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ABSTRACT: The high theoretical energy density of metal—sulfur batteries  oysuiice

compared to their lithium-ion counter parts renders sulfur-based electrode B\ /\ \ /\
chemistries attractive. Additionally, sulfur is relatively abundant and environmentally % , o ) o\
benign. Yet, issues like the low conductivity of sulfur, polysulfide (PS) formation, and \'V/\, - Thosulatopoytionao .
shuttling have hindered the development of sulfur chemistries. Here, we react eracions o3 :.A, Y
titanium carbide powders with tetramethylammonium hydroxide ammonium salts at S IS 30 95 S GO S
50 °C for S days and convert them into one dimensional, titania-based lepidocrocite
(IDL) nanofilaments (NFs) using our facile bottom-up approach. This simple and |~
scalable approach led to better electrode functionalization, facile tunability, and a ~ cd
higher density of active sites. The 1DL NFs self-assembled into a variety of
microstructures—from individual 1DL NFs with minimal cross sections ~5 X 7 A* to
2D flakes to mesoscopic particles. A composite was made with a 1:1 weight ratio of
sulfur and 1DL NFs, which were hand-ground, mixed with carbon black and binder in
a weight ratio of 70:20:10, respectively. We obtained a specific capacity of 750 mA h g™ at 0.5C for 300 cycles. The 1DL NFs that,
in this case assembled into 2D layers, trapped the polysulfides, PSs, by forming thiosulfate species and Lewis acid—base interactions
with the Ti, as confirmed by post-mortem X-ray photoelectron spectroscopy. These interactions were also confirmed by PS
adsorption via UV—vis spectroscopy and shuttle current measurements that showed lower PS shuttling in the 1DL NFs cells.

I\ | 50°C 5days
»" ammonium / :
___hydroxide ,‘}> ‘

KEYWORDS: Li—S batteries, energy storage, scalable one-dimensional (1D) nanofilaments, lepidocrocite titania-based nanostructures,
bottom-up synthesis

H INTRODUCTION These PSs (Li,S,, 2 < x < 8) are soluble in the electrolyte and

result in the notorious PS shuttle effect.'* These PSs also

their intermittent nature demands better batteries.”> The reduce on the Li anode, forming a passivating film of lithium
reliability and maturity of lithium ion batteries, LIB, have sulfide (Li,S) whlch, in turn, contributes to active materlz?l .loss.
allowed them to dominate the current commercial market.>™> In recent years, various approaches have been taken to mitigate
This dominance extends to the current electric vehicle market. the PS, shuttle effect. These include the use of c;larbon (C) host
To improve the adoption of electric vehicles, newer materials, electrocatalysts, and redox mediators, among

13,15—17
chemistries, with larger specific capacities, are sought after in othoers. I b s t C host terial t
order to increase the driving range.é_8 At X274 mA h g_l, the ne popuiar approach is fo use a ost material to

practical specific capacities of LIB are relatively low. Addition- prlrn'arlly fnerease th,e conductlwt}'r of the S-cathode and
ally, lithium-ion cathodes employ expensive and toxic possibly to confine S in C pores or in 2D nanostructures. For
elen’lents example, Dai et al. have shown that S nanospheres wrapped

Elemental sulfur (S) is one of the highest specific capacity With graphene t.h.rough electrostfat.ic interactions  show
cathode materials that are soluble in the electrolyte and result improved conductivity and PS deposition through the surface

in the notorious P (1672 mA h g_l), second only to OX}’gen.9 area of the graphene.lg Kl'lang et al. used nitrogen- and boron-
Additionally S is cheap and nontoxic.'’ These reasons, among doped .graphene nano.rl.bb?;l s to enhance both the PS
others, render the lithium—sulfur (Li—S) chemistry attractive adsorption and conductivity. ™ Recently, Zhang et al. showed
for next-generation energy storage devices. However, even after
decades of development, its commercial potential is yet to be Received:  April 23, 2023
recognized.'' Issues that plague its development include high- Accepted:  August 17, 2023
capacity fade, poor cycle life, and low S utilization. These still Published: October 27, 2023
need to be addressed.'”'® These issues can be largely

attributed to the polysulfide (PS) shuttle and the insulating

nature of S. The reduction of S to lithium sulfides forms PSs.

As the world looks toward renewable energies to decarbonize,
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that TiC grafted onto graphene upon nanofiber hetero-
structures via electrospinning can yield improved electro-
catalytic properties. However, most of these approaches have
the drawback of synthesis complexity.”

MZXenes are another class of 2D nanomaterials that have
excelled as host materials for sulfur. In the past, we used
di(hydrogenated tallow)benzylmethylammonium chloride to
functionalize the surface of MXenes and to enhance their
contact with S.*"** This functionalized MXenes through a
carbon disulfide solvent deposition enables higher utilization
and faster kinetics of the PS reactions.”” Additionally, vapor
deposition of S on the functionalized MXenes enable the use of
carbonate electrolytes.”> MXenes are also great sulfur hosts
without modification due to their surface functionalities and
high electronic conductivities.”* However, the drawbacks to
using MXenes are primarily their synthesis complexity,
inherent instability toward oxidation, and relatively high cost.

Recently, we discovered a process to make one-dimensional
(1D) lepidocrocite-based nanofilaments (NFs), henceforth
termed 1DL NFs. The method is solution—precipitation-based,
one pot, inexpensive, bottom-up, and highly scalable.
Interestingly, depending on how they are washed, these 1DL
NFs self-assemble into a large variety of structures, from 2D
flakes to mesoscopic particles to fiber bundles.””*° To
manufacture our materials, we immersed water insoluble Ti-
containing precursors—such as TiC, TiB,, TiN, TiSi,, etc.—in
25 wt % tetramethylammonium hydroxide (TMAH) aqueous
solution in the 50—80 °C temperature range in plastic bottles,
under ambient pressure, for a few days and transformed them
into 1DL NFs.”” The cross sections of the NFs are ~5 X 7 A2,
viz., and they are truly 1D in that quantum size effects come
into play.”® They are also exceedingly stable in water (>6
month) even when irradiated with a Xe lamp while stirring.”’

Herein, we demonstrate how TiC-derived 1DL NFs formed
at 50 or 80 °C can be used as PS anchors. Cathodes made by
simple mechanical mixing of the 1DL NFs and S—without
melting or vaporizing—still yielded capacities of 750 mA h
g ! after 300 cycles at a rate of 0.5C. This stability is enabled
by the polar—polar interactions of PSs with the surface
hydroxide groups and Lewis acid—base interactions with the
1DL NFs.

B EXPERIMENTAL METHODS

Preparation of TiC-Derived 1DL NFs. The 1DL NFs were
prepared as described in our previous paper.”” Briefly, commercial
~200 mesh titanium carbide, TiC, (purity, 99+% metal basis, Alfa
Aesar, USA) powders were immersed in a 25 wt % TMAH aqueous
solution (Alfa Aesar, 99.9999%) in a ratio of 1 g to 10 mL of TMAH
solution. The mixture was then reacted at 50 °C for S days or at 80 °C
for 3 days with vigorous stirring on a magnetic stir plate. The obtained
product was then washed with absolute ethanol (Decon Lab, 200
proof, PA) by centrifugation, and the supernatant was discarded,
while the pellet was kept. The washing process was repeated five times
until a neutral pH is reached. Centrifugation was carried out at 3500
rpm for S min in a centrifuge (Beckman Allegra 64R, USA)

The 1DL NFs were extracted by mixing the resulting pellet from
the ethanol wash with DI water to form a colloidal suspension and
centrifuging it at 3500 rpm for 30 min. During the DI water wash, the
supernatant was kept, and the sediment consisting of mainly
unreacted TiC was discarded after second DI water wash. The
colloid was then mixed with S M lithium chloride, LiCl, (anhydrous
99%, —20 mesh, Alfa Aesar, USA) at a ratio of 2 times by volume of
the colloidal suspension and stirred for 24 h. The resultant mixture
was then washed with DI water and centrifuged to remove any LiCl
leftover salt. The resulting suspension was then sonicated with argon,

Ar, (Airgas, USA) bubbling at a temperature held below 15 °C for 2 h.
Lastly, the suspension was vacuum filtered and freeze-dried to form
powders comprising 1DL NFs.

Preparation of Electrodes for Li—S Cells. The composite
electrodes were made by using a typical slurry method. For example,
for a 100 mg slurry, 35 mg of freeze-dried TiC-based 1DL NFs was
combined with 35 mg of S (sublimed, 100 mesh, 99.5%, Alfa Aesar,
USA) to form the S/1DL NFs composite. Then, 20 mg of conductive
carbon Super P (conductive, 99+% metal basis, Alfa Aesar, USA) was
added with 10 mg of battery-grade polyvinylidene fluoride (PVDF)
binder (MTIL, China). The powders were combined by dropwise
addition of 400 uL N-methyl-2-pyrrolidone (NMP; TCI, Japan), and
typically about four zirconia grinding balls were added (two 2.5 mm
balls and two S mm balls Uxcell, China). The slurry was then mixed
for 8 min in total at 2000 rpm in a planetary FlackTek SpeedMixer, at
which point the slurry reached the desired consistency. The resultant
slurry was blade-cast on an aluminum (Al) foil (Fisher Scientific,
USA). After being cast, the foil was dried in a vacuum oven at 50 °C
for 12 h and retrieved once it had cooled back to room temperature,
RT. The last step was to freeze-dry the electrodes under liquid
nitrogen (Airgas, USA) held under vacuum for 24 h, with the first
hour being at 50 °C in a vacuum oven. This step was used to remove
any last vestiges of water from the electrode.

Coin Cell Fabrication. The dried Al sheet coated with 1DL NFs
was punched into 11 mm diameter cathodes for use in coin cells.
These were then weighed and transferred to the antechamber of an
Ar-filled (Airgas, USA) glovebox (Mbraun, Germany, LABstar, O, < 1
ppm and H,0 < 1 ppm). The electrodes were assembled into
CR2032 (MTT and Xiamen TMAX Battery Equipment, China) coin-
type cells. The assembly also included 13 mm diameter disks of 750
pm thick lithium metal foil (Alfa Aesar, USA) and a 19 mm Celgard
2325 separator. The Li metal foil was placed on a stainless-steel
spacer, and pressure was provided by a stainless-steel spring.

The electrolyte used was 1 M lithium bis-
(trifluoromethanesulfonyl)imide (LiTFSi) with 1 wt % lithium nitrate
(LiINO;) in a mixture of 1,2-dimethoxyethane and 1,3-dioxolane at a
1:1 volume ratio. The electrolyte (Gotion, USA) had a water content
of <1 ppm. The amount of electrolyte was fixed with the electrolyte to
S ratio of 20 uL mg™". The coin cells were then crimped and rested
for 10 h. The open-circuit voltage, OCV, was on average 2.3 V.

Galvanostatic tests were conducted on a multichannel cycler
(MACCOR 4000 series, USA) and a battery cycler (Neware BTS
4000, China). Cyclic stability tests were performed at RT in the
voltage range of 1.8—2.6 V vs Li/Li" after two cycles at 0.1 C and two
cycles at 0.2 C as conditioning cycles (1 C = 1672 mA h g!). Cyclic
voltammetry was performed using a potentiostat (VMP3, Biologic,
France) in the voltage range of 1.8 to 2.6 V vs Li/Li" at scan rates
ranging from 0.1 to 0.5 mV s™'. Electrochemical impedance
spectroscopy was performed on the same potentiostat over the 10
mHz to 1 MHz frequency regime. A shuttle current test was also
performed on the same potentiostat using methods described in the
literature.”® Briefly, the cells were cycled in the galvanostatic mode
three times at 0.05 C as formation cycling, and then the cells were
allowed to relax back to the OCV for 10 s. Following that,
chronoamperometry was performed for 2 h by holding the voltage
of the cell at the OCV. The changes in the current during this stage
are measures of the PS shuttling current.

Material Characterization. X-ray diffraction (XRD) was used to
characterize the 1DL NFs on a powder diffractometer (MiniFlex,
Rigaku, Japan) using Cu Ka radiation (40 kV and 15 mA), with a step
size of 0.02 in the S to 60° 260 range. X-ray photoelectron
spectroscopy (XPS) was performed on a spectrometer (Physical
Electronics VersaProbe 5000) with an Al Ka source with 1486.2 eV.
An Ar milling gun was used for the post-mortem cycled cathodes to
remove the electrolyte and other surface species.

A scanning electron microscope, SEM (Zeiss Supra VPS0), with
field emission scanning, was used to characterize the morphology of
our materials and devices. The SEM is equipped with an Everhart—
Thornley secondary electron detector and an energy-dispersive
spectrometer (Oxford Ultim Max 40 mm, UK) with a silicon drift
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detector for elemental analysis. The S weight percent in the composite
slurry was determined using a thermogravimetric analyzer, TGA
(Setaram Setline STA), in ultrahigh purity nitrogen (Airgas) heated at

5 °C min~! with a flow rate of 0.15 L min™".

2

10 1/nm

Figure 1. (a) SEM image of 50 °C S d TiC-derived 1DL NFs. Inset
shows a higher-magnification image of 1DL NFs. (b) EDS map of 50
°C 5 d TiC-derived 1DL NFs, showing the presence of Ti, O, and C.
TEM images of (c) TiC-derived sample (50 °C for 5d) showing 1DL
NFs assembled in 2D sheets. (d) Similar to (c) but for TiC powders
reacted at 80 °C for 3d. Insets in (c, d) show the corresponding SAD
patterns for the NFs/2D sheets shown in the panels. Morphological
changes are further explored in Badr et al, 2023.”'

Additionally, a field emission transmission electron microscope,
TEM (JEOL 2100F, Japan), was used to image the materials used.
The 1DL NFs powders were crushed and dispersed in isopropyl
alcohol on a TEM grid. UV—vis spectroscopy was conducted on a
spectrophotometer (Cary 60 UV—vis Agilent, USA) with a Xenon
flash lamp (80 Hz) at a scan speed of 300 nm min™".

Lithium PS Solution. First, a solution was made by mixing S and

Li,S in stoichiometric proportions to create a 10 mM Li,S4 solution

with equal parts of 1,3-dioxolane (DOL) and 1,2-dimethoxyethane
(DME). The solution of S, Li,S, DOL, and DME was stirred
overnight at 40 °C in a glovebox under Ar. The now cooled stock
solution was then diluted to 2 and 0.5 mM and then used as is.

B RESULTS AND DISCUSSION

Effect of TiC-Based 1DL NFs on the Performance of
Li—S Batteries. The 1DL NFs with their nanosheet-like
structure made from NFs with a functionalized surface and a
high surface area can be used as a S host material. The
morphology and structure were determined by SEM energy-
dispersive X-ray spectrometry (EDS), and TEM can be seen in
Figure 1. Additional XRD patterns can be seen in Figure S1. In
the XRD signature, a set of three intense diffraction peaks were
observed that correspond to unreacted crystalline precursor
TiC. For the 1DL NFs, a broad peak located at ~9° 20 value is
ascribed to the (010) basal plane of the Li* ions-intercalated
1DL NFs. Additionally, we noticed minor broad peaks at ~27°
20 and ~48° 26 that are consistent with the 110 and 200
reflections of the lepidocrocite titania structure.”””" Turning to
the nanofilaments’ composition, EDS confirms the presence of
Ti, O, and C elements in the IDL NFs. SEM shows nanoflakes
that have agglomerated, and TEM images show that these
nanoflakes are made up of nanofilaments. The selected area
diffraction (SAD) patterns of the 1DL NF-based sheets (insets
in Figure 1c,d) clearly demostrate two arcs, which correspond
to the two XRD reflections observed round ~25° and ~48° 26
values (Figure S1).

In evaluating the effectiveness of our 1DL NFs as cathodes
in Li—S$ batteries, we assembled coin cells with a loading of 1
mg cm™2, in which 35 wt. % is S, as determined by TGA
(Figure S3). Typical S voltage plateaus are observed in Figure
2. The 1DL NFs also show stable long-term cycling, as seen in
Figure 2. When the cell was cycled at 0.5C, a capacity of ~#750
mA h g™ was retained for 300 cycles after which it faded.
Additionally, the 1DL NF-based electrodes show good rate
capability, as seen in Figure 3.

The fade in the capacity (Figure 3a) can be attributed to a
few factors. First, there could be a decrease in PS retention
over the course of cycling. The available active sites on the
IDL NFs could also decrease over the course of cycling. This
can be seen in the shrinkage of the lower reduction plateau at
2.1 V, which is largely where soluble PSs reduce to insoluble
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Figure 2. Electrochemical cycling of TiC-derived 1DL NFs S composites, making up 70 wt % of the cathode with 35 wt % sulfur, with an areal
loading of 1 mg cm™ Flake-like structure of the 50 °C 1DL NFs shows a higher initial capacity with rapid initial fading, attributed to the
volumetric expansion of S microcracking the microstructure. (a) Specific capacity vs cycles and (b) voltage profile plot.
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Figure 3. Rate study of 50 °C 5d TiC-derived 1DL NFS with 35 wt % S for a loading of 0.74 mg cm ™2, demonstrating good rate capability at 1C.
(a) Specific capacity over C-rates of 0.1—1C and (b) voltage profiles for respective C-rates.
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Figure 4. (a) CV of TiC-derived 1DL NFs synthesized at 50 °C for 5 days with 35 wt % S and a loading of 0.74 mg cm™2. (b) Randles—Sevcik plot
of the 2.4 and 2.0 V peaks at scan rates from 0.1 to 0.5 mV s,

PSs. However, the shrinkage of the upper reduction plateau at scan rates. The reduction peak at 2.3 V corresponds to the
2.3 V is indicative of a loss of S. The loss can also be seen as a higher order PS conversion (Li,Sg to Li,Ss). The reduction
decrease in Coulombic efficiency prefacing the decrease in peak at 2.0 V, on the other hand, corresponds to Li,S, and
specific capacity. This leads to a second factor, which is the loss Li,S, reducing to Li,S. Increasing the scan rate shows higher
of electrochemically active Li,S to inaccessible locations on peak separation of the lower redox peaks. This indicates that
both the cathode and the anode. Additionally, over the course while 1DL NFs exhibit PS adsorption, as seen in Figures S and
of cycling, there is an increase in polarization that can be 6 with UV—vis and shuttle current measurements, they do not
attributed to an increase in the passivating nature of the Li,S. improve the kinetics of the soluble to insoluble PS conversion.
To ensure that the increase in capacity is not from the 1DL Mechanism of TiC-Based 1DL NFs—PS Retention. To
NFs acting as an active material, a cell test was constructed, initially probe the existence of an interaction between our 1DL
wherein an electrode consisting of 90% TiC-derived 1DL NFs NFs and PSs, a visual absorption test was conducted. For
and 10% PVDF was cast and dried under the same conditions comparison purposes, the test was repeated with C black. To
as for the S-containing electrodes. After weighing, it was carry out the test, IDL NFs or C black was added to vials
assembled into a CR2032 cell with 20 yL of electrolyte. This containing the PS solutions, and a picture was taken initially
cell was cycled, with an arbitrarily low constant current of 0.24 and after a week. The results (Figures S and SS) show that
HA from 2.6 to 1.8 V. Upon approaching 1.8 V, it was held at after 7 d, the solution in the vial containing 0.5 mM
that voltage until the current dropped to below 0.01 yA. This concentration of PS and 1DL was clear. In contrast, the
was then repeated. The results Figure S4 were clear: the solution with C-black remained colored. At higher PS
capacity of the first cycle was S mA h g™', while that of the concentrations, the results are the same except that not all of

second was 1.4 mA h g”'. We can thus conclude that the the PSs are adsorbed on the 1DL NFs.
additional capacity achieved in the Li—S cathodes is due to the To quantify these observations, the solutions were analyzed
presence of S. on a UV—vis spectrophotometer. Here again, the results are
Figure 4 shows the cyclic voltammetry (CV) curves of the quite clear: after 7 d in the vial containing the 1DL NFs, the
1DL NFs—S composites in cells at various scan rates to probe peak at 360 nm (attributed to S¢*~ in the DOL and DME
the redox reactions. Two reduction peaks are observed at all solution’”) is absent. That peak, however, is present in the vial
50976 https://doi.org/10.1021/acsami.3c03743
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Figure 5. UV—vis spectrum showing the effectiveness of 1DL NFs in
adsorbing PSs. Inset shows pictures of different vials used to observe
interactions with TiC 1DL NFs. Compared to C black, the 1DL NFs
can remove more PSs as seen in the picture after 7 days, indicating
that C black does not cause a significant amount of PS adsorption
relative to TiC 1DL NFs, when combined in the electrode. Larger
image is given in the Supporting Information.
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Figure 6. Shuttle current experiment showing enhanced PS adsorbing
ability of TiC-derived 1DL NFs in comparison to unmodified TiC.
This figure demonstrates that the conversion of TiC to the 1DL NFs
structure enables the adsorption of PS.

containing only black C black. This is a clear indication that
the TiC-derived 1DL NFs adsorb more PSs than C black.

A shuttle current was used to probe the level of PSs in the
cell. As PSs that shuttle cause self-discharge, holding a cell at a
voltage where PSs are known to be active would need a higher
current to counteract the self-discharging of the PS. Hence, a
higher current can be correlated to a higher concentration of
PSs. The results can be seen in Figure 6, which is the recorded
current for 2h at a potentiostatic hold at OCV.

XPS high-resolution spectra of cycled 1DL NFs cathode
surfaces in the Ti 2p, S 2p, and C Is regions are shown in
Figure 7d—f, respectively. The corresponding spectra for the
pristine cathodes before cycling are shown in Figure 7a—c. The
cycled cathode was extracted, in an Ar-filled glovebox, from a
cell that was cycled at 0.1 mV s~ for § cycles between 1.8 and
2.6 V and then held at 2.1 V for 3 h until it was transferred into
the glovebox. An air-tight transfer chamber was used to move
the cathode to the XPS chamber without it being exposed to
the atmosphere. Ar milling for a total of 20 min, consisting of
two runs each of 10 min was used to remove any residual
electrolyte products from the cathode’s surface. This revealed a

multitude of peaks for the S 2p spectrum (Figure 7e) that were
not present in the pristine samples (Figure 7b). One of the
peaks with a binding energy, BE, of 164 eV can be attributed to
the central S in PSs, likely occurring due to an incomplete
conversion.> Additionally, the peak at 159.9 eV is attributed to
Li,S as a discharge product.”** This probe revealed that there
were two types of interactions between the S and the 1DL
NPFs.

The first interaction appears to be due to the formation of
thiosulfate and polythionate groups. Peaks at BEs of 167.1 and
168.3 eV (Figure 7e) can be attributed to polythionate and
thiosulfate species, respectively.”>~>" This is like other metal
oxides that function as electrocatalysts.”> This interaction is
similar to the one proposed for PS anchoring of MXenes,””**
where the hydroxyl groups on the surface are consumed by the
PS to form thiosulfate/polythionate compounds. These
compounds, in turn, trap the PSs but are still electrochemically
active. As these hydroxyl surface groups are consumed on the
IDL NFs, more Ti atoms are exposed to the PSs leading to
Lewis acid—base interactions.

Lewis acid—base interactions are the second mechanism of
PS trapping by the 1DL NFs. This can best be seen when the
pristine TiC 1DL NFs XPS results are compared to those of
TiO, (Figure 7a). In the pristine sample (Figure 7a), we see
two peaks at BEs of 458.9 and 464.6 eV that can be attributed
to TiO.””~*" The post-mortem Ti 2p two peaks also appear,
although their shapes and positions are vastly different than the
pristine sample. These two peaks are a combination of several
peaks. One of them is the Ti—S peak at 456.5 and 462.2 eV in
addition to the 1DL NFs TiO peaks, and unreacted TiC peaks
are observed.

The Ti—S peaks were not observed in the pristine
electrodes, which confirms that it is only after electrochemical
cycling that these peaks appear.””*” Consistently, this
interaction also manifests itself in the S 2p spectrum (Figure
7e) as peaks with BEs of 161.6 eV and 162.8.°>"* The Lewis
acid—base interaction can be summarized as a vacant orbital on
the Ti atoms and a filled orbital on the PSs. Here, the Ti atoms
act as a Lewis acid, and the PSs act as the Lewis base.
Additionally, upon comparing the Ti—O peaks from the
pristine and the post-mortem in the Ti 2p spectrum, we notice
a shift in the BEs. This shift could be attributed to the change
in the coordination number of Ti atoms, further lending
credence to the Lewis acid—base-type interactions between the
PSs and the 1DL NFs.

B CONCLUSIONS

A radically new bottom-up approach that is both facile and
scalable and uses earth-abundant materials was used to make
1DL NFs of which some self-assembled into nanosheets. The
obtained material not only served as an S-host material but also
appeared to anchor PSs. Based on XPS data, we believe there
are two mechanisms of PS anchoring; the first is the polar—
polar interactions with a hydroxide-functionalized surface and
the second is the Lewis acid—base interactions with titanium,
resulting in Ti—S bonds. It is through these interactions that
cathodes made by simple mechanical mixing, that is, without
melting or vaporizing the S into the TiC-based NFs, can store
750 mA h g after 300 cycles at 0.5C. The 1DL NFs can come
in a range of nanostructures from flakes to nanowires. This
opens up an exciting range of possibilities for new S 2D-host
nanostructures with surface functionalization.
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Figure 7. (a) XPS spectrum of pristine TiC-derived 1DL NFs, Ti 2p, (b) XPS S 2p spectrum, and (c) XPS C Is spectrum of pristine S-1DL NFs
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Li,S lithium sulfide

C carbon

Ar argon

TMAH tetramethylammonium hydroxide

TiC titanium carbide

TiO, titanium oxide

TiN titanium nitride

TiB, titanium boride

LiTFSi lithium bis(trifluoromethanesulfonyl)-
imide

LiNO; lithium nitrate

DME 1,2-dimethoxyethane

DOL 1,3-dioxolane

ocv open-circuit voltage

XPS X-ray photoelectron spectroscopy

SEM scanning electron microscopy

TEM transmissions electron microscopy

SAD selected area diffraction

EDS energy dispersive X-ray spectrometry

TGA thermogravimetric analysis

UV—vis spectrometer ultraviolet—visible spectrometer
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