas for lithium diffusion in materials that operate

31,32

via intercalation. For molybdenum sulfide-based materials, nanotubes,** nanobowls, 34

35 36

nanosheets,3> nanowires,3® and nanoflakes,3”-3 and hollow morphologies3® have been
studied to increase electrode/electrolyte interaction, shorten the diffusion distance of Li
ions, and decrease the volume changes. Often, there is a spectacular morphology evolu-
tion between the as-prepared electrode and the discharged products. The use of chalcogels
is advantageous because the as-prepared active material is amorphous,*>*! which avoids
the issue of large volume changes from cycling. The porous, amorphous network of chalco-
gels have been demonstrated to be catalysts for hydrodesulfurization,** CO,*® adsorption,
removal of radioactive iodine** and heavy metals such as Pb*’ and Hg,* and hydrogen
evolution.**%” Here, we demonstrate that porous, amorphous network of molybdenum
polysulfide chalcogels perform well as high-capacity, anion-redox driven Li-ion cathode
materials. We use a combination of X-ray spectroscopy and scattering techniques to elu-

cidate structural evolution of the electrode and understand the stability of the cathode in

both carbonate-based and ether-based electrolytes.

Materials and Methods

Sol-Rite™ (1 M LiPF; in ethylene carbonate (EC): ethylmethylcarbonate (EMC) (3:7 v/v))
was provided by Mitsubishi Chemical Corporation. Bis(trifluoromethane)sulfonimide
lithium salt (LiTFSI) was purchased from Alfa Aesar. Ethylene carbonate (EC), dimethyl
carbonate (EC), 1,3-dioxolane (DOL), and dimethoxyethane (DME) were purchased from
Sigma Aldrich. Super P®) was obtained from Timcal. The synthesis of molybdenum poly-
sulfides (MoS,,) has been reported by Subrahmanyam et al.*®

X-ray diffraction (XRD) was performed in reflection mode using a PANalytical
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Empyrean with a Cu Ka source. Transmission electron microscopy (TEM) was performed
using a FEI T20 with a 200 kV operating voltage. Powders were sonicated in ethanol and
dropcast onto a 300-mesh carbon-coated copper grid. Raman spectroscopy was performed
using a Horiba Jobin-Yvon Lab ARAMIS instrument at 3.91 mW with a 633 nm laser
equipped with a 50x objective lens. The powder samples were measured using a 400 ym
aperture, 250 pm slit, and 1200 gratings per mm, with exposure time of 2 s, averaged 10
times. X-ray photoelectron spectroscopy (XPS) was performed using a Kratos Axis Ultra
with a monochromatic Al Ko source at 14.87 keV. Photoelectrons at 20 eV and 80 €V pass
energy were detected with a multichannel detector. The spectra were fit by least-squares
method to Voigt functions with Shirley baselines using CasaXPS. A MicroMeritics Accu-
Pyc 1340 pycnometer was used to determine densities of synthesized chalcogels. Porosity
measurements were performed using a MicroMeritics TriStar 3000 Porosimeter and the
Brunauer—Emmett—Teller (BET) model and N, adsorption data at 77.4 K.

Electrochemical studies were initially carried out to optimize electrolyte and cycling
conditions. In a Hohsen 316 CR2032 coin cell, cast films of MoS,: SuperP®): polymeric
binder (70:20:10 weight %) on carbon-coated Al foil were assembled with a Celgard 2400
polypropylene separator soaked in 60 uL of electrolyte, and 12 mm disc of Li foil. Binder
used in composite electrode was carboxymethyl cellulose (CMC) and styrene-butadiene
rubber (SBR). The electrolyte solution consisted of 1 M LiPFg in a 3:7 volume ratio of
ethylene carbonate (EC) to ethylmethyl carbonate (EMC). Cells were cycled using a Bio-
Logic VMP-3 between 1.0 V and 3.5 V at a rate of C/n (n = 40, 20, 10) in which n is the
number of hours to transport 4 moles of Li*. Cyclic voltammetry was done against Li/Li"
counter electrode in a Hohsen 316 CR2032 coin cell configuration at 0.5 mV s~ 1.

Ex-situ X-ray absorption fine structure spectroscopy was performed at the Advanced
Photon Source 20-BM-B at Argonne National Laboratory. The powder samples were di-
luted with boron nitride and loaded into 1.5 mm Kapton capillary tubes for transmission

measurements. The absorption was measured from Mo K-edge and calibrated to 20.36



keV# by normalization of the absorption energy from Mo foil. The E, value from Mo foil
reference was used for all samples. Three scans were averaged for the reported absorption
intensity using ATHENA, an open source package for spectroscopy analysis.>° Analysis was
done using ARTEMIS®® between 1.5 A and 4 A. The k-range was analyzed from 3 A to 12
A-! with Hanning windows and sills of 1 A~

Operando high-energy X-ray scattering data suitable for pair distribution function anal-
ysis have been collected at the PDF-dedicated beamline 11-ID-B at the Advanced Photon
Source at Argonne National Laboratory. Rapid-acquisition total X-ray scattering measure-
ments have been carried out using a Perkin-Elmer amorphous Si-based area detector at
the X-ray wavelength of 0.2112 A (= 58 keV). The AMPIX cells®! were assembled in an Ar
glovebox with a MoS,: graphite/Vulcan C (1:1): polytetrafluoroethylene (70:20:10 wt.%)
cathode and 60 pL of 1 M LiPFg in EC/DMC (3:7 v/v) or 1 M LiTFSI in DOL/DME (1:1
v/V) soaked in glass fiber separator (Whatman) vs. Li/Li". The cells were cycled at C/20
between 1.0 V and 3.5 Vor 1.7 V and 3.0 V at room temperature. NIST-traceable CeO,
powder was used to calibrate experimental geometry of the measurements. Background
contributions were collected using fully assembled AMPIX cell sans the MoS, electrode.
The 2D data were integrated using Fit2D.>? Pair distribution functions (PDFs), G(r), were
calculated from the sine Fourier transform of the product ¢(S(¢) — 1) in which S(q) is the

structure factor. PDFs were generated with a ¢,.., = 20 A~! using PDFgetX3.>

Results and discussion

Structural Characterization. The synthesis of MoS, involves the oxidative coupling of
the (NH,),MoS, precursor with iodine.** The local structure consists of a Miiller-type clus-
ter> in which the Mo is in a +4 oxidation state and stabilized by a tricoordinated S atom
(Figure 1). The presence of the Mo linkers in the random amorphous chalcogel network

anchor the polysulfide chains. This network is shown in the TEM image shown in Fig-



ure la. The diffuse rings from SAED (Figure 1b) and wide-angle XRD show the lack of
crystallinity with one diffuse peak centered at 20 = 21° with a Cu K« source (Figure 1c).
From Raman spectroscopy, vibrational modes of MoS, chalcogel resemble that of amor-
phous MoS;>° (Figure 2a). As noted by Subrahmanyam et al.,*® the amorphous MoS,
network does not consist of MoS, despite starting with the (NH;),MoS, precursor. The
Raman laser power was kept at a low power of 3.61 mW to prevent local oxidation of the
chalcogel. However, the use of low power suppressed the weaker phonon modes from S-S
stretching within the polysulfide chains between 500 cm~! and 650 cm™! seen in tran-
sition metal sulfides such as TiSs3,%® ZrSs,%” and HfS;.°® SEM/EDS (Figure S1) and XPS
(Figure 2b) suggest that the atomic ratio of S to Mo is 3.4:1. Density and porosity mea-
surements show that the chalcogel has an average density of 2.7 g mL~! and Sgpr range

between 6.2 and 30 m? g~ 1.

Cu Ko, 20 (°)

Figure 1: a) Transmission electron microscopy, (b) electron diffraction, and (c) X-ray
diffraction capture the amorphous long-range structure of the MoS, chalcogel with the
local structure consisting of Miiller>*-type (Mo3S,3) clusters.
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Figure 2: (a) Raman spectroscopy captures the Mo-S and S-S vibrational modes resem-
bling that of MoS; in the as-prepared MoS, powder. (b) XPS survey suggests a ratio of 3.4

S atoms to every Mo atom.



Electrochemical Characterization. Electrochemistry was studied via cyclic voltamme-
try (CV), electrochemical impedance spectroscopy (EIS), and galvanostatic cycling with
potential limitation (GCPL) between 1.0 V and 3.5 V at room temperature (Figure 3a).
The range was limited to 1.0 V to avoid most side reactions involving electrolyte decom-
position on carbon. We assembled coin cells for CV and GCPL. MoS, was cast into a film
with Super P® and CMC/SBR binder in a ratio of 70:20:10 wt. % on carbon-coated Al
current collector. A cyclic voltammetry sweep rate of 0.5 mV s~! in EC:EMC exhibits an
anodic peak at 2.3 V and cathodic peaks centered between 1.85 V and 1.74 V. Upon the 5th
cycle, AV for the cathodic peak increased by 0.02 V. The cathodic peak changed from two
peaks to one broader peak centered between 1.76 V and 1.65 V, which corresponds to the
transformation of high-order to low-order polysulfide chains. The Nyquist plot of the cell
(Figure 3b) can be fitted with a modified Randles equivalent-circuit model as depicted in

the inset.>9-62

The impedance contribution from the carbonate-based electrolyte is 2.463
Q2. The high-frequency region resistances (R, = 240 2 and R; = 602 (2) are due to the
roughness of the film arising from the amorphous morphology of the chalcogel. Additional
fitted parameters for the constant phase elements are denoted in Table S1.

The gravimetric capacity upon the first discharge is 578 mAh g~! based on the molar
mass of MoS, (Figure 4a). This corresponds to a molar equivalence of 4.9 Li (Li:S =
1.44). The GCPL under constant current at a C-rate of C'/40 exhibits sloping plateaus at
1.8 V upon discharge and 2.2 V upon charge in agreement with the single oxidation and
reduction peaks observed in CV. The single plateau and absence of overcharging suggest
that generation of dissolved lithium polysulfides (Li,S,) has been avoided.®® Coulombic
efficiency is maintained at >95% for 20 cycles. At faster C-rates of C'/20 and C/10, the
initial discharge capacity is decreased to 541.9 mAh g~! and 460.7 mAh g—! (Figure 4b).
By the 2"¢ cycle, the difference between the gravimetric capacities cycled at C'/20 and
C/10 are negligible. For C/40, the capacity retention is maintained at 83% upon the 10

cycle and 60% upon the 30" cycle, which is comparable to traditional Li-S batteries.> At



faster C-rates of C/20 and C/10, the capacity retention diverges after the 5 cycle. At
C/20, 63% of the capacity is retained upon the 20" discharge. At C/10, the capacity

drops more precipitously to 53% upon the 20" discharge.

Formation of Intermediate Chemical Moieties. The intermediate chemical moieties
Li;S and MoS, are observed in ex-situ Raman spectroscopy with discharge to 1.8 V and
1.0 V, respectively (Figure 7). The characteristic Ty, mode for Li,S is observed at 373
cm~!.54% With a 633 nm laser, the out-of-plane (A,,) vibrational mode for the MoS; moi-
ety is observed at 403 cm~!.%%67 At 1.0V, the S-S vibrational modes are observed as weak
bands at 568 cm™' and 634 cm'. Upon charge, the MoS, A;, mode at 403 cm™' disap-
peared. At 2.2V, there are broad sloping peaks 306 cm~!, 322 cm~!, and 353 cm~! . The
peak at 201 cm~! was also observed at 1.8 V. Upon lithiation of MoS,, Xiong et al. %’ have
observed the emergence of this peak in tandem with the disappearance of the A;;, mode,
which they have attributed this to the presence of Li* disrupting MoS, interlayer bonding.
While we also observe the disappearance of the A;, mode, the broad sloping peaks are
not observed by Xiong et al. The set of three peaks could be attributed to Chevrel-based
MosSs moieties consisting of S?~ species.®®%° The as-prepared chalcogel is formed again

upon charging to 3.5 V. (Figure 2).

Role of inorganic linkers. The presence of the inorganic linkers is crucial for the high
capacity retention, but are redox-inactive upon cycling. We use XPS to monitor the chem-
ical states of Mo upon discharge to 1.8 V and 1.0 V as well as upon charge to 2.2 V
and 3.5 V. The Mo 3d5,, peaks are centered at 228.9 eV and are well separated from
the 3d;), states at 3.1 eV higher binding energy. Due to the overlap of the S 2s states
with Mo 3ds/,, we probed the S 2p states to elucidate the chemistry of S at various
states of charge. The lower binding energy peaks, centered at 161.8 eV for 2ps/, and
163.0 eV for 2p,,,, are attributed to terminal S atoms in the polysulfide chains, which

70,71

are bonded to Mo linkers. The covalently bonded bridging S atoms in the polysulfide
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Figure 3: (a) Both cathodic and anodic peaks in the cyclic voltagram shift by less than 0.13
V with a sweep rate of 0.5 mV s~! starting at the open circuit voltage (open circle) for a
two-electrode configuration with MoS,: Super P®) as the electrode, 1 M LiPF4 in EC:EMC
(3:7 v/v) vs. Li/Lit. (b) EIS of the prepared cell can be modeled with a modified Randles

equivalent circuit (inset).
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chains are more strongly bound and thus register at higher binding energies. The distri-
bution of these two chemical states of sulfur shifts as a function of state of charge with-
out generation of elemental S or higher oxidation states of S. The decreased the signal-
to-noise ratio at 1.0 V is attributed to the formation of the solid-electrolyte interphase.
X-ray absorption fine structure (XAFS) was analyzed via fitting of the Fourier transform
of the EXAFS equation, x (k). Here, x;(k) = A;(k)N;F;(k)Sgsin(2kR; + ¢;(k))/kR; and
Aj(k) = exp (—2k%07) exp (—2R;/A(k)). The calculated values are Fj(k), the effective scat-
tering amplitude, ¢,(k), the effective scattering phase shift, A\(k), the mean free path. The
parameters used for fitting the Mo3S;3 clusters were the Debye-Waller factor, o2, the en-
ergy shift, AE,, and the change in the half-path length, Ar. Spectroscopy was done on
samples collected at 1.8 V and 1.0 V upon discharge, 2.2 and 3.5 V upon charge, and the
as-prepared MoS,. Electronic excitation from the Mo 1s into the Mo 3d/S 3p hybridized
orbital probes the oxidation states of Mo in the as-prepared powder as compared with
the intermediate species. The normalized absorption spectra for the discharged/charged
states are indistinguishable from the as-prepared chalcogel. Using a Mo3S;3 (R-factor =
0.0081, 2 = 5,948.0, reduced y? = 649.4) cluster model for the structure of the chemical
moiety in the as-prepared chalcogel, absorption contributions from single scattering Mo-S
and Mo-Mo paths are depicted in Figure 6. The prominent peak at » = 1.9 A in Figure 6
is attributed to interactions with first and second-nearest S neighbors. The amorphous
structure of the chalcogels is portrayed in the damped signal beyond 3 A. The k2-weighted
x (k) signal for the as-prepared sample is overlaid on the discharged and charged species
in Figure 6. The overall amplitude reduction factor for Mo was fixed at 0.75. All the Mo-S

correlations were treated equally, and the fitted parameters are summarized in Table 1.

Local Structure Evolution. Collecting operando PDFs allows for tracking the evolution of
the local structure for materials that lack long-range ordering, which is particularly useful

for chalcogels.*®7277 Here, PDFs of the MoS,, electrode cycled at constant current of 0.61
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Figure 5: Mo 3d binding energy from ex-situ XPS of MoS,, electrodes remains constant upon
discharge and charge. S 2p states are fitted to chemical states of terminal and bridging
sulfur atoms. Upon discharge, there is an increase in the number of terminal S atoms as
S-S bonds are broken. These broken links are formed again upon charge.
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charge to 2.2V, the Chevrel-based MogSg moiety is formed. At 3.5V, the normal modes of
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Table 1: The Debye-Waller factors, absorption energy shifts, and bond distances for Mo-S
and Mo-Mo nearest neighbors are fitted for the as-prepared chalcogel EXAFS spectrum
for r between 1.5 A and 4 A. All Mo-S correlations are treated equally for fitting r and
o%. A single AE, parameter (1.(1) eV) was fitted for both Mo-S and Mo-Mo correlations.
The overall amplitude reduction factor for Mo was fixed at 0.75. Uncertainties for fitted
parameters are noted in parentheses.

Correlation o?

-
(x1073 A2) A
Mo-S 3.57(4) 2.37(5), 2.42(5), 2.49(5), 3.87(5)
Mo-Mo 6.18(9) 2.76(9)

mA g~ (= (C/16) (Figure 8a) capture the Mo-S bonds centered at 2.45 Ain Figure 8b,
which is unchanged upon discharge to 600.5 mAh g~!. This peak subsumes contributions
from Mo-S bonds in the MosS;; cluster. In this local structure model, the Mo-S bond
distances range from 2.37 A for the tricoordinated S atom to 2.43 A and 2.50 A for the
Mo bonded to each S2~. The Mo-Mo bond starts at 2.8 A for the as-prepared electrode,
but increases marginally by 1% to 2.83 A upon discharge and charge. The Mo-Mo bond
distance is unchanged upon the second cycle of discharge and charge as well as the third
discharge cycle. Anion redox is seen in the periodic change in intensity of the S-S bond
at 2.07 A. Figure 8c marks the potential values with dashed lines at the end of discharge
(1.0 V) and charge (3.5 V) cycles with the mapped G(r) peaked intensities as the contour
levels. The PDF is damped beyond r = 3.5 A(Figure S2) due to the armorphous structure
of the chalcogel. The peak centers remain unchanged upon cycling, though the intensity of
the S-S bond decreases upon discharge and increases upon charge. This suggests that S-S
bonds are being broken and formed again (Scheme 1). The Mo-S and Mo-Mo correlations
remain relatively constant upon discharge and charge.

We investigated the stability of the electrode in a smaller potential range, from 1.7
V to 3.0 V at 0.55 mA g! (= C/18) to understand the large decrease in gravimetric
capacity after the first discharge. We observed a 20% loss in capacity retention upon the
second discharge when the MoS, electrode was cycled between 1.0 V and 3.5 V. The

Coulombic efficiency of the first cycle was 74.8% with a 22.8% capacity loss from the
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Scheme 1: Schematic of polysulfide chain scission in molybdenum chalcogels upon dis-
charge/lithiation.

initial 429.7 mAh g—! as shown in Figure S3a. Upon the second discharge, 77.1% of
the initial capacity was retained. The PDFs collected operando for the electrode (MoS,:
graphite/Vulcan C: PTFE (70:20:10 wt. %)) in 1 M LiPFg in EC/DMC (3:7 v/v) in this
potential window display similar changes in S-S peak intensity at 2.05 A upon discharge
and charge. While the Mo-S peak intensity does fade over the first three cycles, the Mo-
Mo peak intensity remains constant (Figure S3b). The behavior of the third cycle was
similar to that of the second cycle. Similar electrochemical behavior between the two
potential windows suggest that there are irreversible chemical species formed upon the
first discharge due to electrode—electrolyte side reactions. In contrast to the first cycle,
Coulombic efficiency is maintained at 98.9% for the second and third cycles. One of the
many strategies for increasing Li ion kinetics includes increasing the electrode surface
area.”’®’? While benefits of increased porosity may initially result in increased capacity,
subsequent cycling in materials such as mesoporous MnO have been reported to rapidly
fade.® Therefore, we attribute the electrochemical reversibility and of these high-capacity

chalcogel electrodes to their amorphous structure.

Cycling in ether-based electrolyte. MoS,: Super P®) was cycled with ether-based elec-
trolytes traditionally used for Li-S batteries. In 1 M LiTFSI in a 1:1 by volume mixture of
DOL/DME, the first discharge generated a capacity of 555.7 mAh g~! corresponding to 4.7

moles of Li (Figure S4). There is a distinctive dissolution of polysulfide seen in a sharp
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Figure 8: (a) Discharge and charge vs. Li/Lit at constant current of 0.61 mA g~! of
MoS,, chalcogel in 1 M LiPF4 in EC/DMC. (b) Operando PDFs capture the anion redox. (c)
Selected PDFs at the end of each discharge (solid) and charge cycles (dashed) highlight
the difference between the PDFs of the first discharge and subsequent cycles.

change in the polarization at 2.66 V upon the first charge. Upon a second charge, the
overpotential increases to 2.77 V. By the fifth cycle, the overpotential peak disappeared,
which suggests enhanced capability of the chalcogels to mitigate polysulfide shuttle ef-
fects. Operando PDFs collected for MoS,: graphite/Vulcan C: PTFE (70:20:10 wt. %) in 1
M LiTFSI vs. Li/Lit captured similar electrochemical behavior with a change in polariza-
tion at 1.35 V upon discharge and 2.92 V upon charge during the first cycle (Figure 9a). In
contrast to the ex-situ GCPL measurements, the dissolved species disappear by the second
cycle. Due to various reactions, the capacity retention drastically decreased to 54.4% of the
initial 1010.9 mAh g~! upon the second discharge and 51.0 % upon the third discharge.
The peaks centered at 2.08 A, 2.42 A, and 2.76 A in Figure 9b correspond to S-S, Mo-S,
and Mo-Mo bond distances as seen in the operando PDFs generated from cells with the
carbonate-based electrolyte. Similarly, we observe a decrease in peak intensity upon dis-
charge to 1.65 V and subsequently to 1.00 V and increase upon charge to 3.50 V. The elec-

trochemical behavior and structural stability of chalcogel electrodes in ether-based elec-
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trolytes are in contrast to the carbonate-based electrolytes. We speculate that the chalco-
gel undergoes a heterogeneous reaction with carbonate species resulting in organosulfur
intermediates which are incompatible with carbonate-based electrolytes. Gao et al. per-
formed in-situ XAFS to elucidate the polysulfide intermediates of a Li-S cell in ether—based
(tetraethylene glycol dimethyl ether (TEGDME) and DOL/DME) and carbonate-based
(propylene carbonate/EC/diethyl carbonate (PC/EC/DEC)) electrolytes.® They proposed
two possible mechanisms upon cycling of Li-S batteries in PC/EC/DEC with catastrophic
failure: (1) Thiolate methylation from a reaction with DEC and (2) alkali metal catalyzed
thioether formation from a reaction with EC.8%82 Irrespective of which mechanism may
dominate, it is generally recognized that carbonate-based electrolytes are incompatible
with the Li-S electrochemical couple. In ether-based electrolytes, polysulfide intermedi-
ates remained in solution and participated in the shuttle. Constructing a Li-S reference
cell, we observed the almost instantaneous failure of the cell during the first discharge

with linear carbonate electrolyte (Figure S5).
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T 200 ] 073
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Figure 9: (a) Voltage curves cycled at 0.53 mA g~! and (b) operando PDFs of MoS,:
graphite/Vulcan C: PTFE (70:20:10 wt.%) in 1 M LiTFSI in DOL/DME (1:1 v/v) vs. Li/Li".

Conclusion

We have demonstrated the use of MoS, chalcogels as electrodes for high—capacity, anion—
redox—driven electrochemical cells. The inorganically linked polysulfide chains transport

4.9 molar equivalents of Li ions corresponding to 578 mAh g~! for MoS3,. Capacity re-
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tention is high at 83% upon the 10** cycle and 60% upon the 20" cycle. These chalcogel
electrodes are stable in both carbonate- and ether-based electrolytes, which allows for a
larger parameter space for cell optimization. Operando PDFs demonstrate the transfor-
mations of the S-S bonds in the local structure model upon cycling. The local structure
evolution reveals the Mo-S bonds remain intact in the carbonate-based electrolytes and
prevent the polysulfide shuttle. We observe from ex-situ XPS and EXAFS in addition to PDF
that the Mo linkers are redox—inactive. Instead, the electrochemistry is anion—driven. To
increase gravimetric capacity, we propose similar chemistry can be applied to 3d transition

metals when used as inorganic linkers in chalcogels.
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Figure S 1: Elemental analysis of the highlighted regions confirms the atomic ratio of 3.37
S to 1 Mo for the area denoted as "Spectrum 1" and 3.34 S to 1 Mo for the area denoted
as "Spectrum 2".

Table S 1: EIS for MoS coin cell in which the impedance for the constant phase element
is defined as Z = ( o and y?= 1.165. R, is the high frequency intercept with the Z’
axis. The high-frequency (> 1 kHz) and low-frequency regions are modeled using three
constant phase elements to capture the surface contact resistance (roughness) within the
electrode (R, || CPE;) as well as the charge-transfer resistance between the electrode and
the electrolyte (R3 || CPE,), respectively. The diffusion of ions within the electrode is
represented by the Warburg impedance (CPEj;).

Ry Ry R3 Q1 g Q2 (&%) Qs
€ €@ ) (FsebHem2) (F s(2=Yem—2) (F s(@—Yem—2)
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2.463 240 602 5818 x10* 1 6.497x10* 0.7029 5.02 x 10™°>  0.6749
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Figure S 2: Operando PDFs of MoS,: graphite/Vulcan C in 1 M LiPFg in EC/DMC (3:7 v/v)
vs. Li/Li* cycled with a constant applied current of 0.61 mA g~—! between 1.0 V and 3.5 V.
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Figure S 3: Operando PDFs of MoS,: graphite/Vulcan C in 1 M LiPFg in EC/DMC (3:7 v/V)
vs. Li/LiT cycled with a constant applied current of 0.55 mA g~! between 1.7 V and 3.0 V.
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Figure S 4: Galvanostatic cycling of MoS,:Super P®) (85:15 wt.%) as the cathode, 1 M
LiTFSI in DOL/DME (1:1 v/v) vs. Li/Li™ at C/20 upon the 1%, 2"¢ and 5" cycles.
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Figure S 5: First discharge and charge of a reference Li-S cell with S:carbon:binder
(55:35:10 wt.%) as the cathode, 1 M LiPF in EC/DMC (1:1 v/v) vs. Li/Li* at 0.25 mA g~ !
show incompatibility of sulfur cathode in carbonate-based electrolyte.





