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Screening Conductive MXenes for Lithium Polysulfide
Adsorption

Geetha Valurouthu, Mikhail Shekhirev, Mark Anayee, Ruocun (John) Wang,
Kyle Matthews, Tetiana Parker, Robert W. Lord, Danzhen Zhang, Alex Inman,
Marley Downes, Chi Won Ahn, Vibha Kalra, Il-Kwon Oh,* and Yury Gogotsi*

MXenes are promising passive components that enable lithium-sulfur
batteries (LSBs) by effectively trapping lithium polysulfides (LiPSs) and
facilitating surface-mediated redox reactions. Despite numerous studies
highlighting the potential of MXenes in LSBs, there are no systematic studies
of MXenes’ composition influence on polysulfide adsorption, which is
foundational to their applications in LSB. Here, a comprehensive investigation
of LiPS adsorption on seven MXenes with varying chemistries (Ti2CTx,
Ti3C2Tx, Ti3CNTx, Mo2TiC2Tx, V2CTx, Nb2CTx, and Nb4C3Tx), utilizing optical
and analytical spectroscopic methods is performed. This work reports on the
influence of polysulfide concentration, interaction time, and MXenes’
chemistry (transition metal layer, carbide and carbonitride inner layer, surface
terminations and structure) on the amount of adsorbed LiPSs and the
adsorption mechanism. These findings reveal the formation of insoluble
thiosulfate and polythionate complex species on the surfaces of all tested
MXenes. Furthermore, the selective adsorption of lithium and sulfur, and the
extent of conversion of the adsorbed species on MXenes varied based on their
chemistry. For instance, Ti2CTx exhibits a strong tendency to adsorb lithium
ions, while Mo2TiC2Tx is effective in trapping sulfur by forming long-chain
polythionates. The latter demonstrates a significant conversion of
intermediate polysulfides into low-order species. This study offers valuable
guidance for the informed selection of MXenes in various functional
components benefiting the future development of high-performance LSBs.

1. Introduction

Despite advancements in Li-ion battery technology, limited en-
ergy density, natural resource sustainability, and supply chain
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concerns make Li-ion batteries unlikely
the only solution to all energy storage
challenges.[1] Lithium-sulfur batteries
(LSBs) show significant promise as an al-
ternative to Li-ion batteries due to their high
theoretical energy density (2600 Wh kg−1),
natural abundance of sulfur, and envi-
ronmental benignity.[2,3] Nonetheless,
their development faces challenges due
to the lower-than-expected energy density
of sulfur and poor cycling life. This is
due to the dissolution of intermediate
charge/discharge products (lithium poly-
sulfides, LiPSs) in the electrolyte, as well
as the insulating nature of sulfur (S8)
and the discharge products (Li2S2 and
Li2S).

[4,5] Additionally, LiPSs diffuse to
the anode in a process called “polysulfide
shuttling”, exacerbating the problem by
forming a passivating layer at the anode
and blocking the transport of lithium
ions.[5,6] Earlier efforts mainly focused
on using conductive carbon materials as
cathode hosts to trap LiPSs and mitigate
the shuttle effect; however, weak van der
Waals interactions with LiPSs eventually
led to capacity loss over time.[7–9] Polar
materials, including metal oxides (Al2O3,
V2O5, TiO2, Ti4O7, MnO2, and MoO2),

[10–14]

metal sulfides (TiS2, FeS2, MoS2, and CoS2),
[10,11,14] metal-

organic frameworks (MOFs),[14,15] and covalent organic frame-
works (COFs),[16] have been used to confine polysulfides within
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Figure 1. a) Representative atomic structures of MXenes employed in this study, with the inset showing the –O, –OH, and –F/Cl terminations. b)
Schematic of the polysulfide adsorption test carried out in DME/DOL (1:1 by volume) solvent, with the inset showing the adsorption of polysulfides on
the MXene flake surface.

cathodes chemically. Their intrinsic poor electrical conductivity
resulted in sluggish reaction kinetics, reducing battery perfor-
mance over time. This necessitated the use of conductive polar
materials as cathode hosts for LSBs. In the past decade, conduc-
tive polar materials such as MXenes were investigated as sulfur
cathode hosts and demonstrated stable long-term cycling.[17,18]

This enhanced electrochemical performance was attributed to its
oxide-like polar surface and metallic conductivity to address the
polysulfide shuttle issue and sluggish kinetics.
Hence, MXenes, a family of 2D transition metal carbides, ni-

trides, and carbonitrides, emerged as a bifunctional solution for
LSBs.[19–21] They are expressed in the form Mn+1XnTx, where M
represents early transition metal, X represents carbon and/or ni-
trogen, n represents the number of carbon/nitrogen-atom-layers
ranging from 1 to 4, and Tx represents surface terminations
(Figure 1a). These materials have also demonstrated the poten-
tial to eliminate the extra use of current collectors,[22] conductive
additives,[23] and binders[24] in Li-ion batteries, which can be ex-
tended to LSBs, offering innovative strategies to tackle the persis-
tent polysulfide shuttling problem.[25–27] In recent years, Ti3C2Tx,
Ti2CTx, Ti3CNTx, Mo2CTx, and V2CTx MXenes have been sepa-
rately chosen for LSBs; however, the primary focus consistently
placed on cell-level performance.[19–21,28,29] This shows the choice
ofMXenes has predominantly been empirical.Moreover, theMX-
ene family is rapidly growing, with over 100 compositions theo-
retically predicted and 50 synthesized experimentally.[30,31] There-
fore, it is crucial to gain a systematic understanding of the impact
of the M layer, X layer, the number of M/X layers and surface ter-
minations of this important family of materials on polysulfide

adsorption and the associated mechanisms. Such studies have
not been conducted before, and we believe it could help in fully
utilizing their potential in enhancing the performance of LSBs.
Herein, we quantitatively compare the amount of LiPSs ad-

sorbed by sevenMXenes (Ti2CTx, Ti3C2Tx, Ti3CNTx, Mo2TiC2Tx,
V2CTx, Nb2CTx, and Nb4C3Tx) consisting of three typical classes
at the same time, that have four different transition metal outer-
surface-layers (Ti, V, Nb, and Mo), two different X layers (C
and CN), and three different structures (M2CTx, M3C2Tx, and
M4C3Tx) covering the chemical space of most typical MXenes
used in LSBs (Figure 1). We demonstrate, for the first time, that
differentMXene chemistries, when in contact with LiPSs, exhibit
distinct polysulfide adsorption behaviors. The MXenes with the
Ti outer layer, especially Ti2CTx, favored lithium, while the MX-
ene with Mo outer layers, Mo2TiC2Tx, strongly favored sulfur re-
dox reactions. Polysulfides adsorbed on all MXene surfaces even-
tually underwent oxidation to form thiosulfates and polythion-
ate complexes, followed by a subsequent disproportionation into
lower-order LiPSs (Li2Sx, x < 6). We also show how variations in
MXene chemistry strongly influence chemical interactions with
LiPSs. These insights gained from the study hold the potential
to assist researchers in selecting the most suitable MXene chem-
istry for designing efficient functional passive components tai-
lored to the specific needs of next-generation LSBs.

2. Results

First, we quantified the polysulfide adsorption capacity of various
MXene compositions employing UV-Vis spectroscopy. We then
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Figure 2. a) Photograph of the 2.5 mM Li2S6 solution after soaking with materials for 72 h (from left to right: control, carbon black, MnO2, V2O5,
Ti2CTx, Ti3C2Tx, Ti3CNTx, V2CTx, Nb2CTx, Nb4C3Tx, and Mo2TiC2Tx). b) UV–vis absorbance spectra of supernatant solution after soaking the materials.
c) Calculated LiPS adsorption of materials.

developed adsorption isotherm and kinetic models to bringmore
insights into the LiPS adsorption process. We used inductively
coupled plasma optical emission spectroscopy (ICP-OES) tomea-
sure the precise quantities of Li and S, regardless of their chemi-
cal states, to elucidate the type of adsorbed LiPS species. Finally,
X-ray photoelectron spectroscopy (XPS) and Fourier transform
infrared spectroscopy (FTIR) analyses were performed to study
the influence of MXene chemistry on the polysulfide adsorption
mechanism. These findings collectively lay the groundwork for
our in-depth exploration and discussion of screening conductive
MXenes for LSBs.

2.1. Quantitative Comparison of Polysulfide Adsorption

Seven MXene compositions, namely Ti2CTx, Ti3C2Tx, Ti3CNTx,
Mo2TiC2Tx, V2CTx, Nb2CTx, and Nb4C3Tx, were selected based
on differences in structure (# of atomic layers: M2CTx, M3C2Tx,
and M4C3Tx), transition metal (M: Ti, V, Nb, and Mo), and core
layers (X: C and CN) to cover the chemical space of most typi-
cal MXenes used in LSBs (Figure 1a). These MXenes were syn-
thesized using a top-down wet chemical etching method uti-
lizing HF or HF/HCl acid mixture from their respective MAX
phase precursors (a representative MXene morphology is shown
in Figure S1, Supporting Information), following procedures re-
ported elsewhere (synthesis conditions are listed in Tables S1 and
S2, Supporting Information).[32–34] The functional groups, such
as –O, –OH, –F, and –Cl, displayed in Figure 1a, were intro-
duced as a result of the aqueous etching process on the newly
formed MXene surface. The ratio of different surface termina-
tions depends on the specific etching conditions employed[35]

and transition-metal atoms in the outer layer.[36] A 72 h poly-
sulfide adsorption test was conducted to compare polysulfides
adsorbed across MXene compositions.[11] MXenes were freeze-
dried to maximize the accessible surface area (SEM images are
shown in Figures S1c,d and S2, Supporting Information) and
soaked in LiPS solution (Li2S6 in 1:1 by volume of 1,3-dioxolane
(DOL) and dimethoxyethane (DME) solvent) as illustrated in
Figure 1b. Li2S6 is chosen as a representative intermediate poly-
sulfide, as it plays a significant role in polysulfide shuttlingwithin
the electrolyte of a typical LSB during the discharge process.[37]

The change in color of the polysulfide solution containing
various MXenes serves as a convincing visual indicator of the
amount of polysulfides adsorbed (Figure 2a). We also included
well-established standard polysulfide adsorbents: carbon black,
V2O5, and MnO2. A darker residual LiPS solution signifies a
higher concentration of LiPSs remaining in the solvent and
less adsorption onto the material. Polysulfide solutions contain-
ing MnO2, V2O5, and Ti2CTx turned utterly transparent, while
Ti3CNTx, Ti3C2Tx, and Mo2TiC2Tx displayed varying degrees of
color change. V2CTx, Nb2CTx, and Nb4C3Tx exhibited only a sub-
tle shift in the color of their respective LiPS solutions, indicating
a relatively weak LiPS adsorption. No perceptible color change
was observed in the LiPS solution exposed to carbon black,
aligning with prior research findings that suggest weaker phys-
ical adsorption.[11] The UV-Vis absorbance spectra of the super-
natant following the adsorption test are displayed in Figure 2b.
A higher absorbance value signifies a higher concentration of
LiPS remaining in the supernatant. The LiPS concentration in
the supernatant was determined using the linear dependence
of absorbance at 𝜆max = ≈400 nm with the known concentra-
tions of LiPSs in DME/DOL solvent (Figure S3, Supporting
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Table 1. Estimated values of adsorption capacity and adsorbed species.

Material UV-Vis methoda) ICP-OES methodb) Adsorbed species
determined by XPSc)

Li2S6 (mg g−1) Li (mg g−1) S (mg g−1)

MnO2 291,
124*

–
9*

–
20*

–
PT*

V2O5 211,
16*

–
1*

–
2*

–
PT*, T*

Ti2CTx 178 132 58 SB, ST, T, PT

Ti3CNTx 92 77 40 SB, ST, T, PT

Ti3C2Tx 58 81 76 SB, ST, T, PT

Mo2TiC2Tx 46 3 100 SB, ST, T, PT

Nb2CTx 30 2 4 SB, ST, T, PT

Nb4C3Tx 27 2 6 SB, ST, T, PT

V2CTx 22 2 1 SB, ST, PT, T

Carbon
black

8,
22*

–
2*

–
21*

–
SB*, ST*

*Reported in the literature[11];
a)
estimated based on absorbance at 400 nm assum-

ing Li2S6 is the only polysulfide species present in the supernatant;
b)
estimated in the

materials;
c)
PT – polythionate complex, T – thiosulfate, SB – bridge sulfur, ST – ter-

minal sulfur, and species labeled in orange are the predominant adsorption species.

Information), enabling estimation of the amount of polysulfides
effectively adsorbed on the material. The adsorption process is a
surface phenomenon directly proportional to a material’s actual
surface area and is usually normalized by surface area. However,
the Brunauer–Emmett–Teller (BET) surface area of freeze-dried
delaminated MXenes varied from 0.2 to 76 m2 g−1 (Table S3,
Supporting Information), with a value of 6 m2 g−1 for Ti3C2Tx,
which is significantly different from previously reported theo-
retical (242 m2 g−1) and experimental (23 m2 g−1) values.[38]

The restacking of MXene flakes makes the adsorption of N2 gas
molecules on the flake surfaces challenging.[39] This renders the
surface area of MXenes determined via the BET method unre-
liable. Consequently, there are notable disparities in adsorption
capacity values when normalized by BET surface area, as demon-
strated in Figure S4 (Supporting Information). Since BET surface
area cannot provide an accurate basis for comparison, we opted
for a definite parameter, mass, which is straightforward and can
be readily determined. Under the selected equivalent conditions,
carbon black, V2CTx, Nb4C3Tx, Nb2CTx, Mo2TiC2Tx, Ti3C2Tx,
Ti3CNTx, Ti2CTx, V2O5, and MnO2 estimated to adsorb 8, 22, 27,
30, 46, 58, 92, 179, 211, and 291 mg of polysulfides per gram
of the material, respectively (Figure 2c, and Table 1). Among all
the tested MXenes, the adsorption of LiPSs on Ti2CTx is com-
parable to MnO2 and V2O5, which were reported to be strong
polysulfide adsorptionmaterials that can effectively prevent poly-
sulfides from dissolving in electrolytes.[11] Ti2CTx exhibits the
highest polysulfide adsorption, followed by Nb2CTx and V2CTx
in M2XTx MXenes. Additionally, Ti2CTx and Ti3CNTx show su-
perior polysulfide adsorption compared to Ti3C2Tx, despite the
latter sharing a similar Ti outer layer and M3X2Tx structure with
the former materials, respectively. This suggests the influence of
the M layer, X layer, and MXene structure on polysulfide adsorp-
tion, indicating that Ti is more effective than Nb and V, and N
doping is beneficial. Additionally, the M2XTx structure is more
efficient than the M3X2Tx structure in trapping polysulfides.

2.2. Polysulfide Adsorption Isotherms and Kinetics

To estimate MXenes’ maximum LiPS adsorption capacity and
to understand the nature of the adsorption process, we used
commonly chosen adsorption isotherm and kinetic models to fit
for three most effective polysulfide adsorbing MXenes: Ti2CTx,
Ti3CNTx, and Ti3C2Tx as shown in Figure 3. Langmuir, Fre-
undlich, and Liu isotherm models have been utilized to fit the
adsorption isotherms to understand the interaction mechanism
between LiPSs andMXene (Figure 3a).[40,41] The Langmuirmodel
presumes single-layer adsorption with uniform adsorption sites,
while the Freundlich model describes multilayer adsorption on
heterogeneous surfaces. The Liu adsorption isotherm combines
elements of both Langmuir and Freundlich models, assuming
single-layer adsorption with variations in the adsorption site en-
ergies. Adjusted R2 values (listed in Table S4, Supporting In-
formation) of these fits indicate that Liu’s adsorption isotherm
model best describes the adsorption isotherms, suggesting that
the MXene’s surface has adsorption sites with varying energies
and undergoes single-layer adsorption. Parameters such as max-
imum adsorption capacity (Qo), heterogeneity of the site energy
(ns), and the equilibrium constants (KL,KF, andKLiu) extrapolated
from these models are presented in Table S4 (Supporting Infor-
mation). Values of Qo and ns from the Liu adsorption model are
217 mg g−1 and 4.43 for Ti2CTx, 91 mg g−1 and 0.55 for Ti3C2Tx,
and 129mg g−1 and 2.00 for Ti3CNTx, respectively. The high value
of maximum adsorption capacity of Ti2CTx can be attributed to
its abundance of available adsorption sites per mass, likely due
to its thin structure (a single layer of X compared to two layers of
X in the case of Ti3C2Tx and Ti3CNTx). Besides, the high value
of ns for Ti2CTx indicates a defect-rich surface, while Ti3C2Tx fea-
tures a lower ns value, indicating a more uniform surface. These
differences in the heterogeneity of the surface likely stem from
the differences in the synthesis conditions of thematerials, which
have been reported for Ti3C2Tx.

[32,42] TheKLiu signifies adsorption
strength between the adsorbate and adsorbent, with the values of
17, 15, and 9 L g−1 for Ti2CTx, Ti3C2Tx, and Ti3CNTx, respectively
(Table S4, Supporting Information). A higherKLiu for Ti2CTx sug-
gests a stronger interaction with polysulfides. Although Ti3CNTx
has a defect-rich surface compared to Ti3C2Tx, its ≈42% higher
Qo compared to the latter can be attributed to its carbonitride (X)
layer, alongside the defects.
The kinetic models provide insights into the mass transfer

mechanism of the adsorption process (Figure 3b).[40,43] Pseudo-
first-order and pseudo-second-order models were employed,
which assume single-layer adsorption of adsorbate on a homo-
geneous adsorbent surface. The latter also assumes a chemi-
cal reaction between the adsorbate and adsorbent, which is the
rate-limiting step. The parameters extrapolated from fitting these
models, such as the equilibrium adsorption capacity (Qe) and rate
constants (k1 and k2), are listed in Table S5 (Supporting Infor-
mation). Based on adjusted R2 values, the pseudo-second-order
model resulted in a better fit for all the MXenes tested, sug-
gesting that polysulfides chemically interact with MXene result-
ing in chemisorption. The k2 value for Ti3C2Tx [25 g/(g⋅h)] was
significantly higher than that of Ti2CTx [1.2 g/(g⋅h)] and Ti3CNTx
[0.5 g/(g⋅h)], signifying that Ti3C2Tx reaches equilibrium faster
than the other two MXenes. This can be further correlated to
the heterogeneity factor (ns), which states that the more uniform
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Figure 3. Lithium polysulfide adsorption on Ti-basedMXenes. a) Adsorption isotherms of Li2S6 in DME/DOL for Ti2CTx, Ti3CNTx and Ti3C2Tx subjected
to 24 h adsorption tests were fitted using the Langmuir (dotted line), Freundlich (dashed line) and the Liu model (solid line). b) Polysulfide adsorption
curves for Ti2CTx, Ti3CNTx , and Ti3C2Tx were fitted using pseudo-first-order (dashed line) and pseudo-second-order kinetic models (solid line).

the surface, the faster the adsorption rate. Next, to deepen the
understanding of the adsorption process’s mechanism, we ap-
plied the intraparticle diffusionmodel (Qt versus t

0.5) to fit the ex-
perimental kinetics data (Figure S5, Supporting Information).[43]

This model assumes that the adsorption process occurs in sev-
eral steps, including mass transfer from adsorbate to adsorbent,
adsorbate binding to active sites, and diffusion within the ad-
sorbent (also called intraparticle diffusion). Linear fit for all MX-
enes suggests polysulfide molecules undergo intraparticle diffu-
sion within the MXene structure, which is considered one of the
rate-limiting steps. This implies that MXene flakes are stacked
to form few-layered structures despite freeze-drying the delam-
inated MXene single-layers (Figures S1c,d, and S2, Supporting
Information). Especially, linear fit in the case of Ti3C2Tx passes
through the origin, indicating that the intraparticle diffusion is
the sole rate-limiting step of the adsorption process, likely due to
its uniform surface. It is worth noting that, in addition to varia-
tions in MXene chemistry, factors such as accessible surface area
and defects or irregularities on the surface, which are often over-
looked, play a role in polysulfide adsorption.

2.3. Quantitative Estimation of Li and S Atomic Concentration

The actual amount of S and Li remaining in the supernatant
and adsorbed by the MXene following the adsorption test, was
quantified using ICP-OES, as detailed in Table 1. This method
allows for accurate quantification of S and Li, regardless of their
chemical states, without being affected by complications related
to unstable polysulfide species. The ratio of S and Li elements
that remained in the MXene-soaked polysulfide solution after
the adsorption test can help speculate the nature of adsorption
species in greater detail (Figure 4; Figure S6, Supporting Infor-
mation). All ratios represent the average of S and Li irrespective of
their oxidation state. Specifically, the higher ratios (>4) may indi-
cate a mixture of S8 and various lithium polysulfide species. The
atomic ratio of the supernatant of carbon black was five, which
remained similar to that of the control, indicating that the initial
polysulfide species did not undergo significant change upon ad-
sorption on this material, which is consistent with previous liter-
ature (Figure S6, Supporting Information).[11] However, after in-

dividual adsorption tests with various MXene compositions, the
S:Li atomic ratio of the supernatant varied from 7 to 23, deviat-
ing from the control. This implies that more sulfur remained in
the supernatant, and MXenes selectively adsorbed more lithium.
Due to an anomaly observed in the S/Li ratio of the material
and supernatant following the Mo2TiC2Tx adsorption test, we
chose not to delve further into the discussion of ICP-OES data
for this MXene (Figure S6b, Supporting Information). Except for
Mo2TiC2Tx, the high S:Li atomic ratio in the supernatant further
complemented the low values of S:Li atomic ratio (<0.6) within
these materials, confirming their preference for Li (Figure 4).
This preference can be attributed to the preferential intercala-
tion of Li+ ions between the MXene layers due to the O surface
groups.[44,45] The S:Li atomic ratio of the polysulfides adsorbed on
the MXenes shows varying trends depending on the ‘M’ (Ti2CTx
< V2CTx < Nb2CTx) layer, ‘X’ (Ti3CNTx < Ti3C2Tx) layer and the
structure (Ti2CTx < Ti3C2Tx). This further supports the role of
the outer transition-metal layer, X layer, and the MXene struc-
ture in mediating the redox reactions between MXenes and the
adsorbed species, which will be further discussed in Section 2.4.
Ti-based MXenes have a higher content of Li (81–132 mg g−1)

Figure 4. ICP-OES data of the sulfur to lithium atomic ratio of polysulfides
remaining in the supernatant (yellow) and adsorbed on the MXene (grey)
in log scale following a 72 h adsorption test.
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Figure 5. High-resolution XPS spectra of MXene aerogels before (black) and after (red) polysulfide adsorption. a) Spectra of outer-transition metal layer
of MXenes i) Ti 2p of Ti3C2Tx, ii) Mo 3d of Mo2TiC2Tx, iii) V 2p of V2CTx, and iv) Nb 3d of Nb4C3Tx. b) Atomic ratio of metal oxide to total metal content
(only the outer transition metal is considered) in the material. c) C 1s and d) O 1s spectra of Ti3C2Tx and e) total oxygen content in the material before
and after the adsorption test.

compared to other MXenes (2-3 mg g−1). This is likely due to the
selective adsorption of lithium influenced by the Ti outer metal
layer and the subsequent preference of lithium-ion adsorption
to form lithium multilayers on Li-adsorbed-MXene surfaces, as
previously demonstrated for Ti3C2Tx.

[45]

2.4. Interaction between LiPS and MXenes: Identification of
Adsorbed Species

Any change in the surface species and changes in the oxidation
state of the transition metal of MXenes, brought by chemical
reactions with polysulfides, were investigated by XPS. First, the
transition metal carbide (M-C-M) peak at ≈282 eV in C 1s spectra
of materials confirmed the successful preparation of MXenes
(Figures S7–S13, Supporting Information).[46,47] Ti 2p (Ti3C2Tx)
and Mo 3d (Mo2TiC2Tx) spectra remained unchanged after the
adsorption test, implying that polysulfide interactions with these

MXenes did not bring any noticeable change in the chemical
environment of outer transition metal layer. However, noticeable
oxidation was observed in the outer transition metal spectra
of the remaining tested MXenes (Figure 5a; Figures S7–S13,
Supporting Information). This oxidation is characterized by
an increase in peak intensity at higher binding energies and
a decrease in intensity at lower binding energies. More stable
M3C2Tx and M4C3Tx structures underwent less oxidation com-
pared to the M2CTx structure (Figure 5b). For instance, the Ti

4+

(oxide) to overall Ti content and Nb4+/5+ to overall Nb content
increased by ≈13 and 18% for Ti2CTx and Nb2CTx, respectively
whereas this change is minimal (5% for Ti3CNTx and 9% for
Nb4C3Tx) to none (Mo2TiC2Tx and Ti3C2Tx) for M3C2Tx and
M4C3Tx structures. Although V2CTx belongs to the M2CTx
structure, very little oxidation (3% change) was observed for
V2CTx. This could result from the enhanced chemical stability of
V2CTx achieved through our optimized synthesis conditions, as
reported previously.[34] It is evident that the oxidation of MXenes
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during adsorption is influenced by both the chemical stability of
the produced MXene and their inherent structural stability.
In the C 1s spectra of Ti3C2Tx, there was no significant change

in the intensity or shift in the binding energy of the carbide peak
(Ti-C-Ti) at ≈282 eV, confirming that the carbide structure re-
mained intact even after the adsorption test (Figure 5c). How-
ever, there was an increase in the intensity of the peaks related to
organic content at ≈284–290 eV. This may have been caused by
the adsorption of residual DME/DOL solvent or their decomposi-
tion products on the surface of MXene. This trend was observed
across all samples, where the atomic ratio of adventitious and/or
organic carbon (≈284–290 eV) to carbide (≈282 eV) increased af-
ter adsorption (Figure S14, Supporting Information). Similarly,
the O 2p spectra of all MXenes showed significant changes, in-
dicating a chemical environment change of the oxygen surface
groups after the adsorption test (Figures S7–S13, Supporting In-
formation). Upon closer inspection of Ti3C2Tx, it was found that
there was a decrease in the intensity of –O surface groups at low
binding energy (≈529 eV) and an increase in O contribution at
higher binding energies (Figure 5d). This was observed across
all MXene compositions and can be attributed to 1) polysulfides
forming OMXene-SLiPS/LiLiPS bonds and 2) the adsorption of sol-
vent residue (O-H/O-C) (Figures S9–S12, Supporting Informa-
tion).
It was also observed that oxygen content in all the MXenes in-

creased following adsorption, indicating that extra oxygen came
from the solvent (Figure 5e). However, the significant increase
in organic oxygen and carbon content for Nb2CTx (>Ti2CTx
> V2CTx) and Nb4C3Tx following the adsorption indicates a
strongly adsorbed layer of solvent on these surfaces compared
to other tested MXenes (Figure 5e; Figure S14, Supporting Infor-
mation). This suggests that the interactions of MXene with sol-
vent depend on the MXene chemistry, especially the transition
metal identity in the outer layer and, additionally, the chemical
stability of the MXene prepared. In addition, solvent adsorption
on MXenes also depends on the X layer, where a higher organic
oxygen/carbon content was found in Ti3CNTx than in Ti3C2Tx.
Our XPS observations further confirmed that fluorine and chlo-
rine terminations did not participate in adsorption (Figure S7c
and d, Supporting Information), agreeing with previous compu-
tational studies on Ti3C2T2.

[48] Nevertheless, these terminations
influence the concentration of oxygen terminations, potentially
affecting the extent to which polysulfides interact with MXenes.
S 2p spectra of MXenes collected after the adsorption test

revealed four doublet chemical environments (Figure 6a).
These correspond to terminal S (ST, −1 oxidation state)
at ≈162.5/163.7 eV, bridging S (SB, 0 oxidation state) at
164.2/165.4 eV, thiosulfate (+4 oxidation state) at 167.3/168.5 eV
and polythionate (+5 oxidation states) sulfur species at
168.8/170.0 eV.[13] The presence of these four sulfur species
suggests that all tested MXenes physically bound polysulfides.
The O surface groups chemically interact with polysulfides
to form thiosulfates and polythionates.[17,18] It is important to
note that O surface groups are critical for the chemisorption of
polysulfides. The distribution of these adsorption species was
distinctive for different MXenes (Figure 6b). Although titanium
is in the outer transition metal layer, Ti2CTx predominantly con-
tained polythionate and thiosulfate species compared to Ti3C2Tx
and Ti3CNTx (Table 1, Figure 6b), due to the high oxygen content

on its surface as shown by XPS (Figure 5e). In contrast, Nb2CTx
and Nb4C3Tx have similar distributions of sulfur species, possi-
bly due to shared characteristics, like a niobium transition metal
outer layer and heavily oxide-covered surface (Figure 5e). Inter-
estingly, Mo2TiC2Tx has equal proportions (≈30%) of ST, SB, and
polythionate species, with a ≈10% contribution from thiosulfate
species (Figure 6b). The S 2p spectrum also shifted toward
lower binding energy than Ti3C2Tx, specifically the ST shifted
by ≈0.8 eV. This shift suggests the presence of low-order poly-
sulfides (Li2Sx, where 1 ≤ x ≤ 4), indicating a reaction between
initial polysulfides and thiosulfates formed upon adsorption to
yield polythionate complexes with longer sulfur chains and low-
order polysulfide species. This observation implies a significant
degree of polysulfide conversion on the Mo2TiC2Tx surface. The
effect of the ‘X’ layer on polysulfide conversion does not seem
obvious, but thiosulfate to polythionate conversion is higher
in Ti3C2Tx compared to Ti3CNTx. This can be attributed to the
greater electronegativity of the carbonitride core compared to
the carbide core.[49] As a result, the surface charge becomes
slightly more negative, which selectively prefers Li over S. This
is consistent with the Li/Ti and S/Ti atomic ratios (Table S6,
Supporting Information). Overall, the XPS analysis shows that
the chemical trapping of polysulfides depends particularly on
the terminations while the extent of selective adsorption and
polysulfide conversion depends on the unique chemistry of
individual MXenes, particularly the transition metal identity, X
layer, and oxygen coverage on the MXene surface.
To gain a better understanding of the chemical bonds formed

between polysulfides and O surface groups of MXenes, FTIR
was performed on materials before and after the adsorption test
(Figure 6c; Figure S15, Supporting Information). For all MXenes
before adsorption, two distinct vibration peakswere observed: the
metal-carbide (M─C) bondwithin the range of 450–350 cm−1 and
the metal-oxide (M─O) bond within the range of 650–550 cm−1.
However, a broad absorption band at 600–450 cm−1 was found
upon polysulfide adsorption.[50,51] This broad absorption band
corresponds to the overlap of S–S (Sx

2−, 2 ≤ x ≤ 8) and M─O─S
bonds, which are supposed to be at 500–450 and 600–400 cm−1,
respectively, confirming the M–O–S bond formation between –O
terminations (and/or oxides produced from harsh etching condi-
tions) of MXenes and polysulfides. This is further supported by a
small shift of the resonant peak (126 cm−1) to a higher wavenum-
ber and the A1g(C) peak (728 cm−1) to a lower wavenumber
in the Raman spectrum of Ti3C2Tx, indicating altered surface
chemistry following the adsorption test (Figure S16, Support-
ing Information).[52] Two distinct and sharp FTIR bands of S–
S (Sx

2−, 2 ≤ x ≤ 8) bond (at 520 cm−1) and M─O─S bond (at
550 cm−1) were observed for Mo2TiC2Tx, indicating more SB and
thiosulfate/polythionate species, respectively, in agreement with
the XPS data.

3. Discussion

Our study involving seven distinct MXenes with variations in
transition metal identity (M layer), X layer, and structure shows
that all selected MXenes have the potential to mitigate the shut-
tle effect. A combination of spectroscopic analyses (UV–vis,
ICP-OES, XPS, and FTIR) confirmed polysulfide adsorption is
strongly affected by MXene structure, transition metal identity
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Figure 6. a) High-resolution S 2p XPS spectra of MXene aerogels subjected to polysulfide adsorption test, i) Ti2CTx, ii) V2CTx, iii) Nb2CTx, iv) Ti3C2Tx,
v) Ti3CNTx, vi) Mo2TiC2Tx, and vii) Nb4C3Tx. b) Atomic % of adsorbed sulfur species with respect to the total sulfur content adsorbed on MXenes. c)
FTIR spectroscopy of MXenes before and after being subjected to the adsorption test.

in the outer transition metal layer, surface terminations, and de-
fects/oxide coverage on the surface. While Ti2CTx has a high ad-
sorption capacity due to its thin structure (Figure 2), the adsorp-
tion kinetics were faster for Ti3C2Tx, possibly due to its homoge-
neous surface with fewer defects (Figure 3). However, the same
structure-property relationship cannot be extended to Nb2CTx
and Nb4C3Tx MXenes, potentially due to the oxide coverage ob-
scuring the intrinsic nature of the adsorptionmechanism.On the
other hand, Nb-based MXenes strongly interact with the solvent,
forming a thick solid electrolyte interphase (SEI) layer on their
surface, possibly due to the reactive Nb outer layer (Figure 5e;
Figure S14, Supporting Information). When correlating the ad-
sorption property to the transition metal identity in M2XTx MX-
enes, Ti2CTx demonstrates a preference for Li-ion adsorption fol-
lowed byV2CTx while Nb2CTx shows both high reactivity with the

solvent and a preference for sulfur over Li. Moving on to M3X2Tx
MXenes, those with Ti-outer-layer prefer lithium, whereas Mo-
outer-layer (Mo2TiC2Tx) favors sulfur due to the strong adsorp-
tion preference and/or surface redox mediation of transition
metal in the outer-transition metal layer (Figure 4).
Ti2CTx, Ti3CNTx, and Ti3C2Tx have been previously demon-

strated to chemically interact with polysulfides via thiosulfate-
polythionate conversion and Lewis acid-base interactions, form-
ing OMXene–SLiPS and TiMXene–SLiPS bonds, respectively.[17,18] In
contrast to our observed dependence of structure and X-layer
on adsorption properties, these MXenes have been reported to
exhibit similar electrochemical performance (Table S7, Support-
ing Information).[17,18] This could be attributed to the heavy ox-
ide coverage on the material surface resulting from the synthesis
conditions at that time. These factors might have obscured the
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Figure 7. Schematic illustration of the adsorption mechanism of polysulfides on the surface of MXenes.

structure- and X-layer-dependent electrochemical performance.
This agrees with our structure-property observations on Nb-
based MXenes (Figure 6). It is important to note that the con-
tinually evolving MXene synthesis protocols aim to enhance MX-
ene chemical stability by reducing defect concentration and sup-
pressing oxide formation. As a result, some previously observed
adsorption behaviors have changed. For instance, V2CTx, which
is known to be highly susceptible to oxidation, like several other
M2CTx structures, has undergoneminimal oxidation (Figure 5b).
This is correlated to its improved synthesis conditions that have
produced a chemically stable V2CTx.

[34] In the present study on
MXenes prepared following our recent synthesis protocols,[32–34]

the polysulfide adsorption followed thiosulfate–polythionate con-
version and remained the same for all the MXenes due to the
presence of O surface groups (Figure 6). Chemically and struc-
turally stable MXenes such as Ti3C2Tx and Mo2TiC2Tx exhibited
chemical interactions with polysulfides (thiosulfate/polythionate
redox mediation) without significant changes in the oxidation
state of transition metal (Figure 5b). Therefore, MXene’s oxida-
tion stability against LiPS and/or solvent also depends on the
chemical and structural stability of theMXene produced. We also
found chemical bonding between polysulfides and MXenes to
be dependent on the O surface groups and/or oxide content in
the material (Figure 6b). However, the extent of thiosulfate to
polythionate conversion strongly depends on the transitionmetal
identity, surface oxide coverage, and, to some extent, the X layer
composition.
Based on our systematic investigation, we hypothesize poly-

sulfide adsorption on MXenes follows four steps, as illustrated
in Figure 7. First, polysulfides (S2−x , where 4 ≤ x ≤ 8) physically
adsorb on the MXene surface through van der Waals interac-
tions. Then, the adsorbed polysulfides undergo redox reactions
with the –O terminations to form thiosulfate species (S2O3

2−).
These adsorption species act as anchors to capture ‘higher-order’
polysulfides (S2−x , where x ≥ 4) and further mediate polysulfide
redox reactions forming surface-bound polythionate complexes
[−O3S – (S)y –SO3

−; where y ≥ 0] and low-order polysulfides (S2−x ,
where x ≤ 4). Lastly, Li+ ions adsorb between the MXene lay-

ers and/or chemically react to form ─O─Li bonds. For a more
comprehensive understanding of MXene’s chemistry influence
on polysulfide adsorption, future research should emphasize op-
timizing MXene synthesis methods to produce chemically sta-
ble MXenes with consistent and controlled chemistry. Follow-up
electrochemical studies employing advanced in-situ techniques
such as X-ray absorption, infrared and Raman spectroscopy, as
well as validations from Density Functional Theory (DFT) inves-
tigations, could advance our understanding of MXenes’ mitiga-
tion of polysulfide shuttle, thereby advancing their application in
Li-S batteries.

4. Conclusions

We systematically investigated sevenMXenes, encompassing the
chemical diversity of the most common MXenes, as polar con-
ductive polysulfide adsorbents for potential applications in Li-
S batteries. Multimodal analysis revealed a wide range of poly-
sulfide adsorption, up to 217 mg per gram of material, depend-
ing on the MXene composition, soaking time, and polysulfide
concentration. Specifically, the polysulfide adsorption for V2CTx,
Nb4C3Tx, Nb2CTx, Mo2TiC2Tx, Ti3C2Tx, Ti3CNTx, and Ti2CTx
were 22, 27, 30, 46, 58, 92, and 179 mg per gram of the material,
respectively, under a fixed polysulfide concentration and soaking
time. Several factors, such as accessible surface area and adsorp-
tion site energies, which are further controlled by the MXene
structure and its synthesis process, play a critical role in polysul-
fide adsorption. Regardless of MXene composition, the polysul-
fide adsorptionmechanism followed the thiosulfate/polythionate
redox mediation pathway attributed to oxygen terminations in-
trinsic to all MXenes prepared by wet etching of MAX phase
precursors. However, the extent of polysulfide redox reactions
and selective adsorption between Li+ and S2−x of the polysul-
fides depended on the MXene chemistry, including transition
metal layers, X layer, and defects or oxide content. Mo2TiC2Tx
potentially retained high sulfur content through effective thio-
sulfate/polythionate redox mediation. Conversely, Ti-based MX-
enes have high lithium content (81–132 mg g−1) and showed
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selectivity for Li+ ions of the polysulfides. There is potential for
Mo-based MXenes as cathode hosts/additives to inhibit the shut-
tle effect and for Ti-based MXenes as interlayer and separator
coatings to facilitate selective Li+ ion transport to improve the
overall performance of the LSBs. This new understanding em-
phasizes the importance of application-dependent MXene selec-
tion. It also opens up the possibility of utilizing Ti-based MX-
enes for various applications, such as the selective extraction
and transportation of Li ions in desalination and/or Li-based
batteries.

5. Experimental Section
The Experimental Section and any associated references are available in
the Supporting Information.

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