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SUMMARY

Practicality of lithium-sulfur batteries is severely hindered by the
notorious polysulfide-shuttle phenomenon, leading to rapid capac-
ity fade. This issue is aggravated with increase in sulfur loading,
causing low-coulombic efficiency and cycle life. Herein, we present
a facile strategy to combine hydrophobic sulfur and hydrophilic,
conductive Ti3C2Tz-MXene via one-step surface functionalization us-
ing di(hydrogenated tallow)benzylmethyl ammonium chloride
(DHT). The latter renders the Ti3C2Tz surface hydrophobic, making
it readily dispersible in sulfur dissolved in a carbon disulfide (CS2)
solvent. By evaporating the solvent, we conformally coat the DHT-
Ti3C2Tz (DMX) with sulfur. The developed composite, with higher
available active area, enables effective trapping of lithium polysul-
fides (LiPs) on the electroactive sites within the cathode, leading
to improvement in electrochemical performance at higher sulfur
loadings. The DMX/S cathodes function with high sulfur loading of
!10.7 mg$cm"2 and deliver a stable areal capacity of !7 mAh$cm"2

for 150 cycles. Moreover, a DMX/S cathode in a pouch-cell configu-
ration retains !770 mAh$g"1 after !200 cycles at 0.2C (85.5%
retention). Ex situ studies elucidate the nature of the LiPs-MXene
interaction and the effect of surface functionalization towards
improved performance.

INTRODUCTION

The ever-increasing demand and reliability of portable electronic devices and elec-
tric vehicles require advanced rechargeable batteries that are cheap, lightweight,
and durable.1 Among several possible options, the lithium-sulfur (Li-S) battery is a
promising candidate to satisfy the aforementioned requirements and has the poten-
tial to replace the traditional lithium-ion batteries.2,3 Elemental S is earth abundant,
environmentally benign, low cost, and possesses a high theoretical capacity of 1,675
mAh$g"1.4,5 However, the practicality has been largely hindered because of the
shuttle effect, which leads to rapid capacity loss and low coulombic efficiency
(CE).5 During the charge-discharge cycles, solid S converts to solid Li2S and vice
versa via the formation of soluble lithium polysulfides (LiPs), reaction intermediates.6

These LiPs dissolve in the electrolyte shuttle back and forth between the sulfur cath-
ode and lithium anode, leading to a loss of active material, which, in turn, reduces
capacity.7,8 Furthermore, the dissolution results in the chemical reduction of LiPs
on the surface of Li, forming a layer of insulating Li2S, leading to polarization, and
hampering the accessibility of Li+ ions8. Efforts in the past have focused on miti-
gating the shuttle effect via the development of high surface area carbonaceous ma-
terials to physically contain the LiPs in the cathode hosts.9–12 However, the long-term
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cycling of such cells remains a prominent issue because of the poor interfacial con-
tact of the polar LiPs with the weakly polar carbon surfaces.13

Recently, cathode hosts with strong physical and chemical interactions toward LiPs
have shown improvement in capacity retention by suppressing the shuttle phenom-
enon. Polar metal oxides, such as TiO2, V2O5, Fe2O3, Al2O3, and SiO2 show this
behavior because their surface oxygen binds LiPs by polar-polar interaction (S2

x"–
O–metal).13,14 However, the inherent semi-conductive or insulating nature of these
host materials impedes electron transport and overall use of the sulfur during the
redox process reducing the deliverable capacity. On the other hand, it was reported
that non-stoichiometric metal oxides, sulfides, and metal-organic frameworks
(MOFs) have the highest affinity toward LiPs because of the Lewis-acid-base
bonding (binding energy >3.5 eV).15 The metallic centers of the non-stoichiometric
metal oxides/sulfides have free d-orbitals, which can form a co-ordinate bond with a
weakly basic Sx

2" anion.16 In addition, the improved conductivity from metal-metal
bonding in non-stoichiometric metal oxides helps provide better electron trans-
port.17,18,19 In addition, host conductivity can further boost the conversion of the
redox reaction on the surface, mitigating the shuttle effect and improving cycle
life.20,21

MXenes are a new class of two-dimensional (2D) carbides and/or nitrides discovered
in 2011 by Naguib et al.22 These 2D materials are so called because they are derived
by selectively etching A (group 13 or 14 elements) from the parent MAX phase in
aqueous acid and organic solvents.23–25 MXenes have a general formula Mn+1XnTz,
where M stands for an early transition metal, X stands for C or N, and Tz stands for
chemical terminations, such as "O, "OH, and "F surface groups that replace the
Al atoms upon etching.26 Ti3C2Tz Mxene, obtained by etching Ti3AlC2, has shown
unique properties, such as high metallic conductivity (>5,000 S$cm"1), and it is envi-
ronmentally friendly.27,28 Furthermore, the developed MXene can be tuned with
various surface functional groups, as required for its applications, adding to its
versatility.29,30

This unique surface environment with tunable functional groups renders MXene sur-
faces sensitive to LiPs.31,32 Liang et al.33 have shown that the LiPs bind toMXene host
surfaces via a Lewis-acid-base interaction. In addition, the terminal groups form a
thiosulfate/polythionate complex, providing better entrapment of LiPs and enabling
improved electrochemical performance.34 Incorporating MXenes as a host material
has been shown to significantly enhance the charge storage capacity in Li-S batte-
ries. For example, Liang et al.33 demonstrated the use of MXene/S composite with
a high initial capacity of !1,200 mAh$g"1 at !1.5 mg$cm"2 S loading.34 In addition,
Bao et al.35 showed that Ti3C2Tx/S delivered a capacity of !1,000 mAh$g"1 with a
1.5 mg$cm"2 S loading. However, this performance dropped to !400 mAh$g"1

within 200 cycles. This low capacity was attributed to a lack of porosity because of
an intrinsic sheet-like morphology.

To increase capacity retention over cycling, Bao et al.35 used a facile strategy to
develop crumpled nitrogen-doped MXenes to improve the porosity of the MXene
sheets, enabling a capacity of 900 mAh$g"1 at 0.2C for 200 cycles. Similarly, Song
et al.36 developed porous MXene$rGO aerogels, facilitating better ion-transport
channels with efficient LiP adsorption, resulting in a cycling stability of 500 cycles,
with a deliverable capacity of 600 mAh$g"1.36,37 Interestingly, employing MXene
sheets alone yields a low electrochemical performance with the S loadings of
!1 mg.35,37,38 The better electrochemical performance was observed with the
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crumpling of MXene nanosheets, composite aerogel, and a nanodot formation.
Such architecture resulted in better ionic transport and a greater accessible surface
area. However, the performance was impeded with improvements in sulfur loading.
For example, Song et al.36 developed rGO$MXene aerogel composites, delivering
cycling stability for 500 cycles at low S loadings and 30 cycles with !6 mg$cm"2 S
loading. Similarly, Xiao et al.39 developed MXene nanodots, which demonstrated
cycling stability of 400 cycles at low loadings. Increasing the loading to 9.2 mg$cm"2

resulted in stability for only 100 cycles. This reduction in capacity retention can be
attributed to lower exposure of active surface terminations and underuse of the
conductive MXene sheet surface itself. In addition, the development of such
morphology/surface architecture is a multi-step process involving time-consuming
high-temperature and pressure treatments.

During the fabrication of S electrodes, a common strategy employed is slurry mix-
ing.35,38,39 However, because the MXene surfaces are hydrophilic ("O/"OH termi-
nations) and S is hydrophobic, the former tends to re-stack without S depositing on
their surfaces. As a result, the overall usable area is reduced, rendering most of the
MXene surface area and functional groups redundant for S binding and re-deposi-
tion. In addition, most of the interlayer surface is not used during the charge-
discharge step. Instead, only the exterior surface of multi-layered MXenes contrib-
utes toward LiPs binding, thereby reducing the deliverable capacity and continued
shutting in subsequent cycles. Furthermore, most of the previous work employed a
heat-melt diffusion strategy at !150#C–160#C, usually for 12 h on temperature-sen-
sitive, oxidation-prone MXene surfaces.35,38 Therefore, the ideal host-structure
model of the MXene-S host cathodes should involve the dispersion of single-layered
MXene nanosheets in an S-saturated environment. This architecture can provide effi-
cient diffusion of S within the sheets without temperature treatment, improving the
effective use of the surface groups to bind the LiPs in the final cathode.

Herein, we put forward a rational design strategy for employing MXenes as host ma-
terials in Li-S batteries. TheMXene nanosheets are first surface engineered, allowing
them to be dispersed in non-polar solvents, using an inexpensive and industrially
relevant di(hydrogenated tallow)benzyl methyl ammonium chloride (DHT) surfactant
molecule. These DHT-treated MXene nanosheets, henceforth referred to as DMX,
are, in turn, easily dispersed into single to few-layer MXenes in carbon disulfide
(CS2), forming a stable colloidal suspension. The purpose of this work is to demon-
strate a simple, single-step strategy for efficient use of the MXene sheet surface,
enabling greater S use with improved binding ability, boosting cycling performance.
Therefore, the developed DMX cathode delivers a high initial capacity of 1,220
mAh$g"1 at 0.1C. At a higher rate of 0.5C, these cathodes stabilize at 880 mAh$g"1

after the first five cycles; 85% of which is still retained after 500 cycles. In addition, to
demonstrate practical value, we are developing cathodes with high sulfur loading of
!10.7 mg$cm"2, which exhibit an initial capacity of !1,000 mAh$g"1 and a stable
areal capacity of !7 mAh$cm"2 for 150 cycles at 0.1C. For comparison, the highest
areal capacity exhibited by state-of-the-art Li-ion battery devices is less than 4 mAh
cm"2. Furthermore, at a high current rate of 1C, the cathode delivers an initial capac-
ity of !720 mAh$g"1 and retains around 80% of its capacity after 500 cycles. The
improved interfacial contact between DMX and sulfur results in increased utilization,
thereby demonstrating stable electrochemical performance for 300 cycles at 83.33
wt% loading. We also demonstrate pouch-cell-level performance with 60 mg of sul-
fur loading, delivering an initial stable capacity of 900 mAh$g"1 after five cycles and
770 mAh$g"1 after !200 cycles, retaining 85.5% capacity. Postmortem analysis of
the cycled cathodes further shows the nature of interactions exhibited between
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LiPs andMXene nanosheets. In addition, ex situ X-ray diffraction (XRD) and scanning
electron microscopy (SEM) results demonstrate phase stability and better deposi-
tion of the active material, respectively, further strengthening our hypothesis.

RESULTS AND DISCUSSION

Material characterization

A schematic for the preparation of MXene from the parent Ti3AlC2 phase and its sub-
sequent functionalization using DHT are shown in Figure 1A. The MXene etched

Figure 1. Surface treatment of MXene and formation of sulfur composite

(A) Schematic illustration of the etching Ti3AlC2 phase to yield UMX and the subsequent

functionalization using DHT to yield DMX

(B) Fabrication procedure of MXene and sulfur composites (UMX/S and DMX/S) using probe

ultrasonication and drying.
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using LiF and HCl results in the intercalation of Li+ ions between the MXene layers.40

When the Li-containingmultilayers (MLs) are exposed to DHT, they are replaced with
DHT molecules via ion exchange.30 The DHT-treated MXenes and untreated
MXenes will be referred to as DMX and UMX, respectively.

Figure S1 shows the dispersion stability of untreated and DHT-treated MXenes in a
non-polar organic solvent, carbon disulfide (CS2). CS2 is chosen because it is known
to be a good solvent with high S solubility at room temperature (RT).41 The disper-
sions were made by probe sonicating both MXenes in CS2 for 15 min under an ice
bath. The colloidal suspensions were then allowed to sit and be monitored. The
UMX sheets started to settle down within 30 s, as evidenced by the CS2 starting to
become transparent and clear. Meanwhile, the DHT-MXene suspension was stable
even after 90 d. That stability is attributed to the organophilic nature of DMX, as
long alkyl chains of DHT enhance the chemical stability in the non-polar CS2 sol-
vent.26,30 To confirm whether the addition of S would alter the stability, UMX and
DMX flakes were sonicated in saturated S–CS2 solutions (Figure S1). Here, again,
the former sheets readily settled, whereas the latter were quite stable. Figure 1B de-
picts the fabrication strategy of MXene (UMX and DMX) and the sulfur composites.
Typically, known quantities of sulfur and MXene (UMX and DMX) were probe soni-
cated in CS2, and then CS2 was evaporated and dried using inert gas to yield
UMX/S and DMX/S composites.

SEM micrographs of as-synthesized UMX (Figures S2A and S2B) and DMX (Figures
S2C and S2D) powders before sonication in CS2 show that both have a stacked ML
structure. Further, SEM micrographs of the UMX/S powders (Figures 2A and 2B),
recovered after the evaporation of CS2, display ML morphologies, confirming
negligible delamination. On the other hand, SEM images of DMX/S powders
show single to few-layer sheets with clear evidence of delamination (Figures 2D
and 2E). To understand sulfur deposition throughout the DMX, we mapped the
S-distribution with energy-dispersive X-ray spectroscopy (EDS). Figures 2C and
2F show the EDS maps of UMX/S and DMX/S, respectively. In the UMX/S case,
S is found in regions in which no elemental Ti was detected. Conversely, in the
DMX/S case, the Ti and S maps coincide, suggesting a uniform deposition of S
onto the surface of the DMX sheets.

To further characterize the dispersion and deposition of S on theMXene surfaces, we
drop casted and dried suspensions of UMX/S and DMX/S on a carbon-coated, cop-
per grid and imaged the samples with transmission electron microscopy (TEM).
Typical TEM images of UMX/S (Figure S3) show only nanosheets with little to negli-
gible S deposition on the surface. It should also be noted that, because the UMXMLs
do not delaminate in CS2, they are not electron transparent; because of which,
finding areas in the sample with appropriate magnification for imaging is difficult.
This was also observed in SEM-EDS mapping on the bulk scale (Figure 2C). On
the other hand, TEM images (Figures 3A and 3B) of the DMX/S composite confirm
the surface deposition of S on mostly single nanosheets. The selected area electron
diffraction (SAED) patterns of DMX/S samples confirm the presence of diffuse rings
in addition to the hexagonal Ti3C2Tz crystal structure. These rings are most probably
due to the presence of polycrystalline S. To further confirm S deposition, we per-
formed high-resolution TEM analysis with a fast Fourier transform (FFT) filter to
analyze the fringe distances. Figure 3D shows a fringe distance of 0.204 nm corre-
sponding to orthorhombic S, confirming the presence of S on the 2D DMX nano-
sheets. At this stage, it is reasonable to conclude that we obtained a uniform S depo-
sition onto the MXene sheets upon CS2 evaporation.
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XRD patterns of DMX (blue), DMX/S (green), UMX (purple), and UMX/S (red) are
compared in Figure 4A. The XRD pattern of pure S (black) is also plotted in Figure 4A.
The presence of the (002) peak, around 6# 2q, corresponding to an interlayer spacing
of 15 Å, is evidence for the presence of 2DMXene sheets.26 Treating themwith DHT,
increases the d-spacing to 35 Å, confirming the successful exchange of Li+ with DHT
molecules.30 After introducing the S, for both the DMX and UMX samples, a second
002 peak at a higher 2q is observed, implying that some species were leached out of
the interlayer space. The reason for that is unknown at this stage, and more work
needs to be performed to understand this phenomenon. Overall, the DMX/S and
UMX/S composites show the presence of S peaks in addition to the original MXene
peaks, indicating no reaction between the MXene and S but physical mixing. No ti-
tanium dioxide peaks were observed, confirming that the nanolayers are non-
oxidized. To quantify the amount of S in the DMX/S composite, thermogravimetric

Figure 2. Electron microscopy images

(A and B) SEM micrographs of UMX/S.

(D and E) SEM micrographs of DMX/S.

(C and F) EDS images and mapping of UMX/S (C) and DMX/S (F).

Scale bar, 2 mm.
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analysis (TGA) measurements were performed. A single-stage mass loss event in the
120#C–250#C temperature range was observed, which is due to S evaporation (Fig-
ure 4B). The content of the S was determined to be !53 wt%.

Electrochemical characterization

The electrochemical performance evaluation of DMX/S cathodes were examined in
coin-cell and pouch-cell configurations. The redox behavior was first evaluated by
cyclic voltammetry and galvanostatic charge-discharge tests. The sulfur loading
was varied between 1.8 mg$cm"2 to 10.68 mg$cm"2 for coin cells, and the capac-
ity was calculated based on the mass of sulfur. To be able to compare the perfor-
mances of the various electrodes, the electrolyte-to-sulfur ratio (mL$g"1) in all coin
cells was kept constant at 20. Figure 5A displays cyclic voltammograms (CVs) for
DMX/S and UMX/S electrodes in the 1.8–2.6 V (versus Li/Li+) range at a scan
rate of 0.1 mV$s"1. The CV curves of the former show two sharp and distinct
cathodic peaks and one anodic peak. The first cathodic peak, at 2.3 V, is ascribed
to S reduction (S8) to long-chain LiPs, whereas the second peak is related to a sub-
sequent reduction of LiPs to Li2S2/Li2S.

42 Figure S4 shows the first five cycles of
DMX/S, displaying almost no peak shifts after the first anodic cycle, indicating
good electrochemical stability and better active material use. The peak shifts after
the first anodic peak might be attributed to nucleation/reorganization during the
redeposition of LiPs back to S8. Meanwhile, the CV curves of the UMX/S electrodes

Figure 3. Surface analysis of MXene/S composite

(A) TEM micrograph of DMX/S.

(B) High-resolution TEM image of DMX/S (inset, SAED pattern of DMX/S).

(C and D) Interfringe distance analysis after FFT filter (D).
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display a similar peak pattern, with broader and slightly shifted anodic and
cathodic peaks. This can be attributed to an overpotential for the redox reaction
to occur, most likely because of poor connectivity of S with the MXene nanosheets.
Furthermore, the second cathodic peak has a lower contribution, denoting a low
nucleating site for the deposition of Li2S2/Li2S. The lower conversion characteris-
tics might be attributed to the reduced active surface area of ML UMX compared
with that of delaminated DMX.

Further, galvanostatic charge-discharge tests were performed at various current
rates (1C = 1,675 mA$g"1) for the DMX/S and UMX/S electrodes. Both display
typical two-discharge plateaus. Consistent with the CV results, Figure 5B displays
a higher-voltage plateau at 2.3 V and a lower one at 2.0 V, which we relate to the con-
version of S to LiPs and LiPs to Li2S2/Li2S, respectively (Figure 5A). Benefitting from
the improved S-MXene interaction, DMX/S delivers an initial capacity of !1,300
mAh$g"1 compared with !605 mAh$g"1 from UMX/S. The lower initial-capacity
form of the UMX/S composite might arise from the lower use of active materials,
as seen from the prior CV curves. In addition, the polarization potential of the
DMX/S electrodes has a smaller voltage gap of 0.28 V as compared with the
0.31 V of UMX/S (Figure 5B). Lower polarization potential is beneficial for better
use of S at higher loadings because it correlates the kinetics of the charge transfer
with the activation energies for the LiP conversion.43 Hence, the lower polarization
potential of DMX/S might indicate better electrocatalytic activity that enhances
the kinetics during the conversion of LiPs. Similarly, Nyquist plots demonstrate the
lower charge transfer resistance of DMX/S cathode compared with that of UMX/S,
suggesting lower resistance to undergoing the reaction (Figure S5). This behavior
is probably associated with improved local conductivity from delaminated MXene
sheets coupled with the use of higher functionally active groups on the DMX nano-
sheet compared with that of the UMX.

To evaluate the long-term stability, DMX/S and UMX/S electrodes were cycled at
0.5C, as shown in Figure 5C. As noted above, the former delivers a high initial capac-
ity of !1,300 mAh$g"1, which stabilizes to !900 mAh$g"1 after the first five cycles.
This initial drop is associated with the redistribution of S in the electrode during the
first few electrochemical cycles. Once the cathode stabilizes, it delivers a high spe-
cific capacity of !860, !850, !800, !780, and !750 mAh$g"1 after 100, 200, 300,
400, and 500 cycles, respectively. In other words, the electrode retains around
750 mAh$g"1, accounting for !85% of its initial stable capacity after 500 cycles
with a 0.003% decay rate per cycle. The above results indicate that DMX/S can

Figure 4. X-Ray diffraction and sulfur content analysis of MXene/S composites

(A) XRD patterns of UMX, DMX, sulfur, and its composites.

(B) TGA curve of DMX/S.
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efficiently use the active material because of their improved delaminated structure
and possibly bind LiPs effectively, thereby enhancing capacity and cycling stability.

Meanwhile, the UMX/S electrode delivers an initial capacity of!605mAh$g"1, which
stabilizes to !350 mAh$g"1 after the first five cycles and then remains stable at 300
mAh$g"1 after 500 cycles. This lower capacity can be attributed to a lower active
electrochemical area, which is unable to use S efficiently during the redox reactions.
Furthermore, the formed LiPs are probably repelled by the hydrophilic UMX sheets,
enhancing the shuttling and reducing the blocking of LiPs. Because the Ti3C2Tz
sheets are expected to bind to LiPs via polar-polar and Lewis-acid-base interactions,
the active surface area of DMX/S is significantly larger than that of UMX/S, possibly
because of improved delamination, improving the capacity of the former but keep-
ing cycling stability similar. Figure S4B shows the discharge capacity of DMX/S elec-
trodes at various current rates. The high capacities of 1,380, 1,250, 850, and 780
mAh$g"1 at 0.05, 0.1, 0.2, and 1C, respectively, were obtained.

High current cycling is one of the key parameters for most batteries, in general, and
for Li-S batteries, in particular. To evaluate those parameters for the DMX/S elec-
trodes, we performed a galvanostatic charge-discharge test at a relatively high
rate of 1C. At that rate, the electrode initial capacity was!1,100mAh$g"1, which sta-
bilized to 720 mAh$g"1 after five cycles (Figure 6A). The electrode delivered !700,
600, and 450 mAh$g"1 after 250, 500, and 1,000 cycles, thus retaining !97%, 85%,
and 62% of its initial capacity, respectively. Figure 6B shows the rate capability eval-
uated at various current rates. The successive current increment from 0.1, 0.2, 0.5,
and 1C for five cycles delivers a stable capacity of !1,000, !850, !780, and !700
mAh$g"1, respectively. When the current rates were returned to 0.1C and 0.5C,
the cathode recovered back the capacity, delivering !1,000 and !770 mAh$g"1,
respectively. Although the overpotentials between the charge-discharge curves
increased with the improvement in the current rate, they all demonstrated the
two-plateau behavior, indicating stability and use at different current rates.

To explore the effect of S-loading, we performed the galvanostatic charge-
discharge test at 0.5C at loadings >5 mg$cm"2. The initial capacity is reduced to
1,000 mAh$g"1 for 5.5 mg$cm"2 compared with 1,300 mAh$g"1 at 1.8 mg$cm"2

at a current rate of 0.5C (Figure 6C). These high-loading cathodes deliver a stable
capacity of !500 mAh$g"1 after 250 cycles (Figure 6C). This cycling performance

Figure 5. Electrochemical analysis of DMX/S and UMX/S

(A) Comparison between CV curves of DMX/S and UMX/S.

(B) Charge-discharge curves of DMX/S and UMX/S.

(C) Cycling stability curves at 0.5C of DMX/S and UMX/S.
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at such high mass loadings with a high C-rate is noteworthy. This response can be
related to the combined effects of better use of the active material; increased nucle-
ating sites for LiPs deposition; more LiPs trapping sites, mitigating the shuttle ef-
fects; and the metallic conductivity of Ti3C2Tz nanosheets, allowing for efficient elec-
tron transfer during the redox reactions.

To observe the effect of shuttling in the DMX/S electrode, we conducted a charge-
discharge test at the harsh low-current rate of 0.1C,with a high loadingof 10.7mg$cm"2

(Figure 6D). This low current increases the time for LiP shuttling and can be used as an
indirect measure of the binding effect of the DMX/S electrodes with the LiPs. The initial
capacity was 925mAh$g"1 (9.25 mAh$cm"2), which stabilizes (!800mAh$g"1) and de-
livers!600 mAh$g"1 after 150 cycles, still retaining 75% of the stabilized capacity (Fig-
ure 6D). This result indicates an improvement in use at high S loadings and delivers sta-
ble capacity. This performance enhancement can be attributed to better use of the
MXene nanosheet surface for efficiently binding LiPs and faster conversion/reduction
of the same, helping to extend the cycle life.

Along the same lines, the next-generation high-energy-density Li-S cells will require
higher weight loadings of activematerial to improve the areal capacity. Hence, DHT/
S cathodes were fabricated with 83% mass S loading, henceforth, referred to as
DMX/83S. Figure S6 shows the discharge profile of cathodes at a 2.4 mg$cm"2

loading. The composite displays the two-plateau discharge behavior with slightly

Figure 6. High sulfur loading and rate analysis

(A) Cycling stability curve of DMX/S at 1C.

(B) Rate characteristics of DMX/S.

(C) Cycling stability curve at high loading and moderate current rate of 5.5 mg$cm"2 at 0.5C.

(D) Cycling performance of DMX/S cathode at high loading of 10.68 mg$cm"2.
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greater polarization compared with prior tests (Figure S6). The greater polarization
potential indicates reduced composite conductivity because of improvement in
insulating the sulfur content, increasing the voltage for a redox reaction. Overall,
the DMX/83S electrode delivers a capacity of 450 mAh$g"1 after five cycles and
80% of its initial capacity (!400 mAh$g"1) after 300 cycles, (Figure 7A). Figure 7B
plots the rate capability of the DMX/83S electrode that delivers a capacity of 580,
520, 430, and 380 mAh$g"1 at 0.05, 0.1, 0.2, 0.5, and 1C, respectively. When the
current is decreased back to 0.1C, the capacity rebounds to !515 mAh$g"1. This
performance at high S loading and with high S wt% (83 wt%) should be ascribed
to the convoluted effect of the highly active surface area of the conductive, delami-
nated DMX sheets and their LiP -trapping ability. It is important to note, the sulfur
wt% loading is the highest reported in MXene/S literature, further suggesting the
importance of the host-sulfur architecture in the use of the active material.

Finally, to evaluate the practicality of usingDMX/S as cathodes, we assembled pouch
cells. Single-layer pouch cells were assembled with DMX/S as the cathode, Li metal
foil (!200 mm) as an anode, and a Celgard separator, inside a glove box (Figure 8A).
The assembly was then sealed in a laminatedAl pouch (thickness = 110 mm) inside the
glove box using a 3-in-1 vacuum pouch sealer. The pouch cell with a sulfur loading of
60 mg was evaluated with a similar E/S ratio as that of the coin cell. The pouch cell
demonstrated an initial capacity of 1,200 mAh$g"1 (0.05C), which stabilized to 900
mAh$g"1 after five cycles at 0.2C. The capacity after 50, 100, and 190 cycles were
892, 890, and 770 mAh$g"1 (Figure 8C), demonstrating capacity retentions of
99%, 98% and 85.5%, respectively. Figure 8B shows the charge-discharge behavior
of the pouch cells after various cycle numbers. The overlapping discharge profiles
indicate better S use during the entire cycle life and minimal shuttling, even at elec-
trode areas of 5 3 5 cm2 (Figure 8A), showing a potential for practical applications.
Figure S7 shows the cycling performance of the pouch cell at a low sulfur loading
of 11mgdelivering 840, 700, and 654mAh$g"1 after 50, 200, and 400 cycles, respec-
tively. Thepurpose of this studywas to evaluate the performance of the cathodeswith
increased geometrical area, thereby keeping other parameters similar to that of the
coin-cell testing. Evaluation of pouch cells with optimized E/S ratios and improved
sulfur loading will be the focus of our future work. The key takeaway from the pouch
results is that scaling our system did not in any way invalidate our excellent results.
This bodes very well for scaling up our technology and cannot be overemphasized.

Figure 9 compares our work with other MXene/S composite hosts reported in liter-
ature. It correlates deliverable capacity of the hosts at various areal sulfur loadings

Figure 7. Electrochemical analysis of high-sulfur-weight-percentage cathodes

(A) Cycling stability at 83.33% loading with 2.4 mg$cm"2 sulfur loading at 0.5C.

(B) Rate characteristics of DMX/S at 83.33% sulfur loading.
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(1–12 mg$cm"2) and current rates (0.5, 0.2, and 0.1C). To our knowledge, we are the
first to report a surface-functionalized MXene, DMX/S, composite cathode enabling
a high sulfur use of 10.7 mg$cm"2 at a current rate of 0.1C with cycling stability for
150 cycles. In addition, DMX/S cathode (navy blue star) outperforms the other
MXene hosts reported in the literature in all three regimes of sulfur loadings, current
rates with improved cycling stability, and higher capacity. Such improvement in per-
formance, high specific capacity, good cycling stability, and use of sulfur at high
loadings can be attributed to (1) the metallic sheet conductivity of MXenes in
DMX/S composites; (2) greater use of individual sheet-surface area, rendering better
use of sulfur; and (3) improved accessibility of functional groups and LiP trapping
sites, enabling possible Lewis-acid-base interactions. Therefore, DMX/S cathodes
bestow better advantages compared with the other Ti3C2Tz-MXene hosts reported
in the literature, thereby demonstrating better performance metrics.

Redox kinetics of LiPs on DMX surfaces

The Li-ion diffusion coefficients can be used to estimate the relative concentration of
LiPs in the electrolyte. A lower concentration of LiPs in the electrolyte results in faster
Li-ion diffusion and vice versa.46 To investigate the Li-ion diffusion kinetics, CVs, at

Figure 8. Pouch-cell-level performance

(A) Single-layer pouch-cell assembly parts (laminated pouch, copper current collector welded with a nickel tab, Celgard 2325 separator, and aluminum

current collector welded with an aluminum tab).

(B) Charge-discharge curves of DMX/S after various cycles at 60 mg S loading.

(C) Cycling stability of the DMX/S pouch cell.

ll
OPEN ACCESS

12 Cell Reports Physical Science 2, 100480, July 21, 2021

Article



scan rates ranging from 0.1 mV$s"1 to 0.5 mV$s"1 between 1.8 V and 2.6 V versus Li/
Li+, were obtained (Figures 10A and 10B). The cathodic and anodic current peaks
(labeled a, b, and c in Figures 10A and 10B) of the DMX/S and UMX/S electrodes
scale linearly with the square root of the scan rates as shown in Figures 10C and
10D. This indicates a diffusion-limited process.

As reported previously, the Li-ion diffusion process can be described by the Randles-
Sevcik equation,46–50 given by Equation 1:

Ip= 2:693 105
! "

n1:5AD0:5
Li CLi y

0:5 (Equation 1)

where Ip is the peak current (A), n is the charge transfer number, A is the active elec-
trode area (cm2), DLi is the lithium-ion diffusion coefficient (cm2$s"1), C is the con-
centration of Li ions (mol$cm"3), and y is the scan rate (V$s"1). Because the n, A,
and C in a given cell can be regarded as constants, the slope of Ip versus y0.5 plots
are proportional to DLi. Figure S8 shows that the UMX/S and DMX/S electrodes
exhibit similar DLi values in the ‘‘a’’ region, where the S to LiPs conversion occurs.
However, as shown in Figures 10C and 10D, we see a striking difference in the con-
version of LiPs to Li2S and LiPs back to S. We see low Li diffusion for UMX/S
compared with DMX/S. Such behavior might arise from lower nucleating sites for
LiPs on the hydrophilic UMX surface. Meanwhile, the hydrophobic surface of
DMX/S might contribute toward better deposition, which results in further improved
current response, as seen from CV curves.

Postmortem studies

Finally, to fundamentally understand the nature of the interactions exhibited be-
tween LiPs and Ti3C2Tz, we performed postmortem X-ray photoelectron spectros-
copy (XPS) analysis. The Li-S cells were stopped after completely discharging after
500 cycles at 0.5C. The cycled cells were de-crimped inside the Ar-filled glove
box and were transferred to the XPS chamber using an Ar-purged XPS assembly.
For reference, we conducted similar experiments on a normal UMX/S-cycled cath-
ode. Note S1 goes into detail about the XPS analysis. Simultaneously, we performed

Figure 9. Performance compared with literature articles

Comparison of capacity versus areal sulfur-loading characteristics at various current rates of DMX/S

with MXene hosts in the literature. A star (navy blue) indicates the capacity of DMX/S cathodes at

various sulfur loadings and current rates.33,35,37,38,39,44,45
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postmortem SEM and XRD analysis to evaluate the surface morphology and stability
of MXenes in the system after cycling.

Figure S9 shows postmortem XRD results for the cycled cathodes (DMX/S and
UMX/S) after discharge. In the XRD pattern of the cycled UMX/S and DMX/S cath-
odes, the presence of the (002) peak around 6# 2q (d = 15 Å) confirms the presence
of 2D MXene sheets. This suggests the formed Lewis-acid-base Ti-S bond is revers-
ible and does not hamper MXene structure, enabling it to continue binding LiPs.
However, because the electrode was disassembled in a completely discharged
state and was exposed to air during XRD measurements, the Li2S being air sensi-
tive might have converted to H2S and amorphous LiOH, demonstrating no peak
pattern.51

Finally, to understand the effect of cycling on the MXene cathodes, we performed
SEM analysis on DMX/S and UMX/S cathodes of cycled cells. Figures S10A and
S10B shows sulfur is completely deposited on the surface and the outer surface
of UMX supporting our initial hypothesis of this work. Simultaneously, in DMX/S
cathodes (Figures S10C and S10D), we still see single to a few flakes of MXene
nanosheets without aggregation, denoting good adherence of material and sug-
gesting cycling does not have any effect on cathode morphology. Furthermore,
EDS data of the cycled UMX/S cathode show negligible titanium signal compared
with S (Figure S10E). This can be attributed to thick and non-uniform sulfur depo-
sition on the surface of UMX/S. In contrast, in Figure S10F, we see orderly Ti and S
signals from the DMX/S cathode because of the uniform deposition of sulfur by
taking an advantage of numerous active area/nucleating sites on a few to a single
DMX nanosheet.

Figure 10. Li+ ion diffusion study

(A and B) CV curves of DMX/S and UMX/S at various scan rates

(C and D) The relationships between the peak current and scan rate for different reaction processes

in the DMX/S and UMX/S composites. Peak b: Li2Sx/Li2S2/Li2S (c); peak c: Li2Sx/S8 (4 % 8) (d).
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In summary, we are developing a new and facile design strategy, in which Ti3C2Tz
nanosheets surfaces are engineered to fabricate S electrodes. The MXene surfaces
are first modified using an inexpensive organic molecule, DHT, which results in
easy dispersion of MXene sheets in S-dissolved CS2. Upon evaporation of the sol-
vent, S conformally and uniformly deposits on the 2D layer surfaces. This method
eliminates the use of the energy-extensive, high-temperature treatment method
for S diffusion and results in efficient deposition of S on the MXene surface. In prin-
ciple, the CS2 used can be recycled after its evaporation, further reducing the syn-
thesis cost. The DMX/S electrodes deliver a stable capacity of !750 mAh$g"1 after
500 cycles at 0.5 C, retaining!85% capacity after the first five cycles. Furthermore, at
a high current rate of 1C, the cathode delivers an initial capacity of !720 mAh$g"1

and retains!80% of its capacity after 500 cycles. The electrode can also operate at a
high loading of 10.7 mg$cm"2, with an initial areal capacity of !8 mAh$cm"2 and a
stable capacity of !600 mAh$g"1 for 150 cycles. In addition, the electrode is oper-
ational at high weight loading, with 83.33 wt% of the sulfur retaining stability after
300 cycles at 0.5C. A single-layer pouch cell successfully demonstrates a high sulfur
loading of 60 mg, delivering !770 mAh$g"1 (85.5% retention) after !200 cycles.
This cathode outweighs performance characteristics in all current and sulfur-loading
regimes compared with other MXene/S hosts in literature. Postmortem XPS studies
reveal the presence of strong Lewis-acid-base bonds (Ti-S) between the DMX/S and
LiPs. In addition, the XPS study also reveals the presence of thiosulfate/polythionate
complex formation. We attribute the strong electrochemical performance to the
unique electrode design, coupled with the metal-like conductivity of the Ti3C2Tz
flakes. Our design strategy paves a new path for the development of Li-S batteries
with high loading and long cycle life.

EXPERIMENTAL PROCEDURES

Resource availability
Lead contact
Further information and requests for resources and reagents should be directed to,
and will be fulfilled by, the lead contact, Vibha Kalra (vk99@drexel.edu)

Materials availability
All MXenes and composites generated in this study are available from the lead con-
tact with a completed materials-transfer agreement.

Data and code availability
All of the data are available from the corresponding author upon request.

Material for synthesis

Titanium carbide (TiC; 99.5%, 2 mm), aluminum (Al; 99.5%, 325 mesh), titanium (Ti;
99.5%, 325 mesh), and LiF (99.5%, 325 mesh) were purchased from Alfa Aesar.
The 12-M HCl was purchased from Fisher Scientific and DHT (80%) was purchased
from Alfa Chemistry.

Materials for electrochemistry

Lithium trifluoromethanesulfonate (99.995% trace metals basis, product no.
481548), 2-dimethoxyethane (DME; anhydrous, septum-sealed bottle DriSolv, prod-
uct no. DX1531), and 1,3-dioxolane (DOL; anhydrous, contains !75 ppm BHT as an
inhibitor, 99.8%, SureSeal, product no. 271020) were purchased from Sigma-Al-
drich. Sulfur (99.5%, sublimed, catalog no. AC201250025), carbon disulfide (reagent
grade, catalog no. C184-500), and lithium nitrate (anhydrous, 99.98%, catalog no.
AA1098503) were purchased from Fisher Scientific.
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Synthesis of MAX powder (Ti3AlC2)

Parent Ti3AlC2 powders were synthesized by mixing TiC, Al, and Ti powders in a
molar ratio of 2:1.05:1, respectively. The mixed powders were ball milled at
100 rpm for 24 h and were then heated under argon (Ar) flow at 1,350#C for 2 h. It
should be noted that the ball milling at slow speed was only for homogeneous mix-
ing; no particle size reduction or reactions occurred. The heating and cooling rates
were set at 5#C/min. The resulting blocks were ground to powders using a milling bit
on a drill press. The milled powders were passed through a 400-mesh (particle size,
<38 mm) sieve for further experiments.

Synthesis of MXene (Ti3C2Tz) and DHT treatment

First, 1 g of LiF was dissolved in 10 mL of 12-M HCl; after which, 1 g of the Ti3AlC2

powder was slowly added to the solution. Then, the solution was stirred for 24 h
at 35#C and 300 rpm. The resulting solution was later transferred into a 50-mL centri-
fuge tube, and deionized (DI) water was added to completely fill the remaining vol-
ume. It was then centrifuged at 3,500 rpm/2,300 relative centrifugal force (rcf.) for
1 min, and the resulting clear supernatant was discarded. This washing was repeated
several times, until the pH of the solution was z7. Afterward, the sediment was
divided into two equal parts. One part was dried in vacuum at 100#C for 12 h and
was labeled as normal, untreated Mxene or UMX. In the second part, 40 mL of a
20-mM, pre-prepared solution of DHT in a 50:50 (v:v) of water and ethanol was
added and allowed to mix for 12 h at RT. After mixing, all the powders were washed
with DI water three times. The resulting DHT-MXene or DMX was dried in vacuum at
100#C for 12 h.

Synthesis of MXene-sulfur composite
Moderate-weight-percentage electrodes, 50 wt%
In a typical synthesis, 1 g of sulfur was added to 5 mL of CS2 solution in a glass vial.
The glass vial was kept in an ice bath, and the vial was hand-shaken until the sulfur
dissolved and the solution turned clear. Next, 1 g of DHT-MXene (DMX) was added
to that solution and was probe-sonicated (250 W) for 15 min in an ice bath. After
probe-sonication, argon was slowly blown on top of this solution and magnetically
stirred (320 rpm) until the CS2 completely evaporated. Once the CS2 had been
visibly evaporated, the solid mixture was vacuum dried at RT for 12 h to yield the
DMX/S powder. A similar strategy was employed for normal MXene (UMX/S).

High-weight-percentage electrodes, 83.33 wt%
A procedure similar to the low-weight-percentage electrodes was adopted; except,
5 g of sulfur was added to 20 mL of CS2 solution with 1 g of MXenes.

Synthesis of DMX/S and UMX/S composite electrode

A cathode was fabricated using a slurry method. Briefly, the slurry was prepared by
mixing 70 wt% of vacuum-dried DMX/S with 20 wt% conductive carbon (Alfa Aesar,
Super P) and 10 wt% battery-grade polyvinylidene fluoride (PVDF) binder (MTI,
USA). DMX/S, conductive carbon, and PVDF were hand-ground with mortar and
pestle until the composite turned uniform. Later, N-methyl-2-pyrrolidone (TCI,
USA) was slowly added until the required visible consistency and uniformity were
achieved (!1 h). The slurry was later cast on battery-grade aluminum foil coated
with 1-mm-thick conductive carbon for better adhesion using a doctor blade (MTI,
USA), with a thickness of 30–120 mm. To improve sulfur loading, the thickness of
the slurry was increased by the changing dial gauges of the doctor blade. Once
cast, the slurry was kept under a closed fume hood for 2 h before transferring it to
a vacuum oven, where it was dried at 50#C for 24 h.
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Material characterization

The morphological analysis of the materials was conducted using an SEM (Zeiss Su-
pra 50VP, Germany) with an in-lens detector, and a 30-mm aperture was used to
examine the morphology and to obtain micrographs of the samples. To analyze
the surface elemental composition, EDS (Oxford Instruments) in secondary elec-
tron-detection mode was used. To analyze the sulfur deposition on the surface,
TEM measurements were conducted. High-resolution transmission electron micro-
scope (HR-TEM) analyses were performed in brightfield mode, operated at 200 kV
on a JEOL JEM2100F equipped with an energy-dispersive spectroscope (EDS),
with an 80-mm2 single-shot detector ( Oxford X-MaxN 80 T EDS system). XRD pat-
terns were acquired on a diffractometer (Rigaku Miniflex, Tokyo, Japan) using Cu-
Ka radiation (40 kV and 40 mA), with a step size of 0.02# and a dwell time of 5 s, in
the 2#–65# 2q range. The surface of the composites was analyzed with XPS. To collect
XPS spectra, Al-Ka X-rays, with spot sizes of 200mm and pass energy of 23.5 eV were
used to irradiate the sample surface. A step size of 0.05 eV was used to gather the
high-resolution spectra. CasaXPS (version 23.19PR1.0) software was used for spectra
analyses. The XPS spectra were calibrated by setting the valence edge to zero, which
was calculated by fitting the valence edge with a step-down function and setting the
intersection to 0 eV. The background was determined using the Shirley algorithm,
which is a built-in function in the CasaXPS software. The sulfur in the composite
was determined using TGA on a TA Instruments Q50. The samples were heated at
a ramp rate of 10#C$min"1 to 800#C under flowing argon gas.

Coin-cell fabrication

The dried electrodes were cut using a hole punch (f = 0.5 inch [12.7 mm]) to form
disk-sized electrodes. The electrodes were then weighed and transferred to an
argon-filled glove box (MBraun LABstar, O2 < 1 ppm and H2O < 1 ppm). The
CR2032 (MTI and Xiamen TMAX Battery Equipments, China) coin-type Li-S cells
were assembled using DMX/S and UMX/S (f = 12 mm), lithium disk anodes (Xiamen
TMAX Battery Equipment’s; f = 15.6 mm, 450 mm thick), a tri-layer separator (Cel-
gard 2325; f = 19 mm), one stainless-steel spring, and two spacers, along with an
electrolyte. The electrolyte with 1-M LiTFSi with 1 wt% LiNO3 in a mixture of 1,2-di-
methoxyethane and 1,3-dioxolane at a 1:1 volume ratio was purchased from TMAX
Battery Equipments, with H2O < 6 ppm and O2 < 1 ppm. The assembled coin cells
were rested at their open-circuit potential for 12 h to equilibrate them before per-
forming electrochemical experiments at RT. Cyclic voltammetry was performed at
various scan rates (0.1 mV$s"1 to 0.5 mV$s"1) between voltages 1.8 and 2.6 V wrt
Li/Li+ with a potentiostat (Biologic VMP3). Prolonged cyclic stability tests were car-
ried out with a MACCOR (4000 series) and Neware BTS 4000 battery cycler at
different C-rates (where 1C = 1,675 mAh$g"1) between voltages 1.8 and 2.6 V. Li-
S cells were conditioned during the first cycle at the 0.1C and during the second cy-
cle at the 0.2C rate before cycling them at the 0.5C rate at RT.

Pouch-cell fabrication

Cathodes were punched with dimensions 57 mm 3 44 mm using MSK-T-11 (MTI,
USA). A 4-inch (101.6 mm) lithium strip (750 mm, Alfa Aesar) was rolled in between
aluminum-laminated film to get a 60 mm3 50 mm Li sheet using an electric hot-roll-
ing press (TMAX-JS) at 0.328 rpm inside the glove box (MBraun, LABstar Pro). Once
the final dimensions of lithium were achieved (!200–250 mm thick), it was re-rolled
with copper (10 mm) to achieve good adhesion. Finally, the lithium-rolled copper
sheet was punched with a 58-mm 3 45-mm die cutter (MST-T-11) inside the glove
box. The cathode and anode were welded with aluminum and nickel tabs (3 mm),
respectively. The tabs were welded with an 800-W ultrasonic metal welder, with
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40 KHz frequency; delay time of 0.2 s, welding time of 0.15 and 0.45 s for Al|Al and
Cu|Ni, respectively; and cooling time of 0.2 s with 70% amplitude. The anode and
cathode were placed between a Celgard 2325 separator, and the pouch was sealed
with 3-in-1 heat pouch sealer inside the glove box with a"95 kPa vacuum, 4-s sealing
time at 180#C and a 6-s degas time.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.xcrp.
2021.100480.
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