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ABSTRACT: The dissolution of intermediate lithium polysulfides s _Electrochemical Phase transformation
(LiPS) into an electrolyte and their shuttling between the
electrodes have been the primary bottlenecks for the commerci-
alization of high-energy density lithium—sulfur (Li—S) batteries.

AN
While several two-dimensional (2D) materials have been deployed )

. >
in recent years to mitigate these issues, their activity is strictly e ; NP D
restricted to their edge-plane-based active sites. Herein, for the first Qi %2? ONESONONONN
time, we have explored a phase transformation phenomenon ina 3 3-;% o R

2D material to enhance the number of active sites and ¢ £ AVAY s e
electrocatalytic activity toward LiPS redox reactions. Detailed 448 Ljade dL gl % oaap

PPN
QUBG © " ve

o Mo OSe

® ®Lis

[l Metrics & More | e Supporting Information

e
M o
p-Xe”

4

theoretical calculations demonstrate that phase transformation I
from the 2H to 1T’ phase in a MoSe, material activates the basal
planes that allow for LiPS adsorption. The corresponding
transformation mechanism and LiPS adsorption capabilities of the as-formed 1T’-MoSe, were elucidated experimentally using
microscopic and spectroscopic techniques. Further, the electrochemical evaluation of phase-transformed MoSe, revealed its strong
electrocatalytic activity toward LiPS reduction and their oxidation reactions. The 1T'-MoSe,-based cathode hosts for sulfur later
provide a superior cycling performance of over 250 cycles with a capacity loss of only 0.15% per cycle along with an excellent

T’- MoSe,
Edge and basal plane active

2H- MoSe,

Edge plane active

Coulombic efficiency of 99.6%.
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1. INTRODUCTION

Lithium—sulfur (Li—S) redox chemistry has turned into one of
the most exciting energy storage technologies because of its
high theoretical capacity (1673 mAh/g) and energy density
(2600 Wh/kg), which is ~10 times higher than any of the
contemporary Li-ion batteries.”” However, the Li—S cell
performance often deteriorates due to several issues including
rapid capacity fade, limited cycle life, and reduced Coulombic
efficiency, obstructing their commercialization. Among various
reasons underpinning such performance barriers, the diffusion
of intermediate lithium polysulfides (LiPS) into the electrolyte
and their subsequent shuttling between the electrodes are of
prime concern. While past efforts have focused on exploring
carbonaceous host materials, their inherent nonpolar nature
only allows for weak interaction with the polar LiPS making
the shuttling effect inevitable upon extended cycling."”” To
further alleviate the shuttle-related issues, researchers have
proposed several strategies such as anchoring the LiPS within
polar cathode surfaces, which restricts the polysulfide
dissolution and provides an excellent Coulombic efficiency
along with cycle life.”> Therefore, exploring the design
principle of anchoring LiPS physically and chemically via
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employing a polar substrate is highly appealing.”” Along these
lines, the use of electrocatalysts in the multistep sulfur redox
process has shown enormous potential in the trapping of
polysulfides, enhancing the specific capacity along with cycle
life and showing excellent reversibility.*

While traditional electrocatalysts such as platinum-based
materials remarkably improve the Li—S performance, their
high cost and scarce resources persuade researchers to explore
alternative catalysts for energy applications.”” "' In this context,
transition metal dichalcogenides (TMDs) have attracted much
interest to accelerate the Li—S reaction kinetics and their
overall performance.'”"”~"* Through systematic electrochem-
ical evaluation, several researchers have demonstrated the
importance of such electrocatalyst nanoparticles on LiPS

EEIAPPLIE

Received: March 29, 2022
Accepted: May 4, 2022
Published: May 18, 2022

https://doi.org/10.1021/acsami.2c05508
ACS Appl. Mater. Interfaces 2022, 14, 24486—24496



ACS Applied Materials & Interfaces

Research Article

www.acsami.org

multistep conversion reactions.'”'® It has been previously
demonstrated that highly catalytic edge planes can effectively
adsorb LiPS and favor the deposition and oxidation of the
discharge end products.'”""~"" It is well agreed upon that the
exceptional catalytic activity of TMDs arises from the versatile
and tunable electronic structure of transition metal d-orbitals
and undercoordinated surface atoms, the so-called edge
planes.””*" On one hand, several strategies have been explored
to enhance the number of edge planes in TMDs to improve
their activity. However, given that the inherently inert basal
plane is considerably more stable and highly exposed
compared to the edge planes, it would be rational to activate
it to further enhance both the overall number of active sites
and electrocatalytic properties. In this regard, researchers have
vigorously explored strategies including plasma or electron
beam irradiation, defect engineering, chemical activation,
doping, and so on.””"** On the other hand, a phase change
of TMDs from 2H to 1T’ by excess lithium intercalation was
found to dramatically activate the basal planes and enhance the
catalytic activity of the materials.”*™>° More importantly,
previous studies suggest that such phase engineering of TMDs
is strongly influenced by the energy difference between the two
phases, giving the researchers the ability to precisely identify
and tailor the materials.”"** While such phase transformations
and associated catalytic activities were reported in the case of
traditional water-splitting reactions and lithium-ion batteries,
they were never reported in Li—S redox reactions.”

Hence, we have chosen to study the highly advantageous
phase transformations for Li—S redox chemistry and monitor
the basal plane’s activity by exploring MoSe, as a model TMD
electrocatalyst. Herein, the energy difference (AE) between
the 2H and 1T’ structures of MoSe, was found to be
substantially smaller (0.33 €V) compared to WS, (0.54 eV) or
MoS, (0.55eV), making MoSe, an ideal candidate for phase
engineering.”” Besides, most of the experimental and computa-
tional studies show that MoSe, is more catalytic than other
TMDs like MoS,.*>™>” Even in Li—S batteries, MoSe, was
previously used in conjunction with a carbonaceous host and
demonstrated to provide anchoring sites for LiPS and an
excellent electrocatalytic activity toward LiPS conversion.”*™*
In this study, we performed density functional theory (DFT)
simulations to probe the LiPS adsorption behavior on the basal
plane and edge sites of the metallic 1T'-MoSe,. Interestingly,
our computational study indicated that the reconstructed 1T’
phase from the 2H phase due to lithium intercalation exhibits
significantly higher LiPS adsorption strengths on both the basal
plane and edge sites compared to 2H-MoSe,. Furthermore, ex
situ scanning electron microscopy (SEM) and X-ray photo-
electron spectroscopy (XPS) studies were employed to
corroborate the DFT-predicted phase transformation in
MoSe,, their influence on LiPS anchoring sites, and associated
mechanisms. The electrocatalytic activity of phase-transformed
MoSe, (henceforth referred to as 1T’-MoSe,) on Li—S redox
reactions was studied using typical electrochemical character-
ization and cycling performance by galvanostatic charge—
discharge studies.

2. RESULTS AND DISCUSSION

2.1. LiPS Adsorption Behavior on Different Phases of
MoSe,. Understanding the effect of atomic sites on the crystal
surface is pivotal to controlling electrocatalytic chemical
reactions. However, only limited efforts have been dedicated
to understanding the behavior of different sites on TMDs

toward LiPS conversion in Li—S batteries and their subsequent
employment as electrocatalysts. Typically, bulk MoSe,
comprising sandwiched Se—Mo—Se monolayers bonded
together by weak van der Waal interactions exhibits two
phases, 2H and 1T".*" Herein, we perform DFT calculations to
understand the adsorption capabilities of the Sg and LiPS
species on different phases and sites of MoSe, substrates in
relation to the suppression of the shuttle effect. The details of
the computational methods are provided in the Supporting
Information (SI). The binding energy values were obtained
using the formula E 4 = Ej; 5 + Eay — Epis, + amy Where E; g,
Epmw and Epig . ayq denote the total energies of isolated

polysulfides, anchoring material (AM), and the polysulfides
adsorbed system, respectively. As expected, the basal planes of
2H-MoSe, (Figures 1 and S1) demonstrated the lowest
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Figure 1. Adsorption energies of Sg and Li,S, on the basal plane and
edge sites of 2H and 1T’-MoSe,.

binding capabilities toward most liquid LiPS and solid charge—
discharge end products (like Li,S or Sg) and are in accordance
with previous reports.””** On the other hand, the edge sites of
2H-MoSe, evidenced higher binding energies toward all of the
LiPS due to localized edge states, © including solid species,
which are at least twice that observed in the case of the 2H-
MoSe, basal plane.

On the other hand, during the early lithiation process, the
electron transfer process from adsorbate was found to distort
the 2H structure, leading to a reconstructed thermodynami-
cally stable metallic 1T’ phase.""** In the simulations, the
polysulfides’ binding energies at various lithiation stages
toward the stable distorted 1T’ structure were evaluated
(Figures 1 and S2). We found that with the lithiation process,
the binding strength of LiPS species becomes progressively
stronger for the 1T’ basal plane in comparison with the 2H
phase. To assess the effectiveness of 1T’ phases in suppressing
the shuttle effect, we compared the binding energies of higher-
order polysulfides Li,S, (n > 4) with the dimethyl ether
(DME) electrolyte solvents (0.99—1.20 eV).* The stronger
adsorption of Li,S, (n > 4) on anchoring materials compared
to that of the electrolyte solvent indicates the impediment of
the shuttle effect. The calculated adsorption energies clearly
illustrate that the basal plane of the reconstructed 1T’ phase is
active to effectively immobilize the higher-order polysulfides
Li,S, (n > 4); however, the 2H phase cannot endow adequate
adsorption strength. Similarly, to gain further insights into the
binding characteristics of polysulfides on the edges of 1T'-
MoSe,, we constructed energetically stable 50% Se-covered
Mo edge sites.* The calculated binding energies are shown in
Figure 1, and the optimized structures are displayed in Figure
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Figure 2. Schematic illustration representing the phase transformation of 2H-MoSe, into 1T’-MoSe, upon lithiation and its subsequent influence

on the LiPS adsorption.
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Figure 3. Investigation of LiPS adsorption sites on MoSe, triangles. (a, b) SEM images of pristine and as-discharged MoSe, triangles; (c, d)
corroborative SEM images of triangles after Li,S deposition (inset of d shows a zoomed area of the triangle marked in a yellow square), scale bar =
1 ym; and (e—h) SEM and EDAX elemental mapping of molybdenum, selenium, and sulfur elements recorded on a Li,S-deposited triangle,

respectively.

S3. We found that the adsorption strengths of all of the
polysulfides towards the edge sites are comparable to those of
the basal planes of 1T’-MoSe,. In contrast, it is noteworthy
that a strong difference in the edge plane and basal plane
activity of 2H-MoSe, is evident. The strong adsorption of LiPS
facilitated via the unsaturated Se dangling bonds at the edges
evidences the entrapment of higher-order polysulfides in favor
of hindering the shuttle effect. Adsorption energies on the edge
sites of the 1T’ and 2H phases toward liquid LiPS are
comparable.” However, the binding energy of the discharge
end product (Li,S) is certainly higher in the case of the 1T’
edge plane, which can assist in the improvement of sulfur
utilization. More importantly, despite the strong adsorption of
polysulfides on both the basal plane and edge sites of 1T'-
MoSe,, no chemical decompositions are observed, and
polysulfide molecules maintain their structural integrity.
Based on our simulation results, we predict that both the
basal plane and edges of 1T'-MoSe, are expected to be active
for polysulfide immobilization and catalytic conversion of
polysulfides, as depicted in Figure 2.

2.2. LiPS Interaction with the Active Sites of 1T'-
MoSe;. To corroborate DFT predictions, we performed ex
situ SEM and XPS studies to visualize LiPS adsorption and
unveil the phase transformation mechanism, respectively.
Initially, for SEM purposes, few-layered MoSe, nanosheets
were grown using chemical vapor deposition (CVD) on the
SiO,/Si substrate according to the procedure elucidated in our
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previous report.*® These ultrathin triangular nanosheets were
subsequently characterized using Raman spectroscopy using a
532 nm green laser. The corresponding Raman spectra showed
characteristic Raman vibration modes at ~245 and 280 cm™
corresponding to the strong out-of-plane A;; and Ezgl modes of
2H-MoSe, (Figure §4).7% A slight blue shift and red shift in
Ajg and E,, Raman peaks, compared with the typical MoSe,
flakes, can be ascribed to the increase in the thickness of
MoSe, flakes and indicate the presence of multilayers.*”*
Further, to visualize MoSe, active sites” influence on the Li,S,
adsorption and their catalytic conversion reactions, as-grown
nanoflakes were transferred onto aluminum patterned electro-
des on a SiO,/Si wafer. After transferring the flakes onto the
patterned substrate, wire bonding was carried out to get proper
electrical connections for further electrochemical studies. Two-
electrode electrochemical cells were assembled with MoSe,
chips as working electrodes and metallic Li as a counter/
reference electrode in a 10 mM Li,S, catholyte solution
containing 1 M LiTFSI and 0.1 M LiNO; in tetraethylene
glycol dimethyl ether (TEGDME) as the solvent. To
understand the Li,S, adsorption on catalytic sites of the flakes,
galvanostatic discharge was performed at a current rate of 1 yA
for 6 h. After deposition, the flakes were carefully removed
from the LiPS solution, subsequently washed with the
TEGDME solvent, and dried under vacuum overnight. Then,
the ex situ SEM images of several MoSe, triangles recorded
after the discharge process, Figure 3a—d, depict the formation

https://doi.org/10.1021/acsami.2c05508
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Figure 4. High-resolution XPS spectra of the 1T’-MoSe, (a—c) Mo, (d—f) Se, and (g, h) S elements under (a, d) pristine, (b, e, g) discharged, and

(¢, f, h) charged conditions.

of polysulfide deposits all over the flakes (the SEM images of
triangles in Figure 3c,d before deposition are shown in Figure
SS). Previously, it was elucidated that LiPS preferentially
adsorb along the edges of TMDs and undergo further
deposition, which was anticipated to be due to their
unsaturated active sites, while leaving most of the inactive
basal plane (center part of the triangle) unused.’ On the other
hand, in our case, LiPS deposition was found to occur on the
entire triangle as evidenced by the white deposits throughout
the surface (Figure 3b,c). Based on these facts, we hypothesize
that LiPS undergoes adsorption on both the basal and edge
planes of 1T’-MoSe,, where further conversion reactions are
expected to proceed. Such a phenomenon can be explained as
follows: while Mo—S interactions are common, it is note-
worthy here that the highly exposed and more catalytic Se
sites'' throughout the basal planes contribute toward the
adsorption of Li,S, (through Li—Se interactions) on basal as
well as edge planes. Moreover, the activation of the 1T’ phase
of MoSe, during the discharge process and its corresponding
excellent electronic structure and physical properties might
contribute to enhanced Li,S, adsorption, as demonstrated by
DFT studies. However, the amount of polysulfide deposition
on 1T'-MoSe, flakes is strongly dependent on the time of
galvanostatic discharge. Upon discharge of another MoSe, chip
for 12 h, granular and large amounts of solid discharge end
product deposits were observed all over the MoSe, triangle.
Further, energy-dispersive X-ray analysis (EDAX) elemental
mapping further confirms the complete coverage of sulfur on
the edge as well as basal planes of nanosheets, which support
the strong LiPS adsorption and their conversion on 1T'-
MoSe,, as shown in Figure 3f—h.

Further, to gain insights into the phase transformations
occurring in 2H-MoSe, nanosheets and decipher their effect
on the binding strength of LiPS species, we performed
systematic XPS analysis on pristine, discharged, and charged
Li—S cathodes with MoSe, nanosheets. Though the CVD
process is well known to get high-quality TMD nanosheets
with definite morphology and layer orientation on the SiO,
substrate, it cannot be directly translated into Li—S batteries
because of the nonconducting nature of the growth substrate.
Hence, we grew MoSe, triangles onto a conductive carbon
cloth (CC) by appropriate control of the CVD process
parameters to be used for subsequent studies.””>” These CVD-
grown MoSe, triangular nanosheets on CC were systematically
characterized using SEM, EDAX, and X-ray diffraction (XRD).
Figure S6ab shows the SEM images of MoSe, triangular
nanosheets at different magnifications on CC. SEM images
elucidate the triangular structure of MoSe, on carbon fiber,
whereas EDAX mapping confirms the distribution of Mo and
Se on carbon fiber (Figure S6c—e). The XRD pattern of CC
with MoSe, (Figure S7) demonstrates a strong peak at 26°,
which can be ascribed to the (002) plane of the carbon cloth.
Furthermore, several peaks at 13.7, 31.8, and 37.2°
corresponding to the (002), (100), and (103) planes of
MoSe,, respectively, were observed. The as-grown MoSe, on
CC was used as a sulfur cathode host for XPS and
electrocatalytic property evaluation studies.

First, to ascertain the electrochemical phase transformation
occurring in the MoSe, triangles into 1T’-MoSe,, we
performed ex situ XPS studies (Figure 4) and compared
them with bulk MoSe, (Figure S8). All of the XPS spectra peak
positions were centered with respect to the carbon C 1s peak

https://doi.org/10.1021/acsami.2c05508
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Figure S. Evaluation of electrocatalytic properties. (a) Nyquist plot and (b) cyclic voltammograms recorded at a scan rate of 0.05 mV s™' on the
CC only and CC with MoSe, electrodes; Tafel slopes derived from the cyclic voltammetry (CV) for (c) reduction reaction at ~2.5 V and (d)
oxidation reaction at ~2.3 V; (e) cyclic voltammograms recorded at various scan rates on the CC with the MoSe, electrode (CVs as a function of
the scan rate for the CC only electrode are presented in the SI); and (f) linear relationship between cathodic and anodic peak currents and the

square root of scan rates for both electrodes.

position at 284.6 eV. As shown in Figures 4a and S8a, the Mo
3d XPS spectra of both the pristine MoSe, triangle sample and
bulk 2H-MoSe, were resolved into two predominant peaks
centered at 229.1 and 232.2 eV corresponding to two core
levels Mo*" 3d;,, and Mo*" 3d;),, respectively, which typically
represent the 2H phase of MoSe,. Interestingly, upon
discharging the MoSe, triangles (Figure 4b), the two original
Mo 3d peaks were found to move to lower binding energies at
228.7 and 231.5 eV with a negative shift of around 0.4 and 0.7
eV, respectively, indicating the phase transformation of the 2H
to 1T’ phase.”*’ In addition, a strong new peak was observed
at a binding energy of 233.3 eV, which can be attributed to the
formation of the Mo—S bond, indicating LiPS species’ binding
to Mo atoms. On the other hand, the Mo 3d spectrum of bulk
2H-MoSe, (Figure S8b) still demonstrated the two peaks but
with a slight positive shift (229.25, 232.28 eV). Similarly, the
Se 3d doublet peak of the MoSe, triangle and bulk 2H-MoSe,
(Figures 4d and S8d, respectively) was deconvoluted into two
characteristic peaks at 54.8 and 55.6 eV resulting from Se~
3ds;, and Se’” 3d,/,, belonging to the 2H phase of
MoSe,.****** In the discharged samples of triangular MoSe,
(Figure 4e), the typical Se 3d peak was found to disappear, and
only one peak at a higher binding energy (~55.7 eV) was
observed, indicating a strong binding of Se with Li to form
Li,Se, thus anchoring LiPS. Contrarily, the Se 3d spectra of
bulk 2H-MoSe, showed a small positive shift, indicating that
certain valance electrons transferred from negatively charged
Se to positively charged Li. While small positive shifts in both
Mo and Se of bulk 2H-MoSe, suggest some interaction
between these elements and S and Li, no phase-change-related
shifts analogous to 1T’-MoSe, were noted.*®

24490

These results indicate that upon discharging, triangular 2H-
MoSe, completely reconstructs into 1T’-MoSe,, which
activates the basal plane contributing to the effective anchoring
of LiPS and their further conversion. Upon charging, certain
1T’-MoSe, can be transformed back into the 2H phase, and
over repeated cycling, the 2H phase is expected to completely
convert into the 1T phase. To corroborate, we have analyzed
the Mo 3d spectra of charged samples (Figure 4c), which
exhibited the characteristic peaks with a slight positive shift in
their binding energies. The Se 3d spectrum (Figure 4f) also
demonstrated the typical Se 3d;,, and Se 3d;,, peaks at
corresponding binding energies along with the Li—Se bond. In
the S 2p spectrum of the discharged bulk 2H-MoSe, (Figure
S8g) sample, a strong peak at 161 eV was observed
corresponding to the formation of a discharge end product
(Li,S). However, the S 2p spectrum of the charged sample still
showed a significant presence of the Li,S peak, demonstrating
the inferior capability of 2H-MoSe, in converting the discharge
end products effectively. It is noteworthy to mention that,
during discharge, the S 2p spectrum (Figure 4g) demonstrated
a peak at 164.3 eV corresponding to typical bridging sulfur of
LiPS and another peak at ~161 eV, which can be ascribed to
the discharge end product Li,S.””** Moreover, in the charged
samples (Figure 4h), the peak corresponding to Li,S was found
to disappear and the formation of a strong peak corresponding
to bridging sulfur along with a new peak at ~162 eV
representing terminal sulfur was noted. Such an observation
represents an effective conversion of an active material (LiySg)
into charge/discharge end products.

Further, we performed the Bader charge and charge density
difference analysis to elucidate the electronic and electro-
catalytic behavior of MoSe, upon LiPS adsorption. The charge

https://doi.org/10.1021/acsami.2c05508
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density plot for the representative cases such as Li,S, Li,S,, and
Li,Sg on the 1T’ phase is presented in Figure S9. From the
figure, we find that the electrons are accumulated mainly on
the MoSe, substrate from the Li,S, clusters, and the
observation is directly corroborated with the charge transfer
data. The density of states calculations performed to
understand the electronic properties, as shown in Figure S10,
depict the metallic conducting nature of the 1T’ phase. The
retention of the conducting behavior even after Li,S,
adsorption is conducive to electronic conduction and superior
catalytic activities of lower-order polysulfides. Overall, the
MoSe, phase transformation mechanism and its effect on LiPS
adsorption can be explained as follows. (i) Initially, upon
discharge of the Li—S cell, the 2H phase of MoSe, converts
into the 1T’ phase due to Li" intercalation. While the 2H
phase is typically semiconducting, the 1T’ phase is highly
metallic in nature; particularly, unlike the 2H phase, both the
basal and edge planes are active in the 1T' phase, which further
boosts the chemical and electrocatalytic activities of MoSe,.””
(ii) The 1T’-MoSe, binds excellently with both the sulfur and
Li ends of LiPS, via Mo—S and Li—Se interactions due to the
high adsorption energy of both edge and basal planes of 1T’
toward LiPS as revealed by DFT simulations; besides, the
enhanced active sites efficiently convert the anchored LiPS into
charge/discharge end products, which is crucial for the
reversibility of the cell. (iii) Finally, after first charging, a
certain 1T’ phase retransformed into 2H-MoSe, while still
capturing LiPS on the cathode surface via similar interactions
as observed during discharge, thus efficiently curbing the LiPS
shuttle. After confirming the beneficial role of these phase
transformations in the LiPS adsorption, next, it is imperative to
investigate this material’s electrocatalytic behavior on the
overall LiPS redox process.

2.3. Evaluation of the Electrocatalytic Properties of
1T’-MoSe, on LiPS Redox Reactions. To prove the
electrocatalytic capability of 1T’-MoSe, toward LiPS, we
fabricated a standard coin cell as per the procedure described
in the Experimental Section. To evaluate the electrochemical
behavior of the as-prepared cells with and without MoSe,,
electrochemical impedance spectroscopy measurements were
carried out in the frequency range of 1 MHz to 100 mHz.
Figure Sa depicts the corresponding Nyquist plots, which show
an intercept on the real axis corresponding to the ohmic
resistance (R,) followed by a semicircle in the high-frequency
region typically ascribed to the charge transfer resistance (R,,).
A second semicircle was noted in the middle-frequency region
(R;) predominantly on the cells with only CC electrodes; the
mere existence of this semicircle in a fresh cell represents the
deposition of an insoluble solid film of Li,S/Li,S, on the anode
surface, produced by a reaction between the Li-metal anode
and the LiPS (formed duriné% self-discharge), which migrate
from the cathode to anode.’”” In the low-frequency region, an
inclined line (Warburg impedance W,) was noted, which
represents the Li-ion diffusion within the cathode material.*”
The impedance spectra were further modeled using an
equivalent circuit (Figure S11, and fitting parameters are
elucidated in Table S1), and given the rough/porous surface of
the CC electrode, a constant phase element was chosen along
with resistance components during the modeling.63 While the
R, and R, for both as-prepared cells are identical, it is
noteworthy that the value of R¢ for the 1T’-MoSe, is almost
negligible (~2.1 Q), compared to that of the CC electrode
(122.5 Q). More importantly, given that the active material

was in the form of liquid LiPS (Li,Sg), such an observation
demonstrates that the LiPS shuttle process was mitigated by
MoSe, nanosheets through strong interactions.

Next, to decipher the electrocatalyst’s influence on the LiPS
redox and liquid—solid conversion reaction kinetics, the Li—S
cells were probed via cyclic voltammetry (CV). Figure Sb
shows the CV recorded at a scan rate of 0.05 mV/s on two
coin cells with/without MoSe, loading. The CV of CC alone
demonstrated two characteristic reduction peaks at 2.43 (1)
and 1.96 (II) V, corresponding to the conversion of long-chain
LiPS to medium-chain LiPS and their subsequent conversion
to discharge end products (Li,S/Li,S,). On the other hand,
upon incorporating MoSe,, a clear anodic shift of the reduction
peak I (~2.45 V) and higher currents on both reduction
processes were noted. Further, during the anodic scan, a broad
oxidation peak centered at 2.49 V corresponding to the
conversion of Li,S to LiPS/S in a single step was observed in
the case of CC. Interestingly, a noticeable cathodic shift and
split in the anodic peak (2.38 and 2.52 V) were seen on MoSe,,
indicating the catalytic effect toward converting lower chain
polysulfide first to upper chain polysulfide and then to
elemental sulfur (Sg). The potential difference (AEP =E, —
Epcl) between the first anodic peak (Epal) and the second
cathodic peak (Epcz) was found to be 0.53 and 0.41 V for the
CC and MoSe, cells, respectively. It is noteworthy that a
decrease in AE, typically represents a decrease in cell
polarization between the LiPS redox reaction. Similarly, CV
studies were also performed on bulk 2H-MoSe, to distinguish
the effect of 1T’-MoSe, (Figure S12). The CV of bulk 2H-
MoSe, demonstrated two characteristic reduction peaks at 2.45
and 1.97 V corresponding to the conversion of long-chain LiPS
to medium-chain LiPS and their subsequent conversion to
discharge end products. On the other hand, during the anodic
scan, 2H-MoSe, demonstrated two oxidation peaks at 2.43 and
2.53 V, indicating a two-step oxidation behavior. However, it is
evident that 1T’-MoSe, showed stronger cathodic shifts and
higher peak currents compared to 2H-MoSe,, indicating the
higher catalytic behavior of 1T’-MoSe, toward LiPS
conversion.

Also, to elucidate the electrocatalytic effect of 1T'-MoSe,,
we performed a Tafel slope analysis, as shown in Figure 5S¢,d.
The 1T'-MoSe, shows a Tafel slope value of 43 mV/dec for
the reduction of Li,Sg (~2.4 V), which was very low compared
to that of CC alone (62 mV/dec). Besides, the exchange
current density (iy) obtained from extrapolation of the current
axis in the Tafel plot was higher on the 1T’-MoSe, (0.16 X
1073 A/cmz) surface compared to the CC (0.09 x 1073 A/
cm?). Furthermore, the Tafel slope and i, for the oxidation
process (~2.4 V) were found to be 250, 130 mV/dec and
0.0016, 0.0022 mA/cm? for the CC and 1T’-MoSe, electrodes,
respectively. The obtained low Tafel slope and higher exchange
current density values of the 1T’-MoSe, surface during the
reduction and oxidation processes (Table S2) indicate a facile
conversion of higher-order LiPS (Li,Sg) into medium-chain
LiPS (liquid/liquid) and conversion of discharge end products
effectively into charge products, respectively.

Further, given that fast Li* diffusion can facilitate the LiPS
conversion process, we calculated the Li* diffusion coefficient
to gain insights into the role of 1T’-MoSe, in LiPS redox
reactions. Figures Se and S13 show the CVs of the CC with
and without MoSe, electrodes, respectively, recorded at
different scan rates ranging from 0.1 to 0.5 mV/s, and Figure
Sf depicts the corresponding peak currents vs square root of
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Figure 6. Electrochemical characterizations. (a) Voltage vs specific capacity profiles depicting the cell polarization; (b, c) galvanostatic charge—
discharge profiles of the 1T’-MoSe, and CC only electrodes; (d) long cycling performance of both electrodes and Coulombic efficiency of the 1T'-
MoSe, electrode; and (e) rate capability studies carried out on the cell with the 1T’-MoSe, electrode.

the scan rates. It can be observed that the cathodic and anodic
peak currents (i,) of both electrodes demonstrated an excellent
linear relationship with the square root of scan rates (v'/2),
indicating a diffusion-controlled process. Hence, Li* diffusivity
was calculated by the Randles—Sevcik equation: ip = (2.65 X
10%) #'* S D;*% ACy, 1°5, where I, is the peak current, n is
the number of electrons, S is the geometric area of the
electrode, Dy;" is the Li-ion diffusion coefficient, ACy; is the Li-
ion concentration in the cathode, and v is the scan rate. The
Dy, values calculated for the CC with MoSe, electrode were
found to be higher than those for the CC only electrode
(Table S3). This can be explained as follows: the CC only
electrodes allow for weak interactions toward LiPS adsorption
with a subsequent buildup of insulating charge/discharge end
products leading to a low Li" diffusivity. On the other hand,
highly conductive 1T’- MoSe, can aid in very fast Li* diffusion,
representing superior catalytic activity, thus enabling effective
LiPS conversion. In effect, these kinetic parameters and Li*
diffusion coefficients are a clear indication of the catalytic effect
of MoSe, on polysulfide conversion reactions.

Next, to appraise the Li—S cycling performance, galvano-
static charge/discharge studies were performed on 1T'-MoSe,
and were compared with bulk 2H-MoSe, and CC alone cells,
at a constant current rate of 0.33C in the potential window
between 3.0 and 1.7 V vs Li/Li*. From Figure 6a, it can be
observed that the CC and 2H-MoSe, electrodes demonstrated
two distinct discharge plateaus at 2.33, 1.96 V and 2.18, 2.00 V,
respectively. Similarly, 1T’-MoSe, showed two discharge
plateaus at 2.40 and 1.97 V. These plateaus can be attributed
to the reduction of Li,Sy to medium-chain LiPS (Li,S,, n > 4)
and subsequently to short-chain LiPS/discharge end products
(Li,S,, n = 1—3). More importantly, a reduced polarization can

be observed in the case of the 1T'-MoSe, compared to the CC
and 2H-MoSe, electrodes, depicting enhanced redox kinetics
for LiPS conversions on MoSe, nanosheets. Further, it can be
noted that the 1T’-MoSe, electrode delivered a discharge
capacity of ~1000 mAh g~' in the initial cycles and
demonstrated an excellent capacity retention behavior for
over 250 cycles, with limited changes in the polarization
(Figure 6b). On the other hand, the CC electrode delivered an
initial capacity of only ~850 mAh g™ at 0.33C and displayed a
sharp decay in its capacity with a constant increase in the cell
polarization even within 200 cycles (Figure 6c).
Furthermore, to appraise the changes in R, and R; under
charge/discharge conditions, electrochemical impedance spec-
troscopy (EIS) spectra were collected for both cells in fully
discharged and charged conditions, as shown in Figure S14.
Typically, R¢ was also associated with the generation of LiPS
and their subsequent transformation into charége/ discharge end
products on the positive electrode material.***> Accordingly,
after the first discharge, R significantly reduced for both cells,
but R; was found to be 245.1 and 2.3 Q for the CC and 1T-
MoSe, cells, respectively, and the increase in the size of the
mid-frequency semicircle for the CC electrode depicts the
dissolution of as-formed LiPS into the electrolyte. Sub-
sequently, after the first charge, R, for the 1T’-MoSe,
electrode (8.2 Q) was very small, indicating a facile electron
transfer process compared to that of CC (150 Q).
Furthermore, EIS spectra were collected for both cells after
10 cycles, where the CC electrode demonstrated two clear
semicircles while only one clear depressed semicircle was noted
on 1T’-MoSe,. Interestingly, for identical cells, R, for 1T’-
MoSe, was noted to be only half that of the CC cell, which can
be attributed to the enhanced conductivity of MoSe,. Even
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after 10 cycles, the R; of 1T’-MoSe, was at least 8 times lower
than the CC electrode, indicating the uniform deposition of
charge/discharge products on its surface over cycling, while the
Li* diffusion to the deposits is facilitated. Overall, from the
impedance analysis, it can be concluded that MoSe, nano-
sheets offer an excellent electronically conductive sulfur host
matrix, which not only curbs LiPS dissolution into the
electrolyte but also enables a stable interface, essential for
high rate capability and long cycling performance in Li—S
batteries.

Figure 6d evidences the cycling stability at a 0.33C rate,
where an average stable capacity of >800 mAh g~' was realized
for 1T’-MoSe, for over 250 cycles. More importantly, the cell
displayed an excellent Coulombic efliciency of 99.6%
throughout cycling with a minimal average capacity loss of
only 0.15% per cycle due to the effective conversion of
polysulfides on the electrocatalytically active MoSe, surface.
While the 2H-MoSe, electrode delivered an average capacity of
~750 mAh g™" and cycling stability comparable to that of 1T’-
MoSe, until 125 cycles, the capacity quickly faded after that
possibly due to the catalytic deactivation effect.”® On the other
hand, while the CC delivered a stable capacity for certain
cycles, a sudden drop in capacity was observed after 150 cycles,
which quickly declined to only ~280 mAh g™" at the end of the
250th cycle. The average capacity demonstrated by CC
without MoSe, was only ~630 mAh g~', with an average
capacity decay of 0.41% per cycle. Over the cycles, charge—
discharge end products typically accumulate on the electrode
surface, and given the inability of the carbon surface to
efficiently convert them in the subsequent cycles, such a pile-
up of insulating products decreases the active surface area
leading to fast capacity fade. Contrarily, the stable capacity on
1T’-MoSe, demonstrates its superior catalytic behavior toward
LiPS conversion over several cycles.

Finally, the electrochemical behavior of 1T’-MoSe, at
different C rates was evaluated, as shown in Figure 6e. Herein,
1T’-MoSe, delivered superior specific capacity to that of the
CC electrode at three different C rates of 0.1C, 0.2C, and 0.5C.
For instance, a discharge capacity of 1220, 1033, and 820 mAh
g_1 was obtained at 0.1, 0.2, and 0.5C, respectively. Similar
capacities were derived from the cell even after retaining C
rates of 0.2 and 0.5C in the subsequent cycles (15—20 cycles).
Hence, electrocatalytically active materials, like phase-trans-
formed MoSe,, exhibit superior specific capacity and rate
capability over pristine CC and are essential to enhance LiPS
reversibility and reaction kinetics. Table S4 compares various
electrochemical performance metrics of state-of-the-art TMD
cathodes with the current 1T-MoSe,. It is evident that 1T'-
MoSe, electrodes delivered the highest Coulombic efliciency
compared to any other contemporary electrodes, even at a
reasonable C rate of 0.33C. On the other hand, some of the
other TMDs demonstrated higher specific capacity, which can
be a result of the highly conductive carbonaceous matrix, such
as reduced graphene oxide (rGO) and carbon nanotubes
(CNTs), which were used as a host for catalytic TMD
materials. These studies suggest that a combination of the
proposed 1T’-MoSe, materials with highly conductive carbons
can further enhance the performance of the Li—S batteries.

3. CONCLUSIONS

In summary, we have demonstrated the influence of phase
transformation occurring in TMDs during Li—S discharge on
LiPS adsorption and their subsequent conversion reactions.

Theoretical calculations unveiled that the reconstructed stable
and metallic 1T" phase from conventional 2H-MoSe, activates
the basal planes. More importantly, such activated basal planes
exhibit robust adsorption capabilities toward intermediate LiPS
in addition to the inherently active edge planes. Systematic
scanning electron microscopy images revealed the facilitated
adsorption and deposition of LiPS all over the MoSe,
triangular structures. Furthermore, spectroscopy studies of
pristine and cycled samples of MoSe, nanosheets evidenced
the 2H —1T’ phase transformation and Mo/Se sites’
contribution on the edge and basal planes toward LiPS
anchoring. Adsorbed LiPS undergoes facile solid—liquid-solid
conversion as evidenced by the detailed electrochemical and
kinetic analysis in terms of Tafel slope, exchange current
density, and Li* diffusion coeflicient measurements. Finally,
due to the enhanced adsorption and catalytic conversion of
LiPS, a very high initial capacity of ~1000 mAh g™ was
realized at 0.33C with an excellent Coulombic efficiency of
over 99.6% for over 250 cycles. Hence, exploration of the
TMD phase transformational effect on Li—S battery perform-
ance is the first of its kind and provides a great avenue to
design phase-engineered materials for next-generation battery
technologies.

4. EXPERIMENTAL SECTION

4.1. Materials and Methods. 4.1.1. Growth of MoSe, Triangles.
Initially, MoSe, nano triangles were grown on a SiO, substrate using a
CVD method, as per the procedure described in our previous study.*®
Briefly, MoO; powder was initially sprinkled onto a SiO, substrate in
an alumina boat, which was placed in the center of the CVD reactor
(high-temperature zone) in a 2-inch quartz tube; simultaneously,
another boat consisting of selenium pellets was placed in the low-
temperature zone (200—270 °C) upstream relative to the gas flow
direction. Prior to the growth process, the furnace was flushed out
with high-purity Ar gas for 20 min to exhaust all of the air. Later, the
furnace temperature was raised to 750 °C with a ramp speed of S5
°C/min, and that temperature was maintained for 25 min under a
continuous flow of a mixture of Ar (80 sccm) and H, (20 sccm) gases.

4.1.2. Growth of MoSe, on Carbon Cloth. The growth process of
MoSe, triangles on CC was carried out by initially sprinkling MoO,
powder on a porcelain boat. The CC was then placed on top of the
boat and loaded into the center of a 2-inch quartz tube; another boat
with ~500 mg of selenium pellets was loaded in a tube such that when
the temperature of the center zone reaches 750 °C, the temperature of
the selenium boat ranges between 200 and 270 °C. A mixture of
hydrogen (20%) and argon was used as a carrier gas, which creates a
reducing atmosphere during the deposition process. Recently, Cao et
al. used Wulff’s construction to exemplify the shape as a function of
chemical composition,”” where the triangular-based crystal shape
contains more chalcogens (S or Se); these triangular nanoclusters
were found to be more catalytic.68 Therefore, selenium introduction
time plays a very crucial role to get the triangular structure, whereas
hydrogen helps to reduce MoO; powder to MoO,-Se and then to
MoS«52.69

4.2. Material Characterization. FE-SEM images (JEOL JSM-
7600) were collected at an operating voltage of 2 kV to study the
morphology of MoSe, nanosheets. X-ray diffraction (XRD) patterns
of the as-prepared samples were collected at a scan rate of 0.05 s™'
using Cu Ka radiation (Rigaku Miniflex II X-ray diffractometer).
Raman spectra were recorded by the Andor Shamrock 500i system
with a 532 nm green laser (Nd: YaG source). The X-ray
photoelectron spectra of the as-prepared materials and cycled
electrodes were collected using a ThermoFisher Scientific NEXSA
UV and X-ray Photoelectron Spectrometer, and open-source XPS
peak fit 4.1 software was used for deconvoluting the spectra.

4.3. Cell Fabrication and Electrochemical Measurements.
Standard 2032-coin cells were assembled inside an argon-filled
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glovebox (oxygen and moisture levels maintained below 0.1 ppm) to
study the electrochemical performance of MoSe, against sulfur and
intermediate LiPS redox reactions. The carbon cloth with/without
MoSe, loading was cut into circular disks each with a diameter of 12.7
mm to be used as a positive electrode and Li metal as an anode. An
active material containing catholyte (0.2 M Li,Ss) was prepared by
mixing stoichiometric amounts of Li,S and S in the tetraethylene
glycol dimethyl ether (TEGDME) solvent with effective stirring at 90
°C overnight. Typical coin cells were then assembled using 10 uL of
0.2 M Li,Sg as an active material and Celgard as a separator wetted
with an appropriate amount of the blank electrolyte (1 M LiTFSI +
0.1 M LiNO; in TEGDME).

Electrochemical impedance spectroscopy and cyclic voltammetric
studies were conducted using a Biologic SP300 bipotentiostat, and the
galvanostatic charge—discharge process was performed in the
potential range of 3.0—1.7 V in an ARBIN cycle life tester. For the
ex situ XPS analysis, a set of two identical coin cells were fabricated
according to the procedure described above for each of the MoSe,
triangles anchored on carbon cloth and bulk 2H-MoSe, on carbon
electrodes. One cell from each set was subjected to the discharge
process at C/20, while the other was first discharged and then charged
at C/20. The cells were then decrimped, the electrodes were washed
with a blank TEGDME solvent without any salts, and XPS analyses
were then performed on them.
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