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ABSTRACT: Curtailing the polysulfide shuttle by anchoring the intermediate lithium
polysulfides (LiPS) within the electrode structure is essential to impede the rapid
capacity fade in lithium-sulfur (Li-S) batteries. While most of the contemporary Li-S
cathode surfaces are capable of entrapping certain LiPS, developing a unique electrode
material that can adsorb all the intermediates of sulfur redox is imperative. Herein, we Sanlal ) ¢ e
report doping of the Mo$S, atomic structure with nickel (Ni@1TMoS,) to modulate its ~ Sulfur :.-QW.Q;{ Li,S
absorption capability toward all LiPS and function as an electrocatalyst for Li-S redox. Atomically doped Transition Metal Dichalcogenides
Detailed in situ and ex situ spectroscopic analysis revealed that both Ni and Mo sites
chemically anchor all the intermediate of LiPS. Electrochemical studies and detailed oL s Mo ONi

kinetics analysis suggested that the conversion of liquid LiPS to solid end products are

facilitated on the Ni@1TMoS, electrocatalytic surface. Further, the employment of the Ni@1TMoS, electrocatalyst enhances the Li*
diffusion coefficient, thus contributing to the realization of a high capacity of 1107 mA h g™" at 0.2C with a very limited capacity fade
of 0.19% per cycle for over 100 cycles. In addition, this cathode demonstrated an excellent high rate and long cycling performance

[l Metrics & More | @ Supporting Information

Adsorption of Intermediate LiPS

for over 300 cycles at a 1C rate.

KEYWORDS: lithium-sulfur batteries, MoS,, Ni-doped MoS,, polysulfide adsorption, electrocatalysis

1. INTRODUCTION

Lithium-sulfur (Li-S) batteries turned into one of the most
sought-after energy storage systems due to their appealing
theoretical capacity (1673 mA h g™') and energy density (2600
W h kg™'), which is ~10 times higher than any of the
contemporary lithium-ion battery materials." > Conversely, the
Li-S cell performance metrics including capacity, coulombic
efficiency, and cycle life often deteriorated, obstructing their
technology to commercialization. Manifold reasons were
correlated to the cell failure; however, the diffusion of soluble
sulfur intermediates into the electrolyte and their shuttling
behavior between the electrodes while charging/discharging is
recognized as a primary issue.” ® In the past two decades,
various strategies have been demonstrated to mitigate the
polysulfide (PS) shuttling and its associated difficulties.
Though carbonaceous material-based cathodes are renowned
for gaining high capacity and structural integrity, their inherent
non-polar nature allows weak interaction with the polar PS,
which renders shuttling effects inevitable upon extended
cycles.””"® Anchoring of intermediate PS in the cathode
surfaces is often deliberated as a key strategy as it not only
controls the PS shuttling phenomenon but also improves the
cycle life and round-trip efficiency.”'*™"® Along the same line,
the use of an electrocatalytic surface in the multistep sulfur
redox process has shown enormous potential in the trapping of
PS and accelerating the subsequent reactions, which enhances
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the specific capacity along with long cycle life while
demonstrating excellent reversibility.'”~*"

The efficiency of electrocatalyst for Li-S redox is twofold: (i)
the number of adsorption sites on the cathode and (ii) the
ability of the cathode to effectively convert the LiPS.
Previously, several polar functional groups including metal
oxides,'”**™** sulfides,”*” and polymer matrix**~*" have been
demonstrated to chemically adsorb the intermediate PS and
extend the performance of the Li-S system. On the other hand,
governed by Lewis acid—base interaction, tailoring of surface
acidity of metal oxides with heteroatom doping was also found
to enhance the entrapment of PS.>’ However, their low surface
area, inefficient electron transfer from the active sites to the
underlying surface, and their poor reaction kinetics limit them
from achieving stable Li-S performance.’ Tao et al. suggested
that a balance between the adsorption and diffusion of polar
sulfur species should be considered as a design principle of
sulfur hosts, which was revealed by a systematic comparison
between various nonconductive metal oxides.”” Nanostruc-
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tured cathode surfaces with active sites either lithophilic
(lithium end binding) or sulfiphilic (sulfur end binding)
provide improved PS absorptivity through modulated surface
binding energy during the lithiation process compared to its
counterpart.”** In addition, the rational design of cathodes
with both lithophilic and sulfiphilic attractive polar functional
groups allows the binding of PS with multiple chemical
interactions and effectively convert them.>

However, given the fact that intermediate PS forms with
different chain lengths during the reaction and undergoes
manifold (electro) chemical transformations, their binding
strength varies on the surface. In such circumstances, the
cathode’s surface can no longer have a ubiquitous anchoring
effect on all the intermediate PS, and as a result some of them
tend to undergo dissolution. For instance, metal sulfide® and
metal oxide’” cathodes demonstrated higher binding strengths
specifically toward lower-order PS (Li,S,, x < 4) and higher-
order PS like Li,S4 and Li,Sg, respectively, while leaving other
liquid PS susceptible to the shuttle process. Despite anchoring
higher-order PS, it was also predicted that oxide cathodes may
enhance undesired side reactions, leading to the dissociation of
long-chain PS rather than their electrochemical conversion,
where the dissociated species are responsible for the PS shuttle.
Yet, in another example, TiC exhibited different binding
energies toward different PS species, for instance Li,Sq, Li,S,,
Li,Ss, and Li,S demonstrated higher binding strengths, while
Li,S, and Li,S, exhibited minimal binding.*® To the best of our
knowledge, there are no reports on cathode surfaces that tend
to adsorb all the liquid intermediate LiPS and convert them to
insoluble end products. Therefore, exploring the design
principle for anchoring polysulfides on the cathode substrate
that is capable of adsorbing all the intermediate PS while
catalyzing their subsequent redox reactions is imperative to
completely restrain the PS shuttle. Herein, we propose,
transition metal (nickel) doping of MoS, nanosheets (Ni@
1TMoS,) to alter the adsorption strength of the cathode
toward LiPS to effectively curtail the PS shuttle phenomenon,
as shown in Figure 1. The adsorption capability of Ni@
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Figure 1. Schematic representation demonstrating the effective
anchoring of LiPS (Li,S,, x < 8) on various active sites of the Ni@
1TMoS, surface.

1TMoS, toward various intermediate LiPS was investigated
using ultraviolet—visible spectroscopy and nuclear magnetic
resonance. Further in situ Raman spectroscopy studies were
conducted to elucidate the PS anchoring mechanism of this
novel electrocatalyst. Finally, the electrochemical properties of
Ni@1TMoS, nanosheets were studied in detail using cyclic
voltammetry and galvanostatic charge—discharge studies. We
believe that electrocatalysis of PS using inexpensive materials

such as Ni@1TMoS, nanosheets will open a new avenue for
developing eflicient energy storage technologies.

2. EXPERIMENTAL METHODS

2.1. Synthesis of Ni@1TMoS,. The Ni@1TMoS, electrocatalyst
was synthesized using Anderson-type POM nanoclusters (NiMog) by
a sulfurization hydrothermal reaction.’’ Initially, the
(NH,),[NiH¢Mo40,,]-SH,0 (NiMog) precursor was prepared by
dissolving Mo, (4.2 mmol) in 80 mL of DI water with subsequent
heating at 100 °C. Simultaneously, Ni(NO;),-6H,0 (4 mmol) was
dissolved in 20 mL of DI water and was added to the above solution
under stirring. The mixture was thoroughly stirred under heating until
a dark green solution appeared. The obtained product was then
separated by evaporation and filtration, which was recrystallized twice
in hot water (80 °C) with subsequent drying under vacuum. In the
next step, the NiMog precursor (0.042 mmol) was mixed with
thioacetamide (1.065 mmol) in 10 mL of H,O. The solution was then
transferred to a Teflon-lined autoclave and heated at 180 °C for 24 h.
The final product obtained was subsequently washed with DI water 3
times and dried under vacuum at 80 °C. For comparison, 1TMoS,
was also prepared in a similar fashion but without the incorporation of
Ni.

2.2. Preparation of Electrocatalytic Cathodes. The binder-free
electrode materials for the Li-S batteries were prepared by vacuum
infiltering the electrocatalysts into a conductive carbon gas diffusion
layer (GDL). In this route, 20 mg of the active material was uniformly
dispersed in 10 mL of isopropyl alcohol and ultrasonic treatment was
performed for 3 h. Then, the solution was infiltered into a GDL paper,
under vacuum, which was subsequently dried under vacuum
conditions at 80 °C overnight.

2.3. Preparation of Lithium Polysulfides (LiPS). For the LiPS
adsorption studies, 1 mM lithium polysulfide (Li,S,, Li,Ss Li,Ss)
solutions were made by reacting stoichiometric amounts of Li,S and
sulfur in 1:1 v/v 1,3-dioxolane and 1,2-dimethoxyethane at 50 °C
under constant stirring overnight. For NMR studies, S0 mM LiPS
were prepared by mixing stoichiometric amounts of Li,S and sulfur in
NMR-grade dimethyl sulfoxide (DMSO) solvent. The blank electro-
lyte was prepared by mixing 1 M LiTFSI and 0.1 M LiNOj salts in 1:1
v/v 1,3-dioxolane and 1,2-dimethoxyethane under magnetic stirring.

2.4. Coin Cell Fabrication. Standard 2032-coin cells were
assembled inside an argon-filled glovebox (oxygen and moisture
levels maintained below 0.1 ppm) to study the electrochemical
performance of the electrocatalysts against sulfur and intermediate
LiPS redox reactions. The electrocatalyst-infiltered GDL was cut into
circular disks of diameter 12.7 mm to be used as a positive electrode,
and the catalyst loading was around 10% of the total cathode weight.
Subsequently, the active material was introduced into the cathode
through the melt-diffusion process, by adding 1.5 mg cm™ of sulfur
on the cathode followed by heating it to 155 °C under an Ar
atmosphere. Coin cells were then assembled using this sulfur-
introduced cathode and Li metal foil as an anode with Celgard as a
separator wetted with an appropriate amount of the blank electrolyte.
Further, coin cells were also assembled with GDL paper alone,
without the addition of any electrocatalysts for control studies.

2.5. Characterizations. Transmission electron microscopy
(TEM) images were recorded on a JEOL 2010 transmission electron
microscope at an acceleration voltage of 200 kV using a LaBg filament
gun. 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 IT X-ray diffractometer). Adsorption studies between
electrocatalysts and polysulfides were then performed on a Shimadzu
UV-2600/2700 UV—visible spectrophotometer. Raman spectra were
recorded by the Andor Shamrock 500i system with a 532 nm green
laser (Nd:YaG source). Nuclear magnetic resonance (NMR)
spectroscopic studies were carried out on an Agilent 400 MHz
NMR instrument. X-ray photoelectron spectra of the as-prepared
materials were collected using a PHI Quantera spectrophotometer,
and open-source XPS peak fit 4.1 software was used for deconvoluting
the spectra. Electrochemical impedance spectroscopy and cyclic
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Figure 2. (a) Digital photograph of polysulfide adsorption testing for ITMoS, and Ni@1TMoS, cathodes. (b—d) UV—vis absorption spectra with
insets of the zoomed area and (e—g) NMR spectra recorded with and without the addition of 1TMoS, and Ni@1TMoS, in (b,e) Li,S,, (c,f) Li,S

and (d,g) Li,Sg solutions.

voltammetric studies were conducted using a Biologic SP300
bipotentiostat, and galvanostatic charge—discharge was performed in
the potential range of 2.8—1.7 V in an ARBIN cycle life tester.

2.6. Visual Inspection and UV-Vis Spectroscopic Studies.
For this study, 1 mg of both MoS, and Ni@1TMoS, materials were
added to 2 mL of 1 mM LiPS (Li,S,, Li,Ss, and Li,Sg in DOL/DME
solution) in an Ar-filled glovebox. The samples were rested for 3 h,
and visual inspection was then performed. Subsequently, 2 mL of
supernatant solution from each of the samples was collected and
transferred to UV—vis cuvettes, which were thoroughly sealed inside
the glovebox.

2.7. In Situ Raman Studies. In situ Raman spectroscopic studies
were carried out in an in-house-built three-electrode electrochemical
cell with a 532 nm green laser (Nd:YaG), as per procedures described
in our previous reports.‘m_42 The active material (Ni@1TMoS,) was
infiltered into GDL as described earlier, and after thorough drying,
sulfur was melt-diffused into the electrode. The catalyst-modified
GDL was later immobilized in the cell and acted as a working
electrode, while lithium metal foil served as both counter and
reference electrodes, and a freshly prepared blank electrolyte was
used. The whole setup was made inside an argon-filled glovebox in an
environmental chamber, which was later transferred to the Raman
instrumentation. The galvanostatic discharge was performed in the
potential region between OCV of ~2.7 and 1.7 V vs Li/Li" using a
Biologic SP-300 electrochemical workstation. The Raman spectrum
was recorded continuously for every S min, with acquisition time and
cycle time of 30 s each. All the obtained band intensities were
previously baseline-corrected.

3. RESULTS AND DISCUSSION

The Ni@1TMoS, sample was synthesized via a simple and
facile hydrothermal method. For better comparison, the
1TMoS, sample was also prepared using a similar methodology

27114

without the Ni dopant. The as-synthesized Ni@1TMoS, along
with its counterpart was systematically characterized using
TEM, EDAX, XRD, and Raman studies, as shown in Figures
S1—S3. The TEM images (Figure S1) evidence that Ni@
1TMoS, samples’ morphology consists of discrete and
extensive wrinkles at the edges, which entails the narrow
distribution of an ultrathin structure of the nanosheets. EDAX
mapping of the samples (Figure S2) confirmed the successful
doping of MoS, by Ni, and its content was found to be around
4.19%. In addition, the XRD pattern (Figure S3a) clearly
depicts three characteristic diffraction peaks at 26 = 13.6, 32.5,
35.1, and 57.2°% which corresponds to the (002), (100), (102),
and (110) planes of hexagonal MoS,. Further, Raman spectra
of the samples were collected to confirm the doping of Ni onto
1TMoS,. As shown in Figure S3b, the 1TMoS, (black curve)
displayed prominent characteristic Raman vibrational modes
located at 146, 212, and 335 cm™!. However, a slight shift in
the peaks and changes in the peak intensities were observed for
the Ni@1TMoS, samples in comparison with undoped
1TMoS,, indicating successful doping of secondary metals.”
Further, to understand the chemical composition and to
confirm the Ni doping in the MoS, structure, we have
performed an X-ray photoelectron spectroscopy (XPS) study
on the Ni@1TMoS, and compared it with the 1TMoS,
material (Figures S4 and SS). The XPS survey spectrum of
Ni@1TMoS, shows C, O, Mo, S, and Ni peaks at the
corresponding binding energies (Figure S4a). Meanwhile,
1TMoS, exhibits C, O, Mo, and S peaks at the respective
binding energies (Figure S4b). The presence of Ni atoms in
the Ni@1TMoS, survey spectrum clearly demonstrates the
possible Ni compositions in those samples. The deconvoluted

https://dx.doi.org/10.1021/acsami.0c04281
ACS Appl. Mater. Interfaces 2020, 12, 27112—27121


http://pubs.acs.org/doi/suppl/10.1021/acsami.0c04281/suppl_file/am0c04281_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c04281/suppl_file/am0c04281_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c04281/suppl_file/am0c04281_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c04281/suppl_file/am0c04281_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c04281/suppl_file/am0c04281_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c04281/suppl_file/am0c04281_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c04281/suppl_file/am0c04281_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c04281/suppl_file/am0c04281_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c04281/suppl_file/am0c04281_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.0c04281?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c04281?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c04281?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c04281?fig=fig2&ref=pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c04281?ref=pdf

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

Mo 3d spectra, as shown in Figure SS5aa’, consist of two
characteristic peaks at 228.72 and 231.90 eV corresponding to
Mo*" 3d,, and Mo*" 3d,,, which are typically assigned to the
IT phase of MoS,"*" Similarly, the S 2p spectrum of
1TMoS, was deconvoluted into two major peaks 161.80 (S
2ps,,) and 162.94 eV (S 2p1/2)45 (Figure SSb,b’). Interestingly,
the Mo 3d and S 2p spectra of the Ni@1TMoS, displayed a
positive shift of ~0.30 compared to 1TMoS,, depicting the
enhancement in the electronic density of MoS, due to the
successful incorporation of the Ni element. Further, the Ni 2p
spectrum shows two strong peaks at 854.26 eV (Ni 2p;,,) and
871.9 eV (Ni 2p,,,), which originate from the metal—sulfide
bond in Ni@1TMoS, (Figure S4c,c’). More importantly, the
peak centered at 854.3 eV is a characteristic feature of the
NiMoS structure, which indicates successful doping of Ni into
the lattice of MoS, nanosheets.*®*” Overall, the XPS
characterization confirms (i) the successful synthesis of the
1TMoS, phase and (ii) Ni doping into the 1TMoS, structure.

3.1. LiPS Anchoring on Ni@1TMoS,. To understand the
chemical adsorption capability of the Ni@1TMoS, surface for
the LiPS, we carried out a systematic adsorption test by adding
1 mg of Ni@1TMoS, separately into 2 mL of 1 mM LiPS
solutions (Li,S,, Li,Ss and Li,Sg) and compared them with
1TMoS, materials. After 3 h of aging, visual inspection of the
samples (Figure 2a) demonstrated that the Ni@1TMoS,
nanosheets showed a very strong anchoring for all the LiPS
as evidenced by an obvious color fade, Figure 1. Meanwhile,
the 1TMoS, sample displayed strong adsorption behavior
toward lower-order LiPS (Li,S,) compared to the higher-order
LiPS, which agreed well with the previous reports.”® In order
to obtain spectral evidence on the strong anchoring ability of
Ni@1TMoS, toward LiPS, we have carried out ultraviolet—
visible (UV—vis) spectroscopy to monitor absorbance changes
in the LiPS solutions after adding the electrocatalysts. All UV—
vis spectra were collected using supernatants of LiPS solution
in the range of 300—800 nm, as shown in Figure 2b—d. As
observed in the UV—vis spectrum, a broad peak was observed
at 420 nm corresponding to S;*~ species (black line),"” which
was found to decrease with the addition of 1TMoS, (red line),
which further decreased in the case of Ni@1TMoS, (blue
line). Similarly, it can be clearly seen that the absorbance peaks
of Li,S¢ and Li,Sg, in the visible-light range, disappeared with
the addition of Ni@1TMoS,. In contrast, only a slight
weakening of adsorption intensities of these PS was evidenced
with the addition of 1TMoS,. These results are in good
agreement with the visual inspection data and demonstrate an
exceptional LiPS adsorption capability by the Ni@1TMoS,.
Also, to quantitatively investigate the LiPS adsorption
capabilities of the 1TMoS, and Ni@1TMoS, materials, we
have calculated the amount of LiPS anchored on their surfaces
using the Beer—Lambert law: A = Lec, where A is the
absorbance of the sample, L is the light path’length, € is the
molar absorptivity, and c is the concentration.’*™>” Given that
the values of L and ¢ are constant for a particular LiPS sample
and the absorbance is directly proportional to the concen-
tration, polysulfide adsorption capability was calculated based
on the LiPS concentration remaining in the supernatant
solution. From Table S1, it is evident that the Ni@1TMoS,
offers a LiPS adsorption approximately 3—5 orders of
magnitude higher than that of the 1TMoS,.

To further evidence the adsorption capablity of Ni@
1TMoS,, given that the NMR chemical shift is highly
dependent on the surrounding environment,”’ we have

performed Li’ NMR spectroscopic studies to understand the
nature of the interaction between the electrocatalysts and the
LiPS species. In NMR spectroscopy, the increasing line width
is generally attributed to the greater number of surrounding
molecules interacting with the nuclei, while the downfield shift
is a result of the weakness of nucleus electron density with
neighboring atoms.>* ¢ As shown in Figure 2e—g, the Li’
NMR spectrum of all the as-prepared LiPS, Li,Sq, Li,Ss, and
Li,S,, displayed a narrow line signal at approximately —1.20
ppm, indicating that all LiPS have a similar nuclei environ-
ment.”* In the case of the 1TMoS, material, a downward shift
in the NMR spectra was observed only in the case of Li,S,
solution along with line width broadening features. Meanwhile,
other LiPS, viz.,, Li,Sg and Li,S4 showed a very negligible peak
shift without changes in shape. Though the interaction
between bare 1TMoS, and higher-order LiPS, like Li,Sg and
Li,Sq, is minimal as depicted by NMR, these species can
undergo spontaneous disassociation on the surface of MoS,."
Such a phenomenon can produce short-chain LiPS, which can
exhibit higher binding energies toward MoS, and explains the
reason for the decreased adsorption in the case of UV—vis and
visual testing for lower-order LiPS. In sharp contrast, in the
presence of Ni@1TMoS,, the NMR spectrum of all LiPS
showed a downward shift along with an increase in peak width.
These results indicate the strong binding of all liquid
intermediate LiPS on the Ni@1TMoS, surface. Previously,
MoS, demonstrated higher adsorption activity on its edge sites,
due to their unsaturated nature, compared to its basal sites. On
the other hand, Ni atom doping onto the basal and edge planes
of MoS, leads to the formation of Ni—Mo interaction. In
addition, it has been predicted that the doping of MoS, by Ni
causes a modification in the electronic structure and electron
transfer process arising from the formation of several impure
states, in the band gap of Ni@1TMoS,, around the Fermi level
and valance band.>> ™’ The newly induced states indicate a p-d
hybridization of p electrons in S atoms and d electrons in Ni
and Mo atoms, resulting in the availability of surplus electrons
on Ni@1TMoS,. Such a process ultimately leads to uniformly
spread charges over the basal plane of Ni@1TMoS,, which has
shown significant enhancement in the LiPS adsorption
capability along with an increase in number of active
sites.”*” Additionally, previous reports suggest that Ni exhibits
strong binding energies of —9.10, —6.52, and — 5.39 eV toward
Li,Sg, Li, S, and Li,S,, respectively.60 On the other hand, MoS,
has been**®' demonstrated to show higher binding energies
toward lower-order PS like Li,S,, Li,S,, and Li,S. Hence, the
Ni-doped MoS, is expected to show a synergetic effect toward
binding all PS (Li,S,, x < 8) and results in an enhanced
chemical interaction between the electrocatalyst and Li atoms
in Li,S,. Such an effort is expected to curb the dissolution of
medium-order PS, which are known to be responsible for the
polysulfide shuttle phenomenon and subsequent capacity fade.

3.2. In Situ Raman Spectroscopy. To further corrobo-
rate the chemical bond formation between the Ni@1TMoS,
and LiPS and to understand the reaction mechanism along
with changes in the chemical state of sulfur, in situ Raman
spectroscopic studies were carried out. Figure 3 depicts the in
situ Raman spectra obtained for the sulfur/Ni@1TMoS,
cathode surface during the discharge from open circuit
potential of 2.72 to 1.7 V vs Li/Li". The Raman spectrum
exhibits three characteristic Raman bands at 150, 219, and 470
cm™" corresponding to Sg (Table S2) at the initiation of
discharge, which gradually decreases and finally disappears
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Figure 3. In situ Raman measurements during the Li-S discharge
process on Ni@1TMoS, cathode surface in the potential regions of
2.7 to 1.7 V vs. Li/Li". Laser: a 532 nm green laser (Nd:YaG source).

with decreasing potential. Simultaneously, at ~2.40 V, a new
peak emerged at 278 cm™', which can be ascribed to the
formation of E, vibrational mode corresponding to the in-
phase stretching of NiS (a typical pyritic structure).””** In
addition, the emergence of another peak at ~404 cm™'
corresponding to the out-of-plane Mo—S mode (Alg) was
also observed at the same potential. This result demonstrates
the increase in number of adsorption sites for the intermediate
LiPS, which can be due to the doping of Ni atoms into the
MosS,, especially on the top sites of the basal plane.”” Further,
at a discharge potential of 2.30 V, the appearance of a new
Raman band at 256 cm™" was observed, which can be ascribed
to the formation of Sg*~ species. More importantly, with a
further reduction in the discharge potential, S~ dissociates
into a trisulfur radical (S;7) as evidenced by the emergence of
a Raman band at 534 cm™.°* This highly reactive Sy~ radical
was reported to be an active participant in the PS shuttle
phenomenon causing parasitic reactions with the Li anode

during cycling.*”® Interestingly, as depicted by UV-vis
spectroscopy (Figure 2b—d inset), the absorbance intensity
of the Sy~ radical (at 620 nm**°*®’) is negligible in the case of
Ni@1TMoS,, implying that it has a high affinity and strong
adsorption ability toward the radical species. Hence, the S;~
radicals formed during the Li-S discharge process can be
spontaneously entrapped by the Ni@1TMoS, electrocatalyst,
which effectively stabilizes them through interaction. Such
stabilization of radical species onto metal oxide surfaces was
previously evidenced in the case of superoxides®® but was
never reported in the case of LiPS. Subsequently, further
reduction of LiPS into final discharge products can thus
proceed on the catalyst surface, thereby effectively curbing the
PS shuttle. Thus, the Raman results demonstrate that sulfur
species evolving during the Li-S discharge process undergo
facile binding both on Ni and Mo, while the highly shuttle-
active radical species are also anchored by Ni@1TMoS,, which
can result in enhanced cycle life.

3.3. Evaluation of Electrocatalytic Effect of Ni@
1TMoS, on LiPS Redox Reactions. To understand the
catalytic effect of Ni@1TMoS, on intermediate LiPS reaction
kinetics, symmetric cells made with 0.2 M Li,S4 catholytes
were assembled with identical working and counter electrodes.
Symmetric cells with 1TMoS, and GDL electrodes were also
fabricated and studied for control experiments. Figure 4a
shows the recorded electrochemical impedance spectra (ELS)
of the symmetric cells. The resultant Nyquist plots display a
semicircle in the high-frequency region, which serves as direct
evidence for the charge transfer process and assists in
quantifying the reaction kinetics. The Ni@1TMoS, cells
exhibited the lowest charge transfer resistance (6.1 Q), while
the 1TMoS, and GDL electrodes showed 10.8 and 12.5 Q,
respectively. Next, cyclic voltammetry was performed in the
potential region of +1 to —1 V at a scan rate of S mV s™' on the
symmetric cells assembled with (Figure 4b) and without
(Figure 4c) Li,S4 catholytes. The symmetric cells without Li,S4
delivered negligible capacitive current rather than any faradic
redox peak currents. On the other hand, the voltammogram of
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Figure 4. Evaluation of catalytic properties: (a) Nyquist plots, (b) CV with Li,Ss, and (c) CV without Li,S4 of symmetric cells employing GDL,
1TMoS,, and Ni@1TMoS, as working electrodes. (d) Nyquist plot and (e) CV curves recorded in the range of 1.7 to 2.8 V at a scan rate of 0.05
mV s™". (f) Tafel plots for the initial reduction reaction of GDL, 1TMoS,, and Ni@1TMoS, cathodes against metallic lithium as the anode.
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Ni@1TMoS, with Li,Ss catholytes displayed two distinct
cathodic peaks at 0.038 and —0.16 V along with two anodic
peaks at —0.038 and 0.16 V, indicating a highly reversible
nature of the LiPS redox reaction on these electrodes. Since
the Li,S¢ is the only electrochemically active species in the
symmetric cells, the four redox peaks of Ni@1TMoS, can be
ascribed to (a) reduction of Li,S4 to discharge end products
(Li,S/Li,S,), (b) oxidation of discharge end products to Li,Ss,
(c) subsequent conversion of Li,S¢ to sulfur, and (d) reduction
of sulfur to Li,Ss. Meanwhile, 1TMoS, exhibited anodic and
cathodic peaks at 0.18 and —0.17 V, respectively, and the GDL
electrode displayed a broad voltammogram with several redox
peaks. A positive shift in the cathodic peaks and a negative shift
in the anodic peaks with a higher current can be clearly
observed for the Ni@1TMoS, electrodes when compared with
1TMoS,. It is noteworthy to mention that the existence of
distinct peaks with narrow separation and the peak shifts
observed confirm excellent electrochemical reversibility and
facile conversion of polysulfides on Ni@1TMoS,. Hence,
employing an electrocatalyst, MoS, doped with 3d transition
metal atoms, is hypothesized to show the following effects on
the Li-S system: (i) inhibiting the PS shuttle phenomenon by
increasing the adsorption capability through interaction and
(ii) exhibiting strong catalytic activity toward liquid LiPS redox
reactions.

Further, to evaluate the electrocatalytic effect of Ni@
1TMoS, on the entire sulfur lithiation/delithiation process, we
have performed EIS and cyclic voltammetric studies on these
electrodes. For this purpose, we have fabricated the standard
2032-coin cells and compared them with other control
electrodes. The cells were assembled with the corresponding
materials as working electrodes and lithium foil as a counter
cum reference electrode, sandwiched with a Celgard
membrane as the separator between them. For electrochemical
studies, the active material was in the form of solid sulfur (1.5
mg cm™?), and an appropriate amount of blank electrolyte was
used. Figure 4d represents the Nyquist plots of the coin cells
recorded in the frequency range of 1 MHz to 100 mHz, and
the equivalent circuit is shown in Figure S6. In the high-
frequency region, the intercept on the real axis is generally
attributed to the ohmic resistance, while the semicircle
represents the Li* charge transfer resistance at the
electrode—electrolyte interface. As evidenced by the Nyquist
plot, the semicircle for the Ni@1TMoS, cell is only half of the
GDL cell and comparatively smaller than 1TMoS,. From the
fitted data (Table S3), it can be noted that while the electrolyte
resistances are almost similar for all the cells (~23 Q), the
value of R2 for GDL is twice that of the Ni@1TMoS,,
indicating that the interface with electrocatalyst can exhibit low
polarization and overpotential for entire LiPS redox reactions
in the Li-S system.

Figure 4e shows the recorded cyclic voltammogram on Ni@
1TMoS,, 1TMoS,, and bare GDL electrodes in the voltage
range of 1.7 to 2.8 V vs Li/Li" at a scan rate of 0.05 mV s~
During the cathodic scan, two characteristic reduction peaks
corresponding to the conversion of long-chain LiPS to
medium-chain LiPS and further conversion to Li,S/Li,S,,
respectively, were observed for all the cells. Interestingly, at the
long-chain LiPS reaction, an evident anodic shift in the
reduction potential was observed for Ni@1TMoS, (2.34 V vs
Li/Li*) compared to 1TMoS, (2.27 V vs Li/Li*) and GDL
(2.26 V vs Li/Li"). A similar observation can be made in the
case of an intermediate LiPS reaction where the cells

demonstrated reduction potentials of 2.04, 1.96, and 2.00 V
vs Li/Li* for Ni@1TMoS,, 1TMoS,, and GDL, respectively.
These results indicate a facile conversion of LiPS from both
solid to soluble (Sq to Li,S,, x = 6, 8) and soluble to insoluble
states (Li,S/Li,S,) on the Ni@1TMoS, surface. On the anodic
scan, a broad oxidation peak was seen for GDL (at 2.34 V vs
Li/Li*) and 1TMoS, (at 2.34 V vs Li/Li*), which can be
attributed to the conversion of short-chain LiPS to long-chain
LiPS. On the other hand, the anodic scan of Ni@1TMoS,
revealed two distinct oxidation peaks, which corresponds to
the effective conversion of lower-order LiPS (Li,S) to medium-
order LiPS (at 2.31 V vs Li/Li*) and then to elemental sulfur
(at 2.34 V vs Li/Li"), evidencing better reversibility of the
redox reactions. More importantly, a clear cathodic shift in the
oxidation peak was observed for the Ni@1TMoS, compared to
other electrodes. The potential difference between the first
cathodic and anodic peak (AE, = E,, — E,.) was found to be
41, 44, and 30 mV for GDL, 1TMoS,, and Ni@1TMoS,
electrodes, respectively (Table S4). The shift in oxidation/
reduction potential and the decreasing AE, value in the case of
Ni@1TMoS, indicates a decrease in polarization voltage
between the redox reactions, while an increase in its peak
currents (i i,,) demonstrates an enhanced catalytic activity
toward LiPS conversion reactions, which can be expected to
improve the lifetime of Li-S performance.

To discern the kinetics of Li-S redox reactions with a
quantifiable parameter, Tafel slopes and exchange current
densities were derived from the linear polarization curve, as
shown in Figure 4f. The exchange current densities (i,), which
reveal the charge transfer rate occurring at the catalyst surface,
were obtained by extrapolating the current (x)-axis in the Tafel
plot. The onset potential for the reduction of Sg to long-chain
LiPS was found to decrease in the case of Ni@1TMoS,
compared to other materials (zoomed part of cyclic
voltammogram, Figure S7). The Tafel slope and i, values for
this reduction process (at ~2.4 V) were found to be 52, 54,
and 42 mV/dec and 0.142, 0.23, and 0.83 mA cm™ for GDL,
1TMoS,, and Ni@1TMoS,, respectively The lower Tafel slope
and high i, for Ni@1TMoS, show that the reduction of sulfur
to long-chain LiPS is facilitated on its surface. Further, a similar
trend was observed during the next reduction process at ~2.0
V, where the Tafel slope and i, values were noted to be 103,
72, and 50 mV/dec and 0.304, 0.279, and 0.387 mA cm™? for
GDL, 1TMoS,, and Ni@1TMoS,, respectively. Such an
evident decrease in the Tafel slope and the increased i, for
the Ni@1TMoS, electrode demonstrate a facile conversion of
LiPS from soluble (liquid PS) to insoluble (solid Li,S/Li,S,)
states.”” This can be certainly due to the fact that the LiPS
undergo surface adsorption onto Ni@1TMoS,, where the rate
of their conversion is enhanced as evidenced by fast electron
transfer kinetics. Furthermore, during the oxidation process,
the derived Tafel slope (Figure S8) and i, values were found to
be 82, 182, and 52 mV/dec and 2.12, 0.789, and 2.709 mA
cm™? for GDL, 1TMoS,, and Ni@1TMoS,, respectively, which
indicates that Ni@1TMoS, promoted the conversion of Li,S/
Li,S, into long-chain LiPS without allowing them to
aggregate.zo’21

To understand the mobility of Li-ions due to the
incorporation of the electrocatalyst, we made an effort to
quantify the Li-ion diffusion during the sulfur redox process
using the Randles—Sevcik equation i, = (2.65 X 10°)
nl'SSDgﬁA C 0", where, i, is the peak current, n is the number
of electrons, S is the geometric area of the electrode, D%ﬁ is the
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Li-ion diffusion coefficient, ACy; is the Li-ion concentration
change in the electrochemical reaction, and v is the scan rate.”’
As shown in Figures §9,S10, the cathodic and anodic peak
currents (iP) demonstrated an excellent linear relationship with
the square root of scan rates (1°°), indicating a diffusion-
controlled process.”' The obtained D;; values for the Ni@
1TMoS, electrode were found to be D;\. = 2.45 X 1077, D%, =
2.96 X 1077, and D', = 4.36 x 1077, which were higher than
the MoS, and GDL electrodes (Table S5). Among all
electrodes, GDL displayed the lowest Li* diffusion indicating
a very limited surface activity toward LiPS redox. On the other
hand, MoS, also demonstrated an inferior Li* diffusion
coefficient, which can be certainly due to its higher charge
resistance (Table S3) compared to Ni@1TMoS,. In contrast,
the Dy;+ for the Ni@1TMoS, was found to be at least one
order higher than any of the contemporary electrodes (Table
S6). This can be certainly due to the fact that atomically
doping Ni into MoS, increases the electronic conductivity of
the material, thereby enhancing the charge transfer process,
which reflects as higher Li" diffusion in the cell. The
electrocatalytic mechanism of Ni@1TMoS, toward LiPS
redox reaction is as follows: During the sulfur redox reaction,
the LiPS species adsorb onto the Ni atoms in the Ni@1TMoS,
where they undergo oxidation/reduction, while the Ni surface
oxidation state changes. Such interaction between the Ni and
LiPS species leads to the Ni—sulfide bond formation during
discharge, which is evidenced by the in situ Raman
spectroscopy measurements (Figure 3). Subsequently, during
charging, the oxidized Ni surface undergoes reduction, while
polysulfides get oxidized. Hence, polysulfides will go through
an electrochemical reversible adsorption/desorption process
on the Ni surface, which was reported in our previous
studies.”® In contrast, adsorption of LiPS species adsorbed
onto the Mo and S edges is purely based on charge transfer
rather than direct bond formation. Catalytically active edge
sites present in the MoS, including Mo and S have unsaturated
dangling bonds that tend to interact with polysulfides more
strongly and thus allow the LiPS reduction/oxidation on their
surface. In short, the obtained kinetic parameters indicate the
superior electrocatalytic activity of Ni@1TMoS, on LiPS redox
reactions, which is expected to provide an excellent charge/
discharge performance along with round-trip efficiency.

3.4. Electrochemical Performance. To monitor the
electrochemical performance of Ni@1TMoS, nanosheets in
the Li-S batteries, galvanostatic charge—discharge studies were
carried out on Ni@1TMoS, in comparison with control
samples of 1TMoS, and bare GDL in the potential region
between 2.8 and 1.7 V, at a constant current rate of 0.1C rate.
Figure Sa clearly depicts two well-defined discharge plateaus
for Ni@1TMoS, (2.26 and 2.09 V vs Li/Li*), 1TMoS, (2.20
and 2.04 V vs Li/Li*), and GDL cathodes (2.19 and 2.01 V vs
Li/Li*) corresponding to reduction of Sg to medium-chain
LiPS (Li,S,, n > 4) and short-chain LiPS (Li,S,, n = 1-3),
respectively. Herein, the Ni@1TMoS, electrode exhibits
reduced polarization, which is in good agreement with CV
results, with a value of 0.19 V compared to 0.26 and 0.29 V for
1TMoS, and bare GDL, indicating enhanced reaction kinetics
for LiPS conversion reactions in the case of Ni@1TMoS,.
More importantly, during charging, the plateau at the lower
potential in the case of Ni@1TMoS, indicates the conversion
of short-chain LiPS to electrochemically active long-chain
LiPS, which hinders the loss of active material in the form of
electrochemically inactive Li,S. The Ni@1TMoS, electrodes
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Figure 5. Electrochemical characterizations: (a) voltage vs specific
capacity profile at a current rate of 0.1C; galvanostatic charge
discharge behavior and coulombic efficiency at a current rate of (b)
0.2C and (c) 1C of GDL, 1TMoS,, and Ni@1TMoS, electrodes vs
Li/Li*. (d) Rate capability and (e) voltage vs specific capacity profiles
at high current rates for the Ni@1TMoS, electrode.

exhibited a specific capacity of 1107 mA h g™' at a current rate
of 0.2C over 100 cycles (Figure Sb). The enhanced cycle life
was attributed to the electrocatalytic nature of Ni@1TMoS, in
the conversion of short-chain LiPS to Sg and vice versa. On the
other hand, with a constant decay in capacity, 1TMoS, and
GDL electrodes delivered a capacity of 673 and 633 mA h g™!
at the end of the 100th cycle.

The Ni@1TMoS, electrode was further subjected to long
cycling performance at a 1C rate and exhibited a stable
performance with a minimal capacity loss of 0.19% per cycle
(Figure Sc). At a 1C rate, Ni@1TMoS, electrodes delivered a
capacity of 918 mA h g™ for 100 cycles, and at the end of the
300th cycle, the cell delivered a capacity of 653 mA h ¢! with
an excellent Coulombic efficiency of >99.5% throughout
cycling. Meanwhile, 1TMoS, electrodes showed a severe
capacity fade delivering a capacity of 655 mA h g™' at the end
of the 150th cycle with a capacity fade of 0.28% per cycle.
Similarly, GDL also showed a drastic capacity fade while
delivering a capacity of only 600 and 517 mA h g™* at the end
of the 150th and 300th cycles, respectively. A slight fluctuation
in cell capacity during the midway of cycling was observed,
which can originate from the change in carbon surface area and
variations in electrode resistance during cycling. These effects
induce changes in the reactivity of polysulfides with lithium
ion, which leads to a variation in the sulfur utilization during
each cycle. In addition, the surface area changes lead to
irregular plating of discharge (Li,S/Li,S,)/charge (Ss)
products in each cycle, thus resulting in variations in the
cathode surface resistance and fluctuation in capacity values.
Furthermore, the electrodes were subjected to high-rate
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capability studies, and the data is presented in Figure 5d.
Figure Se shows the charge-discharge profile recorded during
the rate capability studies of Ni@1TMoS, by varying the
current densities from 0.2C to 2C. As can be clearly seen from
the plot, the cell showed discharge capacities of 1400, 1258,
1062, and 869 mA h g_l at 0.2, 0.5, 1, and 2C, respectively.
Finally, when the current density of 0.2C was applied again to
the cell, it still displayed a reversible discharge capacity of 1363
mA h g™'. The well-defined plateaus in charge/discharge even
with high C rates indicate accelerated reaction kinetics by the
Ni@1TMoS, electrocatalyst on LiPS redox reactions. There-
fore, the employment of the electrocatalytically active Ni@
1TMoS, as electrode materials to simultaneously adsorb all
intermediate LiPS and to enhance their conversions was
validated by the stable battery performance.

4. CONCLUSIONS

In summary, herein, we demonstrate that the LiPS adsorption
capability of electrocatalytic TMD-based sulfur hosts can be
tuned by a transition metal doping strategy. UV—vis and NMR
spectroscopy revealed that Ni doping on MoS, atomic sites has
shown a remarkable absorption capability toward all the
intermediate liquid lithium polysulfides (Li,S,; x = 4-8).
Further, in situ Raman spectroscopy has revealed that both Ni
and Mo act as binding sites for LiPS during the discharge
process. Such a phenomenon was ascribed to increased active
sites on the material due to doping of Ni onto basal planes of
MoS, and its modified electronic structure, which synergisti-
cally contributes to LiPS adsorption. The Ni@1TMoS, was
also found to act as an excellent electrocatalyst, enhancing the
overall redox kinetics of sulfur redox reaction as evidenced by
typical electrochemical characterizations. More importantly,
Ni@1TMoS, displayed an excellent catalytic activity on the
liquid to solid LiPS conversion reaction as evidenced by the
decreased Tafel slope and increased exchange current density.
Subsequently, the Ni@1TMoS, electrode achieved very high
specific capacities of 1107 mA h g™' at a current rate of 0.2 C,
with a high Coulombic efficiency of ~99%. This cathode also
displayed a high rate of performance and excellent cycling
stability at a current rate of 1C for over 300 cycles. The current
work paves a way for the development of a new cost-efficient
cathode surface with strong capability toward adsorbing and
converting intermediate LiPS to end products, for high-
capacity and long-life Li-S batteries.
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