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polysulfide redox through in situ formed insoluble thiosulfate 
species on the surface of MnO2, whereby the thiosulfate catenates 
sulfur chains of polysulfides to form a polythionate complex.[24] 
This process curtails active mass loss during the discharge/
charge process and suppresses the polysulfide shuttle, resulting 
in high performance cathodes. We have shown the mechanism 
is operative with graphene oxides, and other metal oxides. In fact, 
thiosulfate formation is dictated by the redox potential of the host 
materials: only those materials with a redox potential between  
2.4 V < Eº ≤ 3.05 V can trigger such a reaction.[25] This principle 
has been extended to in situ formation of scalable “yolk–shell” 
composites containing a core of 75 wt% micrometer-sized sulfur, 
surrounded by a thin MnO2 shell.[26] The bifunctional MnO2 
shell provides physical confinement and chemical interactions to 
entrap polysulfides, leading to very stable cycling.

We also previously reported that the use of 2D conductive 
MXene nanosheets cathode hosts can improve the performance of 
Li–S batteries.[27] MXenes are a fascinating large family of 2D early 
transition metal carbides/carbonitrides first discovered by Gogotsi 
and co-workers.[28] The MXenes are produced by selectively etching 
A atoms from layered MAX phases (Mn+1AXn, A = IIIA/IVA ele-
ments), and then delaminating the sheets in a polar solvent. In 
general, MXene phases are well known for high conductivity in the 
core and abundant functional groups on the surface. They have a 
general formula of Mn+1CnTx, where T represents the surface-ter-
minated functional groups (OH, F, O, etc.).[29,30] These materials 
have been utilized widely as electrodes for supercapacitors[31] and 
for Li(Na)-ion batteries, where they exhibit remarkably good perfor-
mances.[32,33] The unique surface environment of these materials 
also make them sensitive to sulfur species such as polysulfides. In 
a previous report, we used Ti2C as an example to demonstrate that 
the self-functionalized surface of the MXene promotes the chemis-
portion of polysulfides on the “acidic” Ti sites.[27]

Herein, we explore the surface reactivity of newly studied 
titanium based MXene phases (Ti3C2 and Ti3CN) upon contact 
with polysulfides species, using a combination of X-ray photo-
electron spectroscopy (XPS) analysis and density functional 
theory (DFT) calculations. We show for the first time, that prior 
to TiS bond formation by a Lewis acid–base interaction, the 
terminal hydroxyl groups on the MXene surface are consumed 
by the polysulfides via thiosulfate formation. This dual mode 
behavior – Lewis acid–base interaction and thiosulfate/poly-
thionate conversion – provides a unique double mechanism to 
entrap polysulfides, and enables improved cycling performance 
in the resulting Li–S batteries. Carbon nanotubes (CNTs) 
incorporated into the MXene phase further improve the con-
ductivity across the nanosheet planes and prevent restacking 
of the delaminated MXene nanosheets. This concept was moti-
vated by the seminal work of Zhang and co-workers on CNT 
architectures[34] and nitrogen-doped CNT/graphene sandwiches 

The increasing demands for portable electronic devices and elec-
tric vehicles require rechargeable batteries that are light weight, 
cost effective, and long lasting.[1] Lithium–sulfur (Li–S) batteries 
are one of the most promising candidates that could satisfy this 
emerging market as they possess a theoretical energy density of 
2500 W h kg−1 – 3–5 times higher than the state-of-the-art Li-ion 
batteries.[2,3] Moreover, the use of elemental sulfur as active material 
has the advantage of being low-cost, naturally abundant, and envi-
ronmentally friendly. However, Li–S batteries have yet to be com-
mercialized due to unsolved issues that remain despite many years 
of research. During operation, conversion between two insulating 
solid end-members – sulfur and Li2S2–x (x ≤ 1) – proceeds through 
a series of soluble molecular intermediates known as lithium 
polysulfides (LiPSs). These dissolved LiPSs shuttle back and forth 
between the cathode and anode, leading to capacity fading and low 
coulombic efficiency.[4] The dissolution also results in unfavorable 
reactions of the LiPSs with the Li anode which form an insulating 
Li2S2–x layer, causing significant polarization.[5] Clever approaches 
have been recently used to ameloriate this problem using oxide 
coatings;[6] and in situ generated cathode coatings.[7] Efforts in the 
past, however, first focussed on solving some of the above-men-
tioned problems via physical constraint of the LiPSs. The use of 
high surface area carbonaceous materials with well-designed pore 
structures was one of the most popular strategies to restrain the 
migration of soluble LiPSs from the cathode. Mesoporous and 
hierarchical porous carbons,[8–11] hollow carbon spheres,[5,12,13] and 
hollow carbon nanofibers[14,15] have been used to date. Although 
Li–S cells fabricated using these materials show high specific 
capacities during the initial few hundred cycles, they decay on long 
term cycling (>300 cycles) due to poor interfacial contact of polar 
Li2S2–x with hydrophobic carbons, and the large volume expansion/
extraction of sulfur during the discharge/charge process.[16]

Cathode hosts such as graphene oxides (GO)[17] and doped 
carbons[18,19] that chemically interact with LiPSs have shown to 
improve the electrochemical performance of the resultant Li–S 
cells. Polar metal oxides, such as SiO2,[20] Ti4O7,[21] and indium 
tin oxide[22] adsorb polysulfides on their inherently hydrophilic 
surfaces. Although these host materials often have a lower sur-
face area compared to mesoporous carbons, they are more able 
to adsorb polysulfides as a result of strong interfacial interac-
tions.,[20,23] Recently, we uncovered another approach to chemically 
entrap polysulfides in the sulfur cathode. It relies on mediating 
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as Li–S cathode hosts, prepared by catalytic growth.[35] In our 
work not only is an ultralow decay rate of 0.043% per cycle  
achieved over 1200 cycles in Li–S batteries utilizing the CNT-
MXene composite cathode with a sulfur areal loading of 
1.5 mg cm−2, but stable cycling performance is also attained with 
a practical high sulfur loading electrode (up to 5.5 mg cm−2).

In our previous report on the high efficacy of Ti2C MXene 
sheets as cathode hosts for Li–S batteries, we showed that TiS 
bonds are formed by a Lewis acid–base interaction between the 
Ti atoms on the MXene surface and polysulfides.[27] These acid-
active centers exhibit strong interaction toward LiPSs thus pro-
viding multiple Li2S nucleation sites. They hence mitigate the 
dissolution of LiPSs into the electrolyte, resulting in improved 
cycling performance. As explained above, the MXene phases 
are inorganic sheet-like structures that are terminated with 
functional groups (such as hydroxyl) to balance the charges 
of the surface metal atoms. Previous studies indicate poly-
sulfides can be oxidized to thiosulfate by the hydroxyl groups 
on graphene oxide.[24] This leads to the question of whether the 
hydroxyl groups on MXene surfaces exhibit similar behavior. 
XPS analysis combined with DFT calculations were applied to 
probe the interaction between the –OH terminated MXene and 
the polysulfides.

Titanium based MXene sheets were used as a proof of con-
cept for the study and Li2S4 was used as the probe mole cule to 
represent lithium polysulfides. Delaminated MXene nanosheets 
(Ti2C, Ti3C2, and Ti3CN) were mixed with Li2S4 in dimethyl ether 
(DME), and the resulting solid was collected by filtration and sub-
jected to examination by XPS analysis (see Experimental Section). 
Ti3C2 exhibits a characteristic Ti 2p spectrum representative of 
TiO bonds (459.3 eV) and TiC bonds (454.7 eV) (Figure 1ai),  
similar to that of the Ti2C MXene nanosheets.[27] For Ti3CN 
nanosheets, peaks of equal intensity, fitted at lower binding ener-
gies, were assigned to TiN bonds (456.1 eV) and TiC bonds 
(454.6 eV) (Figure 1bi).[36] Significant Ti–S interaction is indicated 
by a peak representative of a TiS bond (455.6 eV) for both of the 
polysulfide-contacted composites (Figure 1aii,bii), as previously 
reported for the Ti2C MXene.[27] We ascribe this to the strong 
Lewis acid–base interaction which involves unoccupied orbitals 
of the surface Ti atoms and the electronegative polysulfide ions.

The corresponding S 2p spectra of the MXene-polysufide show 
the formation of thiosulfate (167.2 eV) and polythionate com-
plexes (168.2 eV) (Figure 1c), along with residual LiPS as demon-
strated by the terminal (ST

−1 161.9 eV) and bridging (SB
0 163.7 eV) 

S environments.[24] Formation of surface thiosulfate/polythionate 
species has been recently reported for metal oxides and GO when 
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Figure 1. XPS study of the interaction between MXene phases and LiPS. a) Ti 2p spectra of Ti3C2 (i) and Ti3C2-LiPS (ii), b) Ti 2p spectra of Ti3CN (i) and Ti3CN-
LiPS (ii), c) S 2p spectra of the MXene-LiPS mixtures: (i) Ti2C-LiPS, (ii) Ti3C2-LiPS, (iii) Ti3 CN-LiPS, and d) O 1s spectra of Ti3C2 (i) and Ti3C2-LiPS (ii). Binding 
energies were all calibrated using the C 1s peak at 285.0 eV. Black circles and solid lines represent the experimental and overall fitted spectra, respectively.



C
o

m
m

u
n

iC
a
tio

n

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim wileyonlinelibrary.com (3 of 7) 1603040

utilized as sulfur hosts, and have been directly correlated to long 
cycle life of the Li–S battery.[24,25] In the case of GO, the carboxyl 
and hydroxyl groups grafted onto the graphene planes are reduced 
by polysulfides, resulting in conversion of the oxygen groups 
to thiosulfate surface-bound species. In the case of the MXene 
phases, the MC and/or MN bonds are amongst the strongest 
known — even strengthened when the A atoms are extracted 
from their parent MAX phases[37] — and thus are not subject 
to reaction when the MXenes are contacted with polysulfides. 
Indeed, the Ti–C and Ti–N peaks remain unchanged as shown 
in Figure 1a,b. The only possible bond that can be reduced is the 
hydroxyl terminal groups grafted on MXene, as evidenced by the 
decreased Ti–OH fraction (532.2 eV)[38] in the O 1s XPS spectra 
of the MXene-Li2S4 compared with the pristine MXene (65% vs 
23%), as shown in Figure 1d. This reaction is similar to the reduc-
tion of C–OH groups when graphene oxide comes in contact with 
LiPSs, where the carboxyl groups are replaced by thiosulfate spe-
cies.[24] Peaks that correlate to TiS bonds are observed in the Ti 

2p spectra; however, they are overlapped by the 
terminal sulfide groups (ST

−1) of residual LiPS 
in the S 2p spectrum because of their similar 
binding energies (162.3 ± 0.2 vs 161.9 eV).[27]

We postulate that the interaction between 
MXene and polysulfides can be described in 
a two-step process (Figure 2). The hydroxyl 
terminal groups on MXene first undergo 
redox reaction with polysulfides to form the 
surface thiosulfate groups, followed by the 
Wackenroder reaction[24] that exposes the Ti 
atoms. Second, the exposed and metastable 
Ti atoms readily accept electrons from addi-
tional polysulfides in the electrolyte and form 
TiS bonds by Lewis acid–base interactions.

To fully understand the nature and strength 
of the bonding interaction between MXene and LiPSs, first-
principle calculations based on DFT were performed. During 
the preparation of delaminated MXene nanosheets, OH, or F 
functional groups are grafted on the surface of the nanosheets 
owing to the chemical process involved.[29,39] As we did not 
observe any binding energy shift for the F surface group after 
contact with polysulfides in the XPS analysis, only the OH 
groups are considered in our modeling for simplicity. We inves-
tigated the interaction of polysulfides with pristine MXene (fully 
covered by hydroxyl groups); partially exposed MXene (one 
hydroxyl group was removed); and fully exposed MXene (all 
hydroxyl groups removed). The Li2S4 molecule was used as the 
representative polysulfide although interactions with short-chain 
Li2S2, and the end-member sulfide Li2S were also explored.[40]

The fully relaxed geometries of Li2S4 bonding with the Ti3C2 
surface slabs (4 × 4) are shown in Figure 3. As we demon-
strated in the XPS study above, the surface hydroxyl groups are 
transformed to thiosulfate after contact with the polysulfides, 
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Figure 2. Schematic demonstrating the two-step interaction between a representative hydroxyl-
decorated MXene phase and polysulfides.

Figure 3. First-principles calculations for the interaction between Ti3C2 MXene and polysulfide Li2S4, showing the most stable Li2S4 binding geometry 
configuration after full relaxation on: a) Ti3C2(OH)2 (used to represent the pristine MXene), b) Ti3C2(OH)2 with one hydroxyl vacancy, c) Ti3C2 without 
any surface functional groups. d) The variations of the binding energies of polysulfide molecules (Li2S, Li2S2, and Li2S4) bonding to the respective 
substrates. Blue, brown, red, pink, yellow, and green spheres represent Ti, C, O, H, S, and Li.
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exposing the titanium atoms (Figure 1); however, this complex 
chemical redox reaction is beyond the scope of the DFT calcu-
lations employed here. We observe a low-intermediate binding 
energy on the pristine MXene (3.42 eV), probably due to a 
polar–polar interaction (Figure 3a). To understand the dynamic 
process of exposing Ti atoms via the cleavage of OH groups 
by thiosulfate formation, one of the 16 hydroxyl groups was 
removed. The polysulfide Li2S4 readily absorbs the vacancy and 
bonds to Ti, causing significant distortion of the Li2S4 molecule 
(Figure 3b). The interaction is further strengthened when all 
the hydroxyl groups are removed; the binding energy increased 
to a much higher value of 15.76 eV (Figure 3c). This scheme 
is consistent with the proposed coordination of the exposed Ti 
atoms and polysulfide anions as discussed above. Namely, the 
polysulfides, instead of hydroxyl, act as the terminal groups in 
the MXene nanosheets.

Both short-chain Li2S2 and the end member discharge 
product (Li2S) follow the same trend as Li2S4. The binding 
energy increases with a decrease in the number of the hydroxyl 
groups on the surface, with the fully exposed MXene exhibiting 
the highest binding energy (Figure 3d and Figure S1, Sup-
porting Information). The other MXene phase (Ti2C) exhibits a 
similar trend, as shown in Figure S2 in the Supporting Informa-
tion. We believe our proposed model can apply to a wide range 
of MXene phases. The mechanism can be summarized as the 
cleavage of hydroxyl groups by formation of thiosulfate surface 
species, followed by a Lewis acid–base interaction between the 
exposed titanium atoms and polysulfides. This dual polysulfide 
adsorption mode effectively suppresses the polysulfide shuttle 
and gives rise to uniform Li2S deposition when MXene phases 
are used as sulfur host materials, as discussed later.

To prepare the MXene nanosheets (Ti2C, Ti3C2, and Ti3CN), 
MAX phases (Ti2AlC, Ti3AlC2, and Ti3AlCN) were etched using 
hydrofluoric acid (HF) followed by delamination with dime-
thyl sulfoxide (DMSO), as originally reported by Gogotsi and 
co-workers[38] Scanning electron microscopy (SEM) images and 
X-ray diffraction (XRD) pattern confirm the delamination of 
MXene phases (Figure S3, Supporting Information). The sur-
face area of the MXene phases – as measured by the Brunauer–
Emmett–Teller (BET) method – is not exceptional compared 
to meso/microporous carbonaceous materials (Figure 4a), 
although delaminated multilayer MXene sheets are expected 
to have a high surface area. This factor can be attributed to 
the restacking of the nanosheets due to van der Waals forces 
upon removal of the delaminating solvent.[41] Because the 
surface area of the host material plays an important role for 
chemical interaction in Li–S batteries,[23,24] we constructed a 
porous architecture by sandwiching the MXene nanosheets 
with CNTs (Figure 4b). The CNTs further facilitate electron 
transport between the nanosheets, which is essential for high 
sulfur-loading Li–S batteries.

Chlorosulfonic acid was chosen as the solvent medium to 
disperse the CNTs/MXene. Our method is quite different than 
that used to fabricate CNT-Mxene free-standing membranes 
by alternate filtration of the MXene and CNT solutions;[42] in 
our studies, the chlorosulfonic acid maintains the dispersion 
of the CNT and MXene sheets in solution.[43] The stability of 
the Ti2C MXene phase in the acid medium was confirmed by 
XRD analysis, which revealed no change in crystallinity after the 
nanosheets were soaked in acid for 12 h (Figure 4c). The sur-
face chemistry of the Ti2C after immersion in acid is also negli-
gible, as Ti 2p and O 1s spectra are identical to the pristine Ti2C 
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Figure 4. a) Comparison of the surface area of the delaminated MXene nanosheets and CNT-MXene composites, measured by the 5 point BET 
method. b) Scheme showing the CNT-MXene nanostructure, c) XRD patterns of the Ti2C nanosheets before and after immersion in chlorosulfonic 
acid; the broad feature at 18° is from the grease used to attach the sample. d,e) SEM images of CNT-Ti3C2 (d) and S/CNT-Ti3C2 (e). f) TGA curves of 
the S/CNT-MXene composites.
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nanosheets (Figure S4, Supporting Information). In general, 
for MXene with formula Mn+1Cn, a greater “n” leads to a higher 
MC bond energy, suggesting that Ti3CN and Ti3C2 would also 
be stable.[29] This was confirmed by the diffraction patterns of 
CNT-Ti3CN and CNT-Ti3C2 (Figure S5, Supporting Information), 
which show virtually no change compared to the MXene phases. 
The slightly weakened and broadened diffraction reflections 
imply better delamination of the nanosheets owing to the CNTs 
additive. Multiwalled carbon nanotubes with an average diam-
eter of 8 nm were used in our studies. Overall, 10 wt% CNT was 
added to Ti2C and Ti3C2, and 20 wt% CNT was added to Ti3CN.

The SEM images shown in Figure 4d show that the CNTs are 
very well dispersed in the MXene nanosheets. The surface area 
of the CNT-MXene composites are summarized in Figure 4a. 
Not surprisingly, the increase in surface area of the MXene-CNT 
composite exceeds the sum of the pristine MXene and CNTs 
(350 m2 g−1) phases for all three cases. This proves that the 
CNTs act as an exfoliator to prevent MXene nanosheets from 
restacking, resulting in large internal porosity within the com-
posite. The presence of CNTs between the nanosheets further 
increases the electronic conductivity in the plane and across 
the nanosheets. Electrochemical impedance spectroscopy of the 

S/CNT-Ti3C2 electrode showes diminished resistance compared 
to the CNT-free material (Figure S6, Supporting Information). 
Owing to the enhanced surface area and porosity, very higher 
sulfur content in S/CNT-MXene was achieved by melt diffusion 
(Figure 4f), without any significant sulfur aggregation (Figure 4e  
and Figure S7, Supporting Information).

Sulfur electrodes were fabricated to evaluate the effects of the 
dual polysulfide entrapment mechanism and the interconnected 
conductive CNT-MXene structure on the cycling performance of 
an Li–S battery. Initially, cells with a typical low sulfur loading 
of 1.5 mg cm−2 and an electrolyte/sulfur ratio of 13:1 (µL mg−1) 
were examined to enable comparison with previously published 
work;[27] higher sulfur loading up to 5.5 mg cm2 will be described 
in the next section. An initial discharge capacity of 1240, 1216, 
and 1263 mA h g−1 was obtained at C/20 (1C = 1675 mA h g−1) 
for 83S/CNT-Ti2C, 79S/CNT-Ti3C2, and 83S/CNT-Ti3CN, respec-
tively (Figure 5a). All three electrodes showes a similar trend in 
long term cycling at a C/2 rate: capacities of ≈ 450 mA h g−1 
are retained after 1200 cycles, corresponding to a decay rate of 
0.043% per cycle (based on the first discharge capacity at C/2). 
Compared to our previous study on S/Ti2C without any CNTs,[27] 
improved electrochemical performance is observed, while both 
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Figure 5. Long-term cycling data for a) S/CNT-Ti2C, S/CNT-Ti3C2, and S/CNT-Ti3CN with a sulfur loading of 1.5 mg cm–2, measured at a rate of C/2. 
Electrochemical performance of S/CNT-Ti3C2 electrodes with high sulfur loadings: b) comparison of the initial charge/discharge curves, c) long term 
cycling performance. Cells with 3.6 and 5.5 mg cm–2 sulfur loadings were examined at C/5.
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the sulfur content in the composite (83 vs 70 wt%) and active 
material areal loading in the electrodes (1.5 vs 1.0 mg cm−2) of  
the S/CNT-MXenes are increased, owing to their more conduc-
tive and porous structure.

High (>5 mg cm−2) active material loading electrode is a 
key factor for high energy density batteries.[44] To evaluate the 
advantages of the nanostructured host material, we compared 
the electrochemical performance of 79S/CNT-Ti3C2 composite 
at various sulfur areal loadings (Figure 5b,c). A low electrolyte/
sulfur (E/S) ratio of 7:1 was used to minimize the contribution 
of the electrolyte. All cells were conditioned by cycling at C/20 
for the first cycle. The available capacity decreases with the 
increasing sulfur loading, i.e., 1216 mA h g−1 (1.8 mA h cm−2) 
for the 1.5 mg cm−2 electrode versus 910 mA h g−1 (5 mA h cm−2) 
for the 5.5 mg cm−2 electrode (Figure 5b). No obvious polari-
zation increase upon higher sulfur loading is observed based 
on the discharge/charge curves. Deep cycling of the thick elec-
trodes (3.6 and 5.5 mg cm−2) at a C/5 rate show capacity fading 
for the first 50 cycles followed by very stable capacity retention 
over 250 cycles (Figure 5c). The excellent performance of the 
high loading electrodes emphasizes the combined importance 
of the high conductivity, high surface area, and the effective 
polysulfide chemical absorptivity of the sulfur host material. 
We believe that the sulfur loading can be further increased by 
optimizing the electrode architecture. However, aside from the 
cathode, anode protection and electrolyte development are also 
essential for high sulfur loading cells; topics which are cur-
rently being explored in our laboratory.

In summary, the interfacial interaction between the metallic 
MXene phases of titanium carbide/nitrides and polysulfides is 
achieved by cleavage of the TiOH bond via the formation of 
thiosulfate, and a strong TiS bond interaction. The formation 
of thiosulfate/polythionate groups on the MXene nanosheets 
shows that the hydroxyl moities of the functionalized Mxene 
are subject to redox activity with polysulfides, similar to previ-
ously studied metal oxides and graphene oxide. Interweaving 
CNTs between the MXene layers creates a porous, electronically 
conductive network with high polysulfide adsorption, enabling 
sulfur hosts with excellent long-term cycling performance and 
fading rates as low as 0.043% per cycle for up to 1200 cycles. 
Moreover, stable performance was achieved for practical high 
loading electrodes, up to 5.5 mg cm−2 sulfur.

Experimental Section
MXene: MAX parent phases of Ti3AlC2 and Ti3CN were prepared by 

solid state reaction at high temperature, as described elsewhere.[28,33] MAX 
phases were sieved (325 mesh) prior to use. Exfoliation of the MAX phased 
were carried out by HF etching. To delaminate the MXenes, 300 mg of the 
exfoliated MXene phases were stirred in 5 mL DMSO at room temperature 
for 18 h. The mixture was then centrifuged (10,000 rpm, 10 min) and the 
DMSO supernatant was decanted to leave a residue, to which 100 mL DI 
water was added. After 4 h of sonication, centrifugation was carried out 
again (2000 rpm, 6 min) and the supernatant was collected. The MXene 
phases were finally obtained by filtration.

CNT-MXene Composite: Multiwalled CNTs (Cheap Tube Inc. USA) 
with a diameter of 8 nm were added to the delaminated MXenes in 
chlorosulfonic acid and the mixture was filtered. Typically, MXene and CNT 
were stirred in 10 mL chlorosulfonic acid for 12 h, and the suspension 
was filtered on an anodic aluminum oxide (AAO) membrane and dried at  

80 °C. To prepare the composites, 10 wt% CNTs were added to Ti2C; 
10 wt% CNTs were added to Ti3C2, and 20 wt% CNTs were added to Ti3CN.

Sulfur Composites: S/CNT-MXene composites were prepared via a 
simple melt-diffusion method. CNT-MXene was mixed with sulfur in the 
desired ratio and heated under ambient atmosphere at 155 °C for 12 h.

Material Characterization: XRD measurements were carried out on 
a Bruker D8-Advance powder X-ray diffractometer operating at 40 kV 
and 30 mA, using Cu-Kα radiation (λ = 0.15405 nm). SEM studies were 
carried out on a Zeiss Ultra field emission SEM instrument. Surface 
areas were determined from nitrogen adsorption and desorption 
isotherms performed on a Quantachrome Autosorb-1 instrument. 
Before measurement, the samples were degassed at 90 °C on a 
vacuum line. Surface areas were calculated using 5 point BET method. 
Thermogravimetric analysis was used to determine the sulfur content of 
the material, on a TA Instruments SDT Q600, employing a heating rate 
of 10 °C min−1 from room temperature to 800 °C under an air flow.

XPS Studies: Li2S4 was prepared as previously reported.[23,24] In short, 
20 mg of delaminated MXene and 1 mmol Li2S4 were stirred in 5 mL 
DME for 6 h. The powder for XPS analysis was collected by centrifugation 
and dried under vacuum overnight. The XPS samples were sealed in a 
vial before being quickly transferred to the chamber of an ultrahigh 
vacuum Imaging XPS Microprobe system for analysis (Thermo VG 
Scientific ESCALab 250). All spectra were fitted with Gaussian–Lorentzian 
functions and a Shirley-type background using CasaXPS software. The 
binding energies were calibrated to the C 1s peak at 285.0 eV.

Electrochemical Studies: Electrodes for LiS batteries were 
fabricated by mixing the S/CNT-MXene composite with Super 
P carbon and poly(vinylidene fluoride) binder in an 8:1:1 weight ratio in 
dimethylformamide. The slurry was then cast onto P50 carbon paper. The 
sulfur loading on the “low” S/CNT-MXene electrodes was 1.5 mg cm−2; 
however, higher sulfur loadings of 3.6 and 5.5 mg cm−2 were also evaluated 
for the S/CNT-Ti3C2 electrodes. The electrolyte employed was 1M LiTFSI 
in 1,2-dimethoxyethane (DME): 1,3-dioxolane (DOL) (1:1 vol), with 2 wt% 
LiNO3. Cycling performance studies were conducted in 2325 coin cells, 
with lithium foil as the anode and Celgard 3501 separator sheets.

Computational Methods: First-principle calculations were performed 
using the plane wave-based VASP (Vienna Ab initio Simulation Package) 
code. Projector augmented wave pseudopotentials and the Perdew–
Burke–Ernzerhof version of the generalized gradient approximation 
were applied to describe electron–ion interactions and the electronic 
exchange correlation effect.[45,46] Spin-polarized calculation was 
employed. A cut-off energy of 400 eV was used for the plane wave basis 
set to ensure convergence. Li2S, Li2S2, and Li2S4 were employed as the 
representative lithium polysulfides. A one-layer 4 × 4 slab model with 
variable hydroxyl groups (16, 15 or 0) attached to the surface Ti atoms 
was applied to model the MXene surfaces. A vacuum layer of 20 Å 
was used in the vertical direction to avoid the interaction between the 
layer and its images. The conjugate-gradient algorithm was used for 
ionic relaxation. The binding energy (Eb) of Li2S, Li2S2, or Li2S4 on the 
substrates is defined as: 

= + −( )b sub ps sub+psE E E E  (1)

where Esub, Eps, and Esub+ps represent the ground-state energies of the 
substrate, polysulfide, and substrate-polysulfide. A larger positive value 
refers to a greater binding ability.

Supporting Information. 
Supporting Information is available from the Wiley Online Library or 
from the author.
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