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A B S T R A C T

Lithium-Sulphur (Li-S) batteries are a promising post-lithium-ion energy storage technology due to sulphur high 
theoretical capacity, low toxicity and natural abundance. Nevertheless, sulphur multistep reduction reactions 
involve the formation of soluble lithium polysulphides, whose uncontrolled migration to the anode (shuttle effect) 
and sluggish conversion kinetics lead to capacity fading and poor cycling stability. To overcome these issues, 
different materials capable of binding polysulphide species, catalysing their conversion and controlling Li2S 
deposition have been explored as sulphur hosts. In this context, MXenes have recently emerged owing to their 
good electrical conductivity and polar surface chemistry.

The present work aimed at studying Ti₃C₂Tₓ MXenes as sulphur hosts for Li-S batteries. In particular, four 
samples of 2D titanium carbide were prepared by varying temperature, time and concentration of the classic 
synthesis involving the use of hydrogen fluoride. The synthesised Ti₃C₂Tₓ were characterised using physico- 
chemical and electrochemical techniques to evaluate their affinity to polysulphide species and their potential 
activity as catalysts for sulphur redox reactions. The results show that slight changes in the synthesis conditions 
influence the balance between polysulphides adsorption and electrochemical conversion. In particular, 
combining lower acid concentration and longer reaction time leads to MXenes with improved overall electro
chemical behaviour, delivering stable cycling up to 500 cycles with improved Coulombic Efficiency (>99%) and 
capacity retention (>70%), with a capacity loss < 0.30% per cycle at C/5. Although MXenes exhibit lower 
porosity and electrical conductivity than conventional carbon hosts, the present study highlights their effec
tiveness in suppressing the shuttle effect and control Li2S deposition.

1. Introduction

Lithium-ion batteries (LIBs) are currently the most widely used and 
consolidated technology for both energy storage and transport electri
fication. However, nowadays on the market LIBs are approaching their 
theoretical limits in terms of energy density and specific capacity and 
face several disadvantages, such as supply constraints on raw materials 
and high production costs, which limit their ability to fully meet the 
growing demand for energy storage solutions. Consequently, the study 
and development of alternative technologies, the so-called post-lithium- 
ion systems, is of crucial importance to make them commercially viable 

in the future and able to compete with LIBs. Among these systems, 
Lithium-Sulphur batteries (Li-S) are among the most interesting and 
promising technologies [1]

Sulphur is an abundant, low-cost, and non-toxic element [2] and 
with a specific theoretical capacity of 1672 mAh g–1, which is an order of 
magnitude higher than intercalation materials commonly used in LIBs (i. 
e. lithium iron phosphate, lithium nickel manganese cobalt oxide) [3] 
This is due to the different electrochemical mechanism occurring in the 
cell, which is based on conversion reactions instead of lithium ion 
insertion typical of LIBs. As a consequence, lithium-sulphur batteries can 
potentially reach theoretical energy densities up to five times the value 
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of lithium-ion technology, permitting them to be manufactured in 
lighter and more compact cell designs. Unfortunately, some issues still 
limit their practical application [4].

As sulphur complete reduction involves multiple electrons, the 
mechanism is complex and based on the so-called Sulphur Reduction 
Reactions (SRR) in which lithium polysulphides (LiPS) are formed. First, 
S8 molecules are reduced to long-chain LiPS (Li2S8 and Li2S6) and then to 
short-chain polysulphides Li2S4, accounting for the 25% of theorical 
specific capacity. All these species are soluble in the commonly 
employed ether-based electrolyte and their solubilisation and conse
quent diffusion give rise to the shuttle effect [5] Because of this, 
long-chain LiPS can reach the anode and react with metallic lithium, 
passivating its surface; moreover short-chain LiPS can diffuse back to the 
cathode during the charging process of the cell. As a result, part of the 
active material is lost during cycling and side reactions occur, limiting 
cell performance, cycling life and Coulombic Efficiency (C.E.) [6] 
Short-chain polysulphides are reduced at the cathodic interface to Li2S2 
and Li2S species, which are insoluble and precipitate, passivating the 
electrode surface because of their insulating nature. This reaction should 
account for the remaining 75% of the theoretical specific capacity. Due 
to the above-mentioned problems, only a fraction of the sulphur present 
in the cathode is practically available [7] Another important issue is the 
great change in volume (approximately 80%) of the cathodic active 
material during cycling due to the density differences among S8 and 
Li2S, which could lead to the collapse of the electrode structure. During 
the charge, the described process occurs in the opposite direction, with 
the solubilization of lithium sulphide and the reprecipitation of sulphur 
after LiPS oxidation, while Li+ ions go back to the anode, where they are 
deposited as metallic lithium [8]

To overcome the presented challenges, many different types of 
conductive materials able to confine sulphur, interact with LiPS and 
catalyse their electrochemical reactions as well as contain volume con
tractions and expansions, have been studied as sulphur hosts such as 
carbons, transition metals, metallic compounds, polymers, metal- 
organic and covalent-organic frameworks (MOFs and COFs) and 2D 
materials [9–18]

Among 2D materials, MXenes have taken on an increasingly promi
nent role in recent years due to their broad range of applications [19] 
They are a wide class of transition metal carbides and nitrides with a 
bidimensional structure and general formula Mn+1Xn, where M stands 
for an early transition metal, X represents carbon or nitrogen and n is a 
number between 1 and 3 [20] They can be obtained from their relative 
MAX phase, a tertiary carbide or nitride with general formula Mn+1AXn 
(A is usually aluminium or another element from group III or IV) and a 
lamellar structure, by simply removing the layers of the A element and 
separating the resulting bidimensional planes. In the case of Ti-based 
MXenes, the simplest route to remove aluminium is chemical etching 
of the A-type atoms using hydrofluoric acid (HF) [21] During the etching 
process, several unsaturated M atoms are generated and react with 
molecules in the surrounding media, forming surface functional groups, 
often expressed as “Tx”, that depend on solvents and reagents used in the 
synthesis, influencing the properties of the final material. Alternatively, 
the obtained materials can be further processed, tailoring their surface 
chemistry to satisfy the needs of each specific application, but increasing 
the complexity and the cost of their production and purification steps 
[22]

Despite their recent discovery, MXenes and their applications in Li-S 
have been widely studied, especially as bidimensional titanium carbide 
in the form of Ti2C and Ti3C2. Nazar group was the first to apply Ti2CTx 
[23] and Ti3C2Tx [24] MXenes in the cathodic formulation of Li-S, 
studying their interaction mechanism with polysulphide species due to 
the presence of surface hydroxyl groups and unsaturated titanium 
atoms. After sulphur reduction, long-chain polysulphides are adsorbed 
on the surface of MXenes particles, where they react with –OH groups, 
forming thiosulphate species S2O3

2–. These new species can further react 
with other LiPS, producing insoluble Li2S2 or Li2S and polythionate 

species following the Wackenroder reaction mechanism [25] At the 
same time, unsaturated Ti atoms lack electrons and therefore behave as 
Lewis acids, chemically bonding negatively charged polysulfide species, 
which exhibit Lewis basic characteristics.

As mentioned above, MXenes and especially two-dimensional tita
nium carbide [26] have been widely studied for energy storage appli
cations, including Li-S systems. Concerning their application in Li-S, 
various types of MXenes have been employed, adopting different stra
tegies, taking advantage of their different physicochemical properties 
[27–29] At the cathode side [30], MXenes have been used as: pure 
sulphur hosts, exploiting their layered structures to accommodate the 
active material [31–33]; combined with carbonaceous materials like 
reduced graphene oxide [34], carbon nanotubes [35] and nanofibers 
[36] to obtain porous structures; as part of composite materials together 
with doped-carbons [37,38] or metallic compounds [39–43] to enhance 
affinity towards lithium polysulphides and regulate Li2S deposition 
process. In addition, numerous MXenes compositions and different 
surface properties have been computationally investigated, although 
many of these materials have not been synthesised or experimentally 
tested yet.

MXenes have also been used to functionalise separators because of 
their strong adsorption of polysulphide species, preventing them from 
reaching the anode and reacting with it. This has been achieved by 
covering commercial polypropylene separators with delaminated or 
alkali-treated MXenes or even adding MXene-based interlayers between 
cathode and separator [44–46] Lastly, MXene-based materials have 
been used to produce lithiophilic anodic materials thanks to their elec
tronegative fluorinated and oxygenated surface groups which can 
homogenise lithium deposition and prevent the formation of dendrites 
[47–49]

The main objective of the present work was to investigate how var
iations in the MAX phase etching process, such as acid concentration, 
reaction time and temperature, lead to Ti3C2Tx MXenes with different 
physicochemical and morphological properties. These differences not 
only affect the interaction with lithium polysulphides during charge and 
discharge processes, but also influence the interaction between MXene 
and sulphur during the melt diffusion process and the subsequent for
mation of the composite material. To the best of our knowledge, such a 
systematic investigation remains relatively unexplored in the current 
literature.

In fact, unlike most recent studies on MXenes, which are primarily 
focused on the development of complex heterostructures, hierarchical 
architectures, doped systems, or composite materials that are often 
difficult to scale up, the present work highlights that simple variations in 
the etching conditions are sufficient to modulate the electrochemical 
behaviour of the Li–S system [50–68]

The obtained materials were characterised with different physico
chemical and electrochemical techniques and then used directly as 
sulphur hosts without any further processing. The sulphur cathodes 
obtained from the different MXene samples were characterised elec
trochemically through galvanostatic cycling at C/5 and compared. 
Finally, the material with the most promising electrochemical perfor
mance was tested in galvanostatic cycles for 500 cycles at C/5 to eval
uate its medium-long-term behaviour.

2. Experimental section

2.1. Material preparation

2.1.1. Ti3C2 MXenes synthesis
Four different samples of Ti3C2 MXenes were obtained using hy

drofluoric acid as aluminium etching agent and Ti3AlC2 MAX phase 
(Sigma-Aldrich, ≥90%, particle size ≤100 μm) as precursor. The sam
ples were named MX_aa, where aa digits stand for the specific synthesis 
parameters used for each sample, as reported in Table 1. Specifically, for 
all samples, 1.5 g of MAX phase are weighted and transferred into a 200 
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ml Teflon® lined steel autoclave (DAB3, Berghof) 45 mL of hydrofluoric 
acid at the desired concentration (see Table 1), obtained by diluting a 
48% solution (Sigma-Aldrich, ACS reagent), are cooled with an ice bath 
and added dropwise to the precursor under magnetic stirring. Then, the 
mixture is sealed, stirred at 500 rpm and heated with a 1 ◦C min–1 slope 
to reach the temperature reported in Table 1, which is kept for the 
corresponding time. The heating/stirring was carried out with a heating 
mantle mounted on a magnetic stirrer/heater (MRHEI standard, Hei
dolph) and a temperature controller/programmer (BTC-3000, Berghof) 
equipped with a type K thermocouple.

After the synthesis, samples are transferred into Falcon® tubes and 
centrifuged for 5 min at 6500 rpm (Centrifuge ALC PK 131R) to separate 
MXene phase from the acid solution, which is eliminated. The solid 
fraction is, then, repeatedly washed and centrifuged for 20 min at 6500 
rpm using Milli-Q® water until the solution pH reaches a value between 
4 and 6. At this point, supernatant water is removed, samples are freeze- 
dried to obtain MXene powders and stored in a glovebox (Unilab 
MBraun) filled with an argon atmosphere (moisture and oxygen con
centration below 0,5 ppm).

2.1.2. MXene/sulphur composites preparation
MXene/sulphur composites were prepared by mechanically mixing 

sulphur (Sigma-Aldrich, purum p.a., ≥99.5%) with each Ti3C2 sample 
(weight ratio 3:1) for 1 hour at 10 Hz in a ball miller (Retsch MM400) 
and then heating at 155 ◦C for 5 h in a muffle furnace using an Ar-filled 
sealed vial. After the thermal treatment, the composite was grounded 
and used as cathodic material for electrode preparation. Effective 
sulphur content of the as-obtained powder was determined by ther
mogravimetric analysis in air (TGA).

2.2. Materials characterisation

X-Ray Diffraction (XRD) analysis was carried out by a Malvern 
PANalytical Empyrean (Cu Kα radiation) diffractometer. Data were 
collected with a 3D solid state detector (PIXcel) in 2θ range of 5–65◦

X-ray photoelectron spectroscopy (XPS) was performed using an 
AXIS ULTRA DLD spectrometer (Kratos Analytical) equipped with a 
monochromatic Al Kα source (hν=1486.6 eV), operated at 150 W (10 
kV, 15 mA). The base pressure in the analysis chamber was maintained 
at ~5•10⁻⁹ Torr. Survey spectra were acquired with a pass energy of 160 
eV and a step size of 1.0 eV, while high-resolution spectra were collected 
at a pass energy of 20 eV with 0.1 eV step increments. The analyzed area 
was approximately 700 μm × 300 μm. Charge neutralization was pro
vided using an electron flood gun. Data processing and peak fitting were 
carried out using CasaXPS (v.2.3.16). For quantitative analysis, peak 
areas were corrected using relative sensitivity factors (RSFs). For MXene 
(Ti₃C₂Tx) samples, spectral processing followed established procedures 
found in the literature [69] MXene-related components were fitted using 
asymmetric line shapes to account for their conductive character, and a 
Tougaard background was applied to the Ti 2p region; for consistency, 
the same background was used for the C 1 s, O 1 s, and F 1 s spectra. Due 
to the presence of multiple overlapping components within broad en
velopes, the full width at half maximum (FWHM) of Ti₃C₂Tx-related 
components was constrained to be equal within the Ti 2p₃/₂ group and, 
separately, within the Ti 2p₁/₂ group, while allowing broader Ti 2p₁/₂ 
peaks as expected from the Coster–Kronig effect. The binding energy 
scale was referenced to the Ti–C–Ti C 1 s peak at 282.0 eV, as BE of the C 

atoms in the octahedral sites, Ti–C–Ti, is not affected by the type of 
surface terminations attached during etching in F-ion-containing acids, 
as widely reported for MXenes synthesised by etching in F-containing 
acids [70]

Field-Emission Scanning Electron Microscopy (FESEM) analysis was 
carried out by Zeiss SUPRA™ 40 with Gemini column and Schottky field 
emission tip (tungsten at 1800 K). Acquisitions were made at an accel
eration voltage of 5 kV and working distance (WD) between 3.6 – 3.8 
mm, with magnification up to 25k.

Particle size distribution statistics were derived from FESEM micro
graphs using a Python image analysis code developed and run on Spyder 
editor according to the methodologies for 2D materials and, in particular 
MXenes, reported in literature [71,72]

Thermogravimetric analysis (TGA) was carried out with a TA In
struments TGA Q500 by heating the samples from 25 to 800 ◦C with a 
slope of 10 ◦C min–1 in an inert nitrogen atmosphere.

2.3. Lithium polysulphides adsorption test

To assess MXenes affinity towards lithium polysulphides species, 
responsible for the shuttle effect, an adsorption test with a polysulphide 
solution, followed by UV–Visible analysis of the supernatant solution, 
was performed. More in detail, 30 mg of each Ti3C2 sample and of Ketjen 
Black (KJB; Nouryon, Ketjenblack EC-300 J) were put in contact with 4 
mL of Li2S6 2 mM in 1,3-dioxolane (DOL; Sigma-Aldrich, anhydrous, 
99.8%) and 1,2-dimethoxyethane (DME; Sigma-Aldrich, anhydrous, 
99.5%) 1:1 v/v mixture. This solution was obtained by diluting a solu
tion 0.25 M, prepared by mixing 0.5744 g of sulphur and 0.1149 g of 
lithium sulphide (Sigma-Aldrich, battery grade, 99.98%) in 10 mL of 
DOL/DME 1:1 v/v mixture, heating and stirring for 24 h at 70 ◦C in 
glovebox [73]

After 24 h, supernatant solutions put in contact with each sample 
were collected, diluted 1:5 and subjected to UV–Visible analysis to 
evaluate absorbance reduction due to adsorption of LiPS on MXenes. The 
same procedure has been done with the pristine 2 mM polysulphides 
solution, for direct comparison.

The UV–Vis absorption spectra were collected using a double-ray 
UV–Vis spectrophotometer (Jasco V-770 Spectrophotometer) within 
the spectral range of 200 - 900 nm and using pure DOL/DME 1:1 mixture 
as reference.

2.4. Electrochemical measurements

Working electrodes were prepared by solvent tape casting method. 
For electrochemical characterization of Ti3C2, slurries containing the 
four different samples, KJB and polyvinylidene fluoride (PVDF; Arkema, 
Kynar HSV 900) at a 8:1:1 as weight ratio and N-methyl-2-pyrrolidone 
(NMP; Honeywell, reagent grade, 99%) as solvent were prepared. In 
particular, 160 mg of MXene powder were firstly mixed with 20 mg of 
KJB in agate mortar and then transferred to an Eppendorf® tube con
taining 250 mg of a PVDF in NMP (solution 8% in weight), and 500 μL of 
NMP. Then, the Eppendorf® tube was sealed and mixed in ball miller for 
20 min at 15 Hz. In addition, a slurry made of only KJB and PVDF (at 
9:1) ratio was prepared and used as reference.

Slurries were cast onto gas diffusion layer (GDL; sgl carbon, 
SIGRACET 39BB) through a film applicator (TQC Sheen) equipped with 
an adjustable doctor blade with a wet thickness of 200 μm for sym
metrical cyclic voltammetry and 100 μm for Tafel plot tests, respec
tively. The same procedure was repeated to cast MXene slurries on 
aluminium carbon-coated foil (MTI Corp., aluminium: >99.9%, 15 μm 
± 1 μm; carbon-coating: 1 μm, 0.5 g m–2) with 100 μm wet thickness for 
chronoamperometry tests on lithium sulphide deposition. For full cell 
testing, slurries made of MXene or KJB/sulphur composites, KJB and 
PVDF (8:1:1 wt ratio) were cast on aluminium carbon-coated foil with 
200 μm thickness.

After solvent evaporation for 1 hour in oven (Memmert UN55) at 50 

Table 1 
Variable reaction conditions.

Sample HF concentration (%) Time (h) Temperature ( ◦C)

MX_01 5 24 40
MX_02 10 48 60
MX_03 5 48 40
MX_04 10 24 60
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◦C, disks of 15 mm of diameter were punched out, vacuum dried at 40 ◦C 
(in a Büchi Glass-Oven B-585) for 4 h, then transferred in a glovebox for 
cell assembly.

The electrochemical characterisation was carried out in CR2032 coin 
cells, assembled in different configurations depending on the type of test 
as described below: 

• For symmetrical cyclic voltammetry, coin cells were assembled using 
two identical electrodes made by casting MXene samples or KJB on 
GDL and polypropylene (PP) polymeric membrane (Celgard 2500, 25 
μm thickness, Ø 19 mm) as separator. As electrolyte were used 60 μL 
of lithium bis(trifluoromethanesulfonyl)imide (LiTFSI; Solvionic, 
99.9%, under argon) 1,0 M and lithium exasulphide Li2S6 0125 M in 
a mixture of 1,3-dioxolane (DOL) and 1,2-dimethoxyethane (DME) 
1:1 (v/v).

• For Tafel plot tests, coin cells were assembled using MXenes or KJB 
cast on GDL as working electrode, lithium chips (MTI Corp., 99.9%, 
Ø 16 mm) as counter electrode and PP polymeric membrane as 
separator. The electrolyte (60 μL) was LiTFSI 1 M, lithium nitrate 
(LiNO3; Aldrich, 99.9%, trace metals basis) 0.25 M and Li2S6 0.0125 M 
in DOL/DME 1:1 mixture.

• For chronoamperometric lithium sulphide deposition tests, cells 
were assembled with MXene samples cast on aluminium carbon- 
coated foil as working electrode, lithium chips as counter electrode 
and PP membrane as separator. 60 μL of LiTFSI 1 M, LiNO3 0.25 M 
and Li2S6 0.025 M in DOL/DME 1:1 mixture were used as electrolyte.

• Coins for full cell galvanostatic cycling were assembled using 
metallic lithium as anode, MXenes or KJB/sulphur composites cast 
on aluminium carbon-coated foil as cathode and PP membrane as 
separator. The electrolyte was a solution of LiTFSI 1 M and LiNO3 
0.25 M in DOL/DME 1:1 mixture, with an electrolyte-to-sulphur (E/ 
S) ratio of 15 μL mg–1.

Symmetrical cyclic voltammograms were recorded using a BioLogic 
VSP-3e potentiostat. The measurement program involved 1 hour of rest 
followed by a cyclic potential scan at rate of 1 mV s–1 between –1 V and 
+1 V, referring to cell open circuit potential. The measure was repeated 
three times.

Tafel plots were derived from linear sweep voltammetry (LSV) tests 
performed with the potentiostat between –50 mV and +50 mV, referring 
to open circuit voltage, after 1 hour of cell rest with scan rate of 0.200 
mV s–1.

Lithium sulphide deposition tests were carried out using an Arbin BT- 
2000 battery tester, first performing a full galvanostatic dis
charge–charge cycle with a current of 100 μA to identify the exact su
persaturation potential (Esup) of the cell, then discharging 
galvanostatically the cell until the potential value Esup+10 mV and then 
performing a potentiostatic discharge at potential Esup–90 mV until the 
measured current asymptotically reaches 0.

The galvanostatic cycling performances of the sulphur-containing 
cathodes were evaluated with Arbin BT-2000 battery tester, at room 
temperature in the 1.8 – 2.6 V vs. Li+/Li potential range, performing 5 
cycles at C-rate C/10 and 500 cycles at C/5. Applied current values were 
calculated from the theoretical capacity of sulphur (1672 mAh g–1).

Potentiostatic Electrochemical Impedance Spectroscopy (PEIS) was 
performed on MXene/sulphur composite containing cells 1 hour after 
the assembly at voltage of around 2.7 V with a sinus amplitude of 5 mV 
in 1 MHz – 50 mHz frequency range using a BioLogic VSP-3e potentio
stat. Then, a full discharge and charge cycle was performed at 0.1C 
before repeating the PEIS measurement at cell equilibrium voltage of 2.3 
V. The obtained experimental data were analysed and fitted with ZView 
software according to equivalent circuit models found in literature [74]

Intermittent Current Interruption (ICI) test was performed on Arbin 
BT-2000 battery tester on MXene/sulphur composite containing cells, 
which were first assembled, rested for 1 hour and subjected to one 
discharge and charge cycle at 0.1C. The ICI protocol consisted of 

applying 0.1C current pulses interspersed with resting periods of 10 s. 
During the short current interruptions, the cell voltage was sampled 
every 10 milliseconds to properly track the voltage evolution before the 
application of a new current pulse. The protocol was performed both in 
discharge and charge cycles. The obtained data were analysed according 
to the method described in literature to track the evolution of the cell 
internal resistance and the coefficient of diffusion resistance [75,76]

3. Results and discussion

3.1. Structural and morphological characterisation of Ti3C2Tx MXenes

Four different MXene samples were synthesised as reported in 
Table 1 in the Experimental Section. X-ray diffraction (XRD) analysis 
was performed on all samples to confirm the formation of the MXene 
phase and to assess structural differences as a function of the different 
synthesis parameters.

Fig. 1a shows the diffractograms registered for each MXene sample 
compared with that of Ti3AlC2 MAX phase, used as precursor. Dashed 
vertical lines highlight the main reflexes of MAX phase and their (hkl) 
planes, responsible for diffraction. The almost complete disappearance 
of reflexes related to planes (101), (103), (105) and, particularly, (104) 
in Ti3C2 samples demonstrates a nearly total conversion from MAX to 
MXene phase. In contrast, plane (002), (004) and (110) reflexes, remain 
detectable in all samples, although shifted in 2θ values, lower for (002) 
and (004) and higher for (110), and broadened as a consequence of the 
material exfoliation. In particular, lower 2θ value for reflex (002) is due 
to the etching of aluminium atoms from the precursor and to the 
enhancement of D-spacing between planes and of lattice parameter c.

From the 2θ values of the (002) reflexes, the D-spacing for each 
sample was calculated using Bragg’s equation, obtaining values of 9.43 
Å for MX_01, 9.70 Å for MX_02, 9.56 Å for MX_03, and 9.64 Å for MX_04. 
The greater D-spacing values observed for the samples prepared with 
lower hydrofluoric acid concentrations (MX_01 and MX_03) highlighted 
the detrimental effect of higher acid concentration on interplane dis
tances [77] As also shown in Fig. 1a, reflexes (004) and (008), relative to 
the characteristic multilayered structure of MXenes, have the same shift 
pattern as reflex (002) between the four different samples because of 
their dependence only on lattice parameter c, expanded after the syn
thesis [78]

All synthesised materials were morphologically characterised by 
FESEM, supported by EDX analysis (reported in Table S1) which roughly 
confirmed the expected atomic compositions of the synthesised samples.

Fig. 1b compares FESEM micrographs of each sample with magni
fication 1k and 25k. At lower magnification (e.g. 1k), as visible in the 
micrographs in Fig. 1b (left), each sample is composed of micrometric 
particles with variable sizes. However, carefully observing the particle 
size dispersion, it can be noted that for sample MX_03, and partially for 
MX_01, several smaller particles are present, showing higher poly
dispersity inside the sample, probably due to the lower synthesis tem
perature [77]

From micrographs at higher magnification (25k), it is possible to see 
the characteristic “accordion-like” structure of MXenes for all the sam
ples. However, higher acid concentration leads to more damaged 
structures and less regular space between material planes.

The particle size distribution results for each MXene sample are 
summarised in Table 2 as mean value, standard deviation, D10, D50 and 
D90 for four different parameters: major and minor particle axis, Feret 
diameter and aspect ratio. As observed in the micrographs in Fig. 1b, 
samples MX_01 and MX03 are characterised by smaller particles, as 
indicated by the lower mean values for both particle axes and Feret 
diameter when compared with the other two samples. These samples 
also exhibit slightly lower aspect ratio values, suggesting the presence of 
less elongated particles. In addition, from the particle size distribution 
statistics, it is clear that the main difference between the samples ob
tained with lower and higher acid concentration is due to the coarser 
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fraction of particles since the D90 value related to Feret diameter is 
lower than 20 µm for samples MX_01 and MX_03, while higher than 20 
µm for samples MX_02 and MX_04.

XPS analysis was performed to evaluate the surface composition of 
the MXene materials. In the survey spectra (Figure S1a), the F 1 s peak, 
absent in the MAX phase, emerges in all MXene samples, consistently 
with fluorine termination following HF etching [21,79,80]The Al 2p and 
Al 2 s signals observed in the MAX precursor cannot be detected in 
MXene samples due their almost complete removal upon etching treat
ment. Additional expected signals associated with MXenes, such as C 1 s, 

O 1 s, Ti 3p, and Auger features (F KLL, O KLL, Ti LMM, C KLL), are 
clearly observed in wide spectra.

High-resolution Ti 2p spectra provide detailed insight into the Ti 
chemical environment. Ti 2p spectra of MXene samples (Fig. 2a, b, c and 
d) are similar and markedly differ from that of the MAX phase, reported 
in Figure S1b. Whereas Ti 2p spectrum in MAX phase is characterised by 
a carbide Ti–C contribution and oxide features, the MXenes spectra 
require multiple components associated with different surface termi
nations. For example, for MX_01, the Ti 2p3/2 components at 455.1, 
456.0, 457.0, and 458.0 eV are assigned, respectively, to C–Ti–(O,O,O), 
C–Ti–(O,O,F), C–Ti–(O,F,F), and C–Ti–(F,F,F) environments, while the 
higher-binding-energy contribution at ~459.6 eV is attributed to tita
nium oxyfluoride species, TiO2-xFx. These terminations, as observed in a 
previous study [81], are beneficial for the catalysis of sulphur redox 
reactions because of high fluorine electronegativity, which tunes the 
positive charge of exposed Ti metal sites, enhances interaction with 
sulphurised species and traps electrons generated during Li2S oxidation. 
Similar component distributions are observed for MX_02, MX_03, and 
MX_04, as summarised in Table S2 (only Ti 2p3/2 data are listed). These 
energy assignments agree well with prior XPS studies of Ti3C2Tx [82] 
This multi-component fitting strategy for the Ti 2p region has been re
ported and recommended in the literature for MXene systems [83] Here, 
the experimental spectra display several characteristic features that can 
be discussed within this fitting framework. Anyhow, it should be noted 
that, as evidenced in recent literature about the XPS analysis of Ti3C2Tx 
[69], the identified Ti 2p components represent “effective” Ti environ
ments with mixed coordination and do not correspond to “pure” –O, 
–OH, or –F terminations on individual Ti sites. Thus, they do not allow a 
quantitative determination of –O/–F termination ratios, but provide a 

Fig. 1. a) Comparison between diffractograms obtained from MAX phase and MXene samples and zoom of (002), (004) and (008) reflexes together with shift pattern 
among the four different samples; b) MXene samples micrographs at 1k and 25k magnification.

Table 2 
Particle size distribution statistics derived from FESEM micrographs for each 
MXene sample.

Sample Parameter Mean St. Dev. D10 D50 D90

MX_01 Major Axis (µm) 9.6 6.8 2.1 8.6 18.5
​ Minor Axis (µm) 5.9 4.0 1.1 5.7 11.0
​ Feret Diameter (µm) 10.1 6.6 2.2 9.1 18.4
​ Aspect Ratio 1.75 0.76 1.18 1.55 2.46
MX_02 Major Axis (µm) 10.6 9.0 1.8 8.8 21.6
​ Minor Axis (µm) 6.2 5.3 0.9 5.4 13.3
​ Feret Diameter (µm) 11.3 9.2 1.9 9.6 23.3
​ Aspect Ratio 1.89 0.96 1.22 1.64 2.83
MX_03 Major Axis (µm) 8.1 6.4 1.4 7.4 16.4
​ Minor Axis (µm) 5.1 3.9 0.9 5.0 10.2
​ Feret Diameter (µm) 8.6 6.7 1.5 8.1 17.3
​ Aspect Ratio 1.72 0.73 1.17 1.52 2.39
MX_04 Major Axis (µm) 10.8 7.0 2.3 10.2 19.7
​ Minor Axis (µm) 6.6 4.4 1.1 6.3 12.2
​ Feret Diameter (µm) 11.6 7.4 2.5 11.1 21.2
​ Aspect Ratio 1.84 0.88 1.20 1.62 2.63
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Fig. 2. MXene characterisation by XPS. High-resolution Ti 2p spectra recorded for a) MX_01; b) MX_02; c) MX_03 and d) MX_04 samples. High-resolution C 1 s 
spectra recorded for e) MX_01; f) MX_02; g) MX_03 and h) MX_04 samples.
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qualitative trend of the relative abundance of oxidized vs fluorinated Ti 
species.

First, for a given Ti oxidation state, the binding energy difference 
between Ti–O and Ti–F coordination is reported to be approximately 
constant (~2.9 eV) [83] In all MXenes studied here, the energy sepa
ration between the C–Ti–(O,O,O) and C–Ti–(F,F,F) components lies 
within 2.9–3.0 eV, lending confidence to the component assignments. 
The spin–orbit splitting (ΔTi 2p) was around 6.1 eV for Ti3C2Tx-related 
components and 5.6 eV for oxide and oxyfluoride species, as expected 
for these materials. Second, the presence of fluorine terminations is 
independently confirmed by the F 1 s spectra. As shown for the MX_01 
sample in Figure S2 (Supporting Information), a dominant peak at 
~684.9 eV is observed and assigned to C–Ti–Fx species, in agreement 
with previous reports on Ti-based MXenes [82] In addition to this main 
component, a weaker high-binding-energy feature at approximately 
686–687 eV is detected and attributed to AlFx or Al(OF)x species, which 
are commonly reported as etching byproducts in HF-etched Ti3C2 ma
terials. Similar F 1 s spectral features are observed for all MXene samples 
analysed in this study.

Additional insight into the obtained materials can be gained from the 
analysis of the high-resolution C 1 s spectra (Fig. 2e, f, g and h). In 
particular, comparison with the spectra recorded for the corresponding 
MAX phase, shown in Figure S1c (Supporting Information), clearly re
veals a substantial modification of the spectral profile after the etching 
treatment. While the MAX phase is characterised by a dominant 

contribution associated with adventitious carbon, the MXene samples 
exhibit a much more evident and prominent C–Ti component. This 
change reflects the selective removal of the Al-layer and the consequent 
exposure of the Ti–C bonds within the MXene structure, consistently 
reported as a key spectroscopic fingerprint of successful MAX-to-MXene 
conversion [84]

As an example, the high-resolution XPS spectrum in the C 1 s region 
of the MX_03 powder (Fig. 2g) can be fitted by five components located 
at approximately 282.0, 285, 286.4, 287.8, and 289.4 eV. These features 
are attributed to C–Ti, C–C, C–O, C = O, and O–C = O (or, in part, C–F as 
this component lays over a wide energy range) species, respectively, in 
good agreement with previous reports on Ti-based MXenes obtained by 
HF etching or related routes [83] A similar C 1 s spectral fitting is 
observed for all MXene samples investigated in this work (Fig. 2b–d), 
indicating a consistent surface chemistry across the series.

The presence of oxygen-containing carbon species is commonly 
observed in MXenes and can be attributed to partial surface oxidation 
during synthesis and handling, resulting in the formation of TiOₓ spe
cies, as well as to unavoidable adventitious carbon contamination upon 
air exposure [85] Notably, the C–Ti component at ~282.0 eV remains 
clearly resolved in all samples and constitutes one of the most reliable 
spectroscopic fingerprints of the MXene carbide backbone. The assign
ment of this feature to C–Ti bonds is particularly robust, as its binding 
energy is largely insensitive to the nature of the surface terminations 
bonded to Ti (–O, –OH, –F) and is instead primarily governed by the 

Fig. 3. a) UV–Vis spectra recorded in 225–625 nm range of 0,4 mM polysulphides solution before (LiPS) and after contact with KJB and MXene samples for 24 h; b) 
UV region zoom between 225 and 325 nm of spectra presented in Figure 3a; c) UV and visible region zoom between 350 and 450 nm of spectra presented in 
Figure 3a; d) Photography of vials containing LiPS solution before and after contact with each sample for 24 h.
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underlying carbide framework. This behavior has been consistently 
documented in detailed XPS studies of Ti₃C₂Tₓ and related MXenes, 
further supporting the validity of the present assignments [83] Among 
the fitted components, the C–C peak at ~284.9 eV is also intense, while 
the oxygen-containing functionalities constitute minor components.

3.2. Lithium polysulphides adsorption test (UV–Vis)

Considering the different morphology of the four samples and their 
surface composition and, in order to evaluate the possible and different 
interaction of MXenes with lithium polysulphides, adsorption tests fol
lowed by UV–Vis spectrophotometric analysis were carried out. Fig. 3a 
shows UV–Vis absorbance spectra of lithium polysulphides solutions put 
in contact 24 h with Ti3C2 samples and KJB and of the original solution. 
All solutions present a clear reduction of absorbance after the adsorption 
test, as can also be seen in Fig. 3d, revealing good affinity of the mate
rials towards polysulphide species. In each spectrum, three main ab
sorption bands are observed: one between 250 and 280 nm, attributed to 
elemental sulphur (S₈); one between 290 and 300 nm, ascribed to pol
ysulphide S₆²⁻ (highlighted in Fig. 3b); and one in the visible region 
between 400 and 440 nm, corresponding to short-chain polysulphide 
S₄²⁻ (Fig. 3c), which is responsible for the colour of the solution [86]

Carefully analysing the UV spectra, KJB shows the greatest adsorp
tion capacity among the considered materials due to its high porosity, 
but since it can perform only physisorption phenomena like all carbo
naceous materials, the interactions with lithium polysulphides result 

weaker [87] On the contrary, MXenes, thanks to their superficial func
tional groups and Lewis acidity of unsaturated titanium atoms, show a 
stronger chemisorption phenomenon with lithium polysulphides. More 
specifically, MX_03 exhibits the highest absorbance decrease in the UV 
region, indicating a stronger affinity for elemental sulphur and 
long-chain polysulphide, S₆²⁻. However, the solution remains yellowish, 
suggesting a lower affinity for short-chain polysulphide, S₄²⁻. On the 
contrary, MX_01 showed a better affinity for short-chain polysulphide, 
as demonstrated by the greatest bleaching of solution colour. For sam
ples MX_02 and MX_04, absorption spectra show similar behaviour to
wards polysulphide species and the lower affinity with long-chain ones.

3.3. Electrochemical characterisation of Ti3C2Tx samples

In order to evaluate, in addition to the chemico-physical interaction 
of the different MXenes with the polysulfides, also their possible cata
lytic activity, cyclic voltammetry analyses in a symmetric cell were 
carried out.

Fig. 4a compares cyclic voltammetry results obtained for symmet
rical cells of each MXene sample. Each voltammogram shows two 
oxidation (anodic branch) and two reduction (cathodic branch) peaks 
with some slight differences for peak current intensities and position. 
Particularly, samples MX_03 and MX_04 show the highest values of peak 
current and the lowest potential shifts in relation to open circuit voltage, 
nominally equal to 0, implying that a lower overpotential is required to 
start the electrochemical reactions. MX_01 and MX_03, which were 

Fig. 4. a) Symmetric cyclic voltammograms obtained for each MXene sample; b) Tafel plots derived from LSV measurements for each MXene sample; c) Lithium 
sulphide deposition chronoamperometric curves and relative peak time obtained for each MXene sample; d) Micrographs of electrodes containing each Ti3C2 sample 
after lithium sulphide deposition tests with 100k magnification.
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obtained with lower HF concentration, are characterised by a more 
defined first peak in both CV branches. Table 3 reports potential values 
for the observed peaks in each cyclic voltammogram, which were 
calculated by evaluating the reversal of first derivative curves. The 
comparison of the peak potentials together with the whole CV profile 
can be compared to the literature to identify the polysulphides conver
sion reaction occurring in the cell [88,89]

In particular, the first peak (EO1 and ER1) with lower intensity in both 
cathodic and anodic branch can be attributed to the conversion between 
Li2S8 and Li2S6 species, while the second and most intense peak (EO2 and 
ER2) is due to the conversion between Li2S6 and Li2S4. In addition, a 
broad shoulder at higher overpotentials can be seen, especially for 
MX_03, indicating the process of solid Li2S formation from short-chain 
lithium polysulphides. This can be easily linked with the kinetics of 
Li2S deposition process which will be discussed later.

Fig. 4b shows the Tafel plots derived from LSV measurements for 
each sample together with interpolation lines obtained from both 
cathodic and anodic branch considering, respectively, overpotential 
intervals of –20 ÷ –30 mV and 20 ÷ 30 mV. In general, the exchange 
current density values fall within the range 0,0910 ÷ 0134 mA cm–2 for 
all samples; however, some significant differences can be observed. 
More in detail, MX_01 exhibits the highest anodic exchange current 
density, but a lower value for the cathodic processes, resulting in an 
evident asymmetry between the two branches. On the contrary, MX_02, 
presents good symmetry, but low j0 values overall, while MX_03 and 
MX_04 show similar results, showing good symmetry for the profile and 
higher exchange current density values. In particular, MX_03 is char
acterised by a higher exchange current density for the oxidation process. 
All materials have a higher value for the exchange current in the anodic 
branch of the plot, which can suggest a better catalytic activity for the 
oxidation of polysulphide species.

Fig. 4c compares chronoamperometric curves for lithium sulphide 
deposition of the four Ti3C2 samples, considering electrodes with com
parable mass loading, while

Table 4 reports values of deposition specific capacity (SC) and of time 
needed to reach peak current (tm). Sample MX_01 shows the highest 
value of specific capacity for Li2S deposition, but also the highest tm, 
which means worst process kinetics among the synthesised materials. 
These results are consistent with those obtained in the polysulphides 
adsorption test previously presented, where MX_01 demonstrated a 
better affinity towards short-chain species, whose reduction is respon
sible for the deposition process. The strong interaction between MX_01 
and S4

2– probably leads to its accumulation on MXene surface, retarding 
its reduction, but enabling the formation of a higher amount of precip
itate. For the same reason, sample MX_03 has the fastest deposition ki
netics (lowest value of tm) because of its low affinity towards short-chain 
polysulphides, which are quickly reduced, forming lithium sulphide. 
MX_02, however, presents an intermediate behaviour in terms of 
deposition-specific capacity and kinetics overall. MX_04, instead, is 
characterised by the lower specific capacity, although not too different 
from MX_03, but with a higher tm value and a curve shape more similar 
to MX_01.

Experimental results obtained from deposition tests have then been 
compared to four theoretical deposition models, which explain the 
morphology of the final solid product on the substrate surface. The 
considered models are Bewick-Fleischman-Thirsk model [90], which 

accounts for both instantaneous (2DI) and progressive (2DP) bidimen
sional deposition and Scharifker-Hills model [91], that explains 
instantaneous (3DI) and progressive (3DP) tridimensional deposition. 
Figure S3 shows the comparison between experimental data and the four 
models for each MXene sample, while the corresponding equations are 
reported in Table S3. For all Ti3C2 samples the experimental deposition 
curve matches with 3DI model, in which nucleation and proliferation 
processes are consecutive and lead to the formation of several and 
identical lithium sulphide “islands”, but only for normalised time values, 
t/tm, lower than 3. For higher values, experimental current densities 
normalised by peak current density, j/jm, significantly drops and shows 
an intermediate trend between 2D and 3D models. This behaviour is 
probably attributed to lithium sulphide islands coalescence, with the 
subsequent formation of a pseudo-bidimensional film which passivates 
MXene surface and inhibits any further growth of the precipitate. In 
general, experimental deposition data show a hybrid 2D-3D behaviour if 
compared to the considered models, probably due to the combination of 
substrate polarity and the presence of DME as co-solvent, which induce 
the formation of bidimensional precipitates, and the use of electrolyte 
salts as LiTFSI and LiNO3, that favours a 3D growth thank to their high 
Donor Number (DN) [92]

Furthermore, cells for each MXene sample were disassembled in 
glovebox after deposition tests and the recovered cathodes were ana
lysed through FESEM to experimentally assess lithium sulphide depo
sition morphology. Fig. 4d shows micrographs of different cathodes, 
acquired at 100k. From the micrographs, it is evident, especially for 
MX_01 and MX_02 because of their higher deposition specific capacity, 
the presence of small spherical particles that cover almost all the surface 
of MXene sheets, coherently with the hypothesis made from models 
analysis, although the morphology seems more 3D rather than 2D For 
samples MX_03 and MX_04, instead, the surface is smoother, but a 
certain coverage by Li2S nanoparticles is still visible. This can confirm 
the significant influence of Ti₃C₂ MXenes, due to their abundant polar 
sites, as effective substrates for lithium sulphide deposition.

The more 3D morphology observed is in contrast with the typical 2D 
morphology favoured by the used electrolyte, as previously stated and 
reported in other experimental studies [93–95] However, the coexis
tence of electron-rich environments and fluorine-modulated sites in 
MXenes can favour 2D–3D hybrid deposition behaviour. Specifically, 
the fluorinated Ti sites can promote polysulphide adsorption and Li2S 
nucleation through enhanced Lewis acidity, while the preserved MXene 
conductive framework guarantees the electron transport during subse
quent Li2S growth. Consequently, a hybrid 2D–3D deposition process 
can alleviate premature surface passivation while maintaining efficient 
Li2S deposition kinetics [92,96–99]

These analyses highlight the relevance of the heterogeneous nature 
of the MXene surface chemistry. In fact, a controlled amount of oxidised 
and fluorinated species can promote stronger adsorption of lithium 
polysulphides while still preserving acceptable electronic conductivity 
[64,81,100] Specifically, increased surface oxygenation enhances sur
face polarity, thereby favouring the interaction with polysulphides. At 
the same time, the relatively lower fraction of fluorinated species helps 
to maintain a sufficiently conductive surface.

In addition to surface functionalisation, the morphology of the 
samples must also be considered. More exfoliated structures with 
smaller particles provide a larger accessible surface area for interaction 

Table 3 
Potential values for anodic and cathodic peaks for symmetrical cyclic voltam
mograms shown in Fig. 4a.

Sample EO1 (V) EO2 (V) ER1 (V) ER2 (V)

MX_01 –0,0694 0108 0,0939 –0103
MX_02 –0,0694 0125 0,0613 –0124
MX_03 –0,0705 0,0896 0,0837 –0,0824
MX_04 –0,0544 0,0917 0,0425 –0,0943

Table 4 
Specific capacity and peak time values derived from chronoamperometric 
deposition curves presented in Fig. 4c.

Sample SC (mAh g–1) tm (s)

MX_01 321,91 114
MX_02 242,81 51
MX_03 201,48 47
MX_04 192,94 73
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with sulphur and lithium polysulphides. Therefore, the electrochemical 
behaviour cannot be attributed solely to surface chemistry; rather, it 
arises from the combined effect of morphology and surface composition, 
both of which are strongly influenced by the etching conditions.

Different surface terminations of MXenes are also known to affect the 
Li2S deposition mechanism. In general, a higher degree of oxidation 
combined with a more irregular and defective morphology may increase 
the density of active sites available for polysulphide adsorption, while 
the specific surface chemistry simultaneously influences the nucleation 
and growth of Li2S [64,100]

3.4. Structural and morphological characterisation of MXene/sulphur 
composites

After characterising the different MXenes and evaluating their 
properties as potential catalytic agents for polysulphides conversion and 
Li₂S deposition, the materials were employed as sulphur hosts in the 
cathode manufacturing process, achieved by finely mixing them with 
sulphur in a ball miller (1 h, 10 Hz; sulphur/MXene ratio of 3:1 wt.%) 
and then performing the melt diffusion process in muffle furnace at 155 
◦C for 5 h in an inert argon atmosphere.

Thermogravimetric analysis (TGA) was performed on MXene/ 
sulphur composites after the melt diffusion process to verify the effective 
content of sulphur in cathodic materials, as reported in Figure S4a–d. 
For all samples the sulphur content is close to the nominal value and 

amounts to 74,9% for MX_01, 75,2% for MX_02, 75,3% for MX_03 and 
74,5% for MX_04. Table S4, reports the temperature interval in which 
sulphur loss occurs for each sample and temperature value corre
sponding to the first derivative minimum and so the highest rate of 
sulphur loss.

Structural and morphological analysis of sulphur-containing 
cathodic materials, were performed through XRD and FESEM. From 
diffraction patterns reported in Figure S5, it is possible to appreciate 
both sulphur and MXenes reflexes. D-spacing values for all the compos
ites were calculated as for the bare MXene phases, showing that the 
infiltration of sulphur between the planes of the material results in a 
more homogeneous spacing (9.65 ÷ 9.70 Å for the different samples). In 
addition, sulphur reflexes are systematically shifted towards lower 2θ 
values because of the crystalline lattice expansion due to the melt 
diffusion process and the interaction with the MXene phase. This 
interaction is clearly visible in FESEM micrographs at 10k and 25k 
magnification shown in Figure S6 and Figure S7, respectively, where the 
sulphur matrix not only incorporates MXene particles, but also pene
trates into their characteristic “accordion-like” structure.

To investigate the nature of this interaction, MXene/sulphur com
posites were also investigated by XPS. Survey spectra in Figure S8a 
(Supporting Information) clearly reveal the presence of sulphur through 
the appearance of S 2p and S 2 s signals, absent in pristine MXenes. High- 
resolution Ti 2p spectra (Fig. 5), in addition to the Ti–C–(O,F) compo
nents discussed before, reveal additional features possibly suggesting 

Fig. 5. MXene/sulphur composite characterisation by XPS. High-resolution Ti 2p spectra recorded for a) MX_01/S8; b) MX_02/S8; c) MX_03/S8 and d) MX_04/ 
S8 samples.
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the formation of hybrid C–Ti–(O,S) environments. Under the synthesis 
conditions employed, it is plausible that a fraction of the oxygen atoms 
in the MXene surface terminations are partially replaced by sulphur 
species, leading to the formation of Ti–S bonds at the surface. Although 
Ti–S–related spectral features cannot be unambiguously distinguished 
from the existing Ti–O/F components in the Ti 2p region, due to their 
strong overlap, their presence is supported by the analysis of the high- 
resolution S 2p spectra. The S 2p fitting in Figure S8b reveals, in addi
tion to the contribution associated with elemental sulphur (S₈), an 
additional S 2p doublet attributed to sulphur bonded to titanium. The S 
2p₃/₂ component is centred at approximately 162.7 eV. This binding 
energy lies within the range commonly reported for Ti–S bonding in 
titanium sulphides and surface Ti–S species (≈162.5 ± 0.2 eV) [23] The 
observation of this feature indicates the formation of Ti–S bonds at the 
MXene surface, consistent with partial substitution of Ti–O terminations 
by sulphur species, as previously reported for sulphur-functionalised 
MXenes and related Ti-based systems [23] The presence of Ti–S 
bonding is particularly relevant for stabilizing sulphur within the com
posite material by providing chemical anchoring sites. In contrast, the 
higher-binding-energy S 2p component observed around ~168 eV is 
attributed to oxidised sulphur species or polysulphide-related environ
ments, likely arising from interactions between sulphur species and the 
surface during the sulphur loading process [101]

3.5. Electrochemical characterisation of Ti3C2Tx samples

Fig. 6a and Fig. 6b show the results of electrochemical character
ization of MXene/sulphur composites obtained for each Ti3C2 sample 
through galvanostatic cycling tests, consisting of 5 cycles at C/10 and 
100 cycles at C/5. To better elucidate the role of different MXene within 
the cathode formulation, the specific capacity and C.E. values were 
averaged over four independent replicates and reported with 95% 
confidence intervals, calculated based on a Student's t-distribution.

As observed, the C.E. shows an unexpectedly high value, around 
120%, during the first cycle, meaning a partially irreversible discharge 
capacity. However, from the second cycle onward, the CE stabilises 
around 99% for all samples, indicating good reversibility of the sulphur 
redox processes. Analysing the first cycle discharge curves reported in 
Fig. 7a (black dotted lines) for each MXene sample, it is clear that the 
irreversible specific capacity delivered is always linked to the first 
discharge plateau, which is correlated to sulphur solubilization from the 
cathode structure and its reduction to soluble polysulphide species. In 
addition, these CE values >100% indicate that, during the first cycle 
discharge, a certain amount of lithium ions diffuse into the cathode but 
they are not released during the charge process. This phenomenon was 
previously observed in lithium-sulphur cells characterised by lean 
electrolyte conditions (E/S of 5 μL mg–1), where the lack of electrolyte 
results in a high concentration of polysulphide species and high viscosity 
of the solution, consequently reducing electrolyte conductivity and 
lithium ions diffusivity [102] In our case, the electrolyte-to-sulphur ratio 
adopted was 15 μL mg–1, so this high value of CE is reasonably ascribable 
to the employment of Ti3C2 MXenes as sulphur host, which tend to 
confine into the cathodic structure polysulphide species, produced 
during the first discharge, thanks to the good affinity with them. On one 
side, this behaviour helps to mitigate the shuttle effect, enhancing cell 
stability, on the other hand, it leads to electrolyte saturation with 
lithium polysulfides, which reduces overall ionic conductivity, limiting 
complete sulphur utilisation and effectively causing the system to 
operate under conditions similar to those observed in lean-electrolyte 
cells.

Specific capacity values were particularly differ during initial cycles 
(around 25 for MX_02 and 50 for MX_04) of the galvanostatic cycling, 
while for the remaining cycles they were more stable and quite similar 
for all MXenes, except for sample MX_01. More in detail, during the first 
five cycles at C/10, adopted here as formation cycles, sample MX_03 
delivers higher performance in terms of specific capacity (around 600 

mAh g–1), followed by MX_02 and then by MX_01 and MX_04. Increasing 
the C-rate to C/5, all MXene-based cathodes, except the one containing 
MX_03, exhibited a rising trend in specific capacity over cycling. This 
behaviour is probably due to the progressive activation and redistribu
tion of active sulphur, resulting from the repeated dissolution and 
redeposition of the active material. Such capacity growing trend ended 
after approximately 25 cycles for MX_02 and around 50 cycles for 
MX_04, while MX_01 showed a continuous growth throughout the entire 
testing period. Another possible hypothesis is that the growth in specific 
capacity during cycling is linked to a dynamic change of cathode 
gravimetric density and porosity during the process induced by elec
trolyte uptake and electrode swelling due to sulphur volume change 
during lithiation and delithiation, as previously observed in lean elec
trolyte systems with DOL/DME solvents, which easily solubilise poly
sulphide species [103] This is consistent with the previous assumption 
about the high observed initial C.E., which suggests a behaviour similar 
to lean electrolyte systems for MXenes.

Another interesting difference among the four samples is the confi
dence interval associated with specific capacity values: the cathode 
containing MX_01 show high variability, especially during the formation 
cycles and after 70 cycles probably due to inhomogeneous and non- 
optimal sulphur distribution within the cathode. In contrast, the com
posites containing MX_02 and MX_04 show high variability during the 
“activation cycles”, but the error bars significantly narrow once stable 
specific capacity values are reached, typically after 40–50 cycles. As an 
example, for sample MX_03 the confidence interval is almost constant, 
showing just a small narrowing trend over the cycles. The differences in 
terms of performance observed among the four materials are probably 
influenced by the dispersion of MXene and sulphur after thermal treat
ment, as shown in the FESEM micrographs reported in Figure S6 and 
Figure S7 discussed previously. In fact, samples with accessible and 
homogeneously distributed Ti₃C₂Tx particles exhibit better electro
chemical performance compared to those in which the lamellar MXene 
structures seem embedded within sulphur aggregates. The different 
distribution and consequent interaction between MXene and sulphur 
implies a different activation period to enable structural reorganization 
of the active material.

However, a direct comparison of the average specific capacity 
values, as shown in Fig. 6b, reveals that sample MX_03 exhibits a higher 
average capacity and a more linear and stable trend compared to the 
other samples. It can be seen that the capacity of MX_03 remains above 
400 mAh g–1 for the entire cycling process. After approximately 25 cy
cles at C/5, sample MX_02 exhibited progressive stabilization, reaching 
specific capacity values, after 100 cycles, only slightly lower than those 
of sample MX_03. In contrast, samples MX_01 and MX_04 showed a 
slower activation process and lower capacity values, suggesting a 
different interaction behaviour with sulphur. This is also evident from 
the histogram shown in Fig. 6c, which compares mean specific charge 
capacity values with their confidence interval among the first, the 
fiftieth and the hundredth cycle at C/5 for the different MXene samples.

To better evaluate the behaviour of different MXenes in the charging 
and discharging process of Li-S cells, charge and discharge profiles of 
different cycles for the more representative cells for each cathode are 
reported in Fig. 7a. For all materials there is an evident polarization 
increment when current intensity is shifted from C/10 to C/5, which can 
also be seen from the wider overpotential ΔE between discharge and 
charge curve. However, a comparison of the charge–discharge profiles 
for the different materials clearly highlights their distinct electro
chemical behaviour, in agreement with the previously discussed results. 
In particular, the profiles of sample MX_01 exhibit significantly higher 
polarization, clearly visible for the 5th cycle (C/5), where the second 
discharge plateau is completely absent. These evident differences among 
the four materials seem correlated with deposition kinetics reported 
before. dQ/dV curves were obtained from charge and discharge curves, 
in order to determine potentials at which electrochemical reactions 
occur and the overpotential (ΔE) between the second reduction peak 
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Fig. 6. a) Charge-discharge specific capacity and C.E. mean values with 95% confidence interval for sulphur composites obtained from each MXene sample b) 
Comparison between charge-discharge specific capacity mean values for composites obtained from each MXene sample c) Comparison between charge specific 
capacity mean values with associated confidence intervals for cycles 1, 50 and 100 at C/5 for each MXene sample.
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Fig. 7. a) Comparison between charge and discharge curves of the 5th cycle at C/10 and of cycles 10, 50 and 100 at C/5 for each MXene sample b) Comparison 
between dQ/dV curves derived from Figure 7Fig. 7a charge-discharge curves for each MXene sample.
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(ER2) and the first oxidation peak (EO1). Fig. 7b shows that only sample 
MX_03 is characterised by a well-defined double oxidation peak, indi
cating a more distinct potential separation for the charging process, 
which is coherent with the highest exchange current density observed in 
the anodic branch of Tafel plot for this sample. In the reduction process, 
all other samples show a slight shift of the first peak potential towards 
lower values. However, the most significant differences are associated 
with the peak corresponding to lithium sulphide deposition. More in 
detail, MX_01 exhibits the most pronounced shift of the lithium sulphide 
deposition peak toward lower potentials already at C/10, while at C/5 
the peak was not detectable and reappeared only after many cycle. In 
contrast, MX_02 and MX_04 show smaller, but still detectable, shifts 
together with lower peak intensities. Table 5 summarises peak potentials 
and ΔE values for the fifth cycle at C/10 and the hundredth at C/5 of 
each sample. MX_02 and MX_03 samples showed lower overpotential 
than the other two MXenes.

The experimental and fitted results obtained from PEIS measure
ments conducted on MXene/sulphur composites-based fresh cells and 
after one discharge and charge cycle are reported as Nyquist plots in 
Figure S9 (a–d for “fresh cells”, e–h for “formed cells”), while the ob
tained resistances values, together with the total resistance, are reported 
in Table S5 for “fresh cells” and in Table S6 for “formed cells”, respec
tively. The equivalent circuits employed for experimental data fitting 
are, instead, displayed in Scheme S1.

For newly assembled cells, the equivalent circuit model adopted is 
the Randles circuit, composed of a resistance named Rel, which accounts 
for bulk electrolyte resistance, followed in series by first a constant 
phase element (CPE, a non-ideal capacitor) with a parallel resistance 
(Cdl//Rct) and then by an impedance element accounting for the semi- 
infinite diffusion process (W). Cdl and Rct, instead, represent electrical 
double-layer capacitance and charge transfer resistance at electrode/ 
electrolyte interface, respectively.

For the impedance spectra obtained from the cells after the dis
charge–charge cycle, named as “formed”, a different equivalent circuit 
model was applied to perform data fitting with the addition of a second 
CPE in parallel with a resistance (Csulf//Rsulf) before the impedance 
element. This couple of parallel elements accounts for the small and 
distorted semicircle that appears at mid and low frequencies after the 
electrochemical activation of the sulphur/electrolyte interface, due to 
the low electrical conductivity of sulphur itself. The formation of this 
new interface just after one discharge and charge cycle could be linked 
to the high C.E. value (around 120%) observed for the first cycle. 
However, the appearance of a second semicircle in lithium-sulphur 
batteries impedance spectra is a commonly observed feature, also 
when C.E. values do not show deviations to the normal behaviour [74,
102]

By carefully analysing the obtained resistance values reported in the 
tables below, other interesting aspects can be observed for all the tested 
MXene samples. Right after cell assembly, bulk electrolyte resistance is 
comparable for all samples apart from MX_04/S8 composite, which 
shows a shifted value, probably due to cables and/or experimental setup 
influence. The charge transfer resistance, instead, slightly varies from 
25.1 to 41.4 Ω. After the applied discharge and charge cycle, the studied 

systems vary consistently: apart from the already discussed appearance 
of a second semicircle in the impedance spectra, all the samples, apart 
from MX_04/S8 show an increased Rel value, in particular for sample 
MX_01/S8. This can be either due to the consumption of different 
amounts of the electrolyte during the very first cycle or to a different 
amount of dissolved polysulphide species, which increase the electrolyte 
viscosity and, therefore, resistance.

All Rct values are significantly decreased after the first cycle, espe
cially for sample MX_03/S8 with a reduction of around 87% if compared 
to the fresh cell, symptom of a significant activation process of the 
electrode/electrolyte interface after electrochemical reactions first 
occurred inside the cell. The resistance related to the sulphur/electrolyte 
interface Rsulf, instead, is below 6 Ω for all samples, with the lowest 
value for sample MX_01/S8, probably because of its stronger interaction 
with sulphur and polysulphide species. However, after the first cycle, 
sample MX_03/S8 presents the lower total resistance.

Fig. 8 shows the results of the ICI test for each MXene/sulphur 
sample (8a–d) and the direct comparison between them of the extracted 
internal resistance (Rint, 8e) and the coefficient of diffusion resistance (k, 
8f), which was demonstrated to be proportional to the coefficient of the 
Warburg impedance [76] Only results for the cell discharge are reported 
since it is the process where the main differences can be observed, while 
all tested samples behave similarly during the charging phase.

As can be seen, the evolution of the internal resistance during 
discharge presents a characteristic pattern with the lowest values at the 
beginning of the discharge, which then increases together with cell State 
of Discharge (SoD, %) reaching a local maximum coincident with the 
supersaturation point of the discharge curve. This is due to the increase 
in the electrolyte resistance because of lithium polysulphides dissolu
tion, whose concentration reaches a peak in correspondence with the 
supersaturation point where the nucleation of Li2S starts. Then the in
ternal cell resistance shows a slight decrease because of polysulphide 
species depletion from the electrolyte, with a successive new increase 
because of the insulating nature of the deposited Li2S solid phase. The 
entity of this low decrease and the new increase is highly dependent on 
the considered sample because of the different interactions with lithium 
polysulphides, together with Li2S deposition kinetics. In fact, sample 
MX_03, which presented the fastest kinetics, is the one with the lowest 
increase in internal resistance both at the supersaturation point and 
during the second voltage plateau. Sample MX_02, instead, has the 
highest Rint value from the beginning of the discharge, confirming the 
results obtained from PEIS analysis, but presents anyway a marked 
resistance reduction following Li2S nucleation thanks to its good depo
sition kinetics, with a subsequent internal resistance increase which 
leads to values comparable to other samples, apart from MX_03, at the 
end of the discharge. This behaviour also seems coherent with the good 
performances shown by this sample in galvanostatic cycling after the 
“activation” period. For samples MX_01 and MX_04, instead, the local 
internal resistance maximum is less evident and more similar to a 
shoulder because of the lower Li2S deposition kinetics.

Considering the evolution of the coefficient of diffusion resistance k 
during discharge, instead, it is possible to note that lower and similar 
values among samples are characteristic for SoD values below 40%, 
while major differences are evident for higher SoD, corresponding to the 
second voltage plateau of the cell. Also for this parameter, the best 
performing sample is MX_03, highlighting the importance of fast Li2S 
deposition kinetics on cell performance. At the end of the discharge, 
anyway, samples MX_02 and MX_03 present similar diffusion resistance 
values, while higher coefficients are obtained for the other two samples, 
consistent with their worse cell performances in galvanostatic cycling.

Based on the results of galvanostatic cycling, PEIS and ICI tests 
together with the analysis of the lithium sulphide deposition process and 
the evaluation of the catalytic effects of the different MXenes, sample 
MX_03 was identified as the most promising candidate. Consequently, 
cells containing MX_03 were subjected to extended cycling at C/5 for 
500 cycles and directly compared to a reference cell using KJB/sulphur 

Table 5 
Peak potential and overpotential values for cycle 5 at C/10 and 100 at C/10 
derived from dQ/dV curves shown in Fig. 7b for each MXene sample.

Sample Cycle ER1 (V) ER2 (V) EO1 (V) EO2 (V) ΔE (mV)

MX_01/S8 5 2272 1991 2293 - 136
100 2272 1978 2315 - 113

MX_02/S8 5 2282 2090 2289 - 57
100 2287 2057 2292 - 73

MX_03/S8 5 2293 2096 2317 2248 73
100 2286 2080 2327 2250 69

MX_04/S8 5 2274 2086 2302 - 83
100 2273 2059 2298 - 93
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as the cathode material.
As reported in Fig. 9a, the MXene-based cell delivered a lower spe

cific capacity (500 mAh g–1) during formation cycles if directly 
compared with KJB/sulphur cell (1000÷1100 mAh g–1). Nevertheless, 
in the subsequent cycles, the cell containing the MX_03/sulphur cathode 
showed remarkable stability throughout the entire test at C/5, main
taining a specific capacity of 400 mAh g–1 after 500 cycles. In contrast, 
KJB/sulphur reference cell underwent a drastic and continuous capacity 
decline over cycling. As expected, this rapid capacity fading led to the 
failure of the KJB/sulphur cell after just over 350 cycles, whereas the 
MXene-based cell remained active even after 500 cycles.

Fig. 9d reports the charge–discharge profiles for both MX_03/S₈ and 

KJB/S₈ cathodes, including the 1st and 5th formation cycles at C/10 
(represented by dotted black and grey lines, respectively), the 10th 
cycle, and every 50th cycle at C/5 up to the end of the test for the 
MXene-based sulphur composite and until cell failure for the KJB-based 
cathode.

Focusing on the forming cycles at C/10, only in the case of MX_03 a 
consistent difference between the 1st and the 5th cycles is visible, 
consistent with what was previously discussed when comparing the four 
different MXene cathodes. In contrast, the KJB initial profiles are nearly 
overlapping, suggesting that the cell does not behave as if operating 
under lean-electrolyte conditions. This further supports the conclusion 
that the intrinsic differences between the host materials, especially 

Fig. 8. Results obtained for the ICI test performed on a) MX_01/S8 composite; b) MX_02/S8 composite; c) MX_03/S8 composite; d) MX_04/S8 composite; e) internal 
resistance evolution during discharge for each MXene/sulphur composite; f)) coefficient of diffusion resistance evolution during discharge for each MXene/ 
sulphur composite.
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Fig. 9. a) Comparison between charge and discharge specific capacity values obtained from long cycling tests (5 cycles at C/10 + 500 at C/5) for KJB and MXene- 
containing sulphur composites; b) C.E. values calculated as discharge/charge specific capacities for cells presented in Figure 9a; c) Capacity retention calculated 
every 25 cycles at C/5 for MXene/sulphur and KJB/sulphur cathodes; d) Comparison between charge and discharge curves of the 1st and 5th cycle at C/10 (dotted 
lines) and of cycles 10, 50, 100, 150, 200, 250, 300, 350, 400, 450 and 500 at C/5 for MX_03 and KJB containing sulphur composites.
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porosity, have a significant impact on the final properties of the elec
trode and, consequently, on the overall performance of the cell.

After the C-rate increment, the MXene-based cell exhibits a greater 
loss in specific capacity compared to the KJB-based cell. This behaviour 
is mainly attributable to the lower conductivity. Despite this, the supe
rior stability of the MXene/sulphur composite is also evident from the 
charge–discharge profiles. In fact, for MXene/sulphur cathode, the 
overall profile does not change significantly, especially after 200 cycles, 
and the ΔE between charge and discharge curves seems almost constant. 
For KJB/sulphur cathode, instead, charge and discharge profiles un
dergo visible alteration during cycling and especially after 100 cycles 
with a growing ΔE separation and the progressive loss of the second 
discharge plateau. This confirms that the strong interaction between 
MXene and sulphur, while limiting the full utilization of the active 
material specific capacity also because of the strong Ti–S bonds forma
tion, enhances the reversibility of the redox process and significantly 
stabilises the electrochemical performance in terms of capacity retention 
during long-term cycling.

This hypothesis is also supported by Fig. 9b, where the C.E. values of 
KJB and MX_03 sulphur cells are shown, and by Fig. 9c, which displays 
capacity retention for both types of lithium-sulphur cell at every 25 
cycles at C/5. CE values for MXene/sulphur-based cells are stable, 
fluctuating between 99 and 100%, while the KJB/S cell shows a broader 
distribution of CE values, which progressively decline during cycling, 
dropping below 98% before cell failure. The evolution of capacity 
retention, evaluated considering charging steps and plotted every 25 
cycles at C/5 in Fig. 9d, also confirms that using Ti3C2 MXenes as 
sulphur host enables to obtain higher stability: the final value after 500 
cycles settles around 73% of the initial charge capacity at C/5, while 
using KJB as host a just 62% retention was found after 350 cycles, just 
before the cell end-of-life.

Furthermore, capacity fade of the two analysed sulphur hosts was 
also assessed by a linear regression of charge specific capacity values 
recorded every 25 cycles at C/5, as in both cases data show a pseudo- 
linear descending trend, as reported in Figure S10. Also, this kind of 
analysis agrees with the previous ones as the interpolated slope modulus 
for KJB/S8 is almost four times the one obtained from Ti3C2-containg 
cell data, showing a higher rate of capacity decay.

4. Conclusions

In this work, four different Ti3C2Tx MXenes were systematically 
studied as sulphur hosts for lithium-sulphur batteries with the specific 
aim of elucidating the role of the different etching conditions on poly
sulphides interaction and sulphur redox kinetics. By varying tempera
ture, time and HF concentration, a series of Ti3C2Tx MXenes with 
comparable crystallographic structures, but distinct fluorinated and 
oxygenated content were obtained, allowing structural and chemical 
effects to be evaluated separately.

Electrochemical results showed that although the synthesis param
eters were not changed drastically, clear differences are appreciable, 
where the extent of interaction with lithium polysulphide species and 
their conversion reaction kinetics, together with lithium sulphide 
deposition, are influenced by the slightly different morphological 
properties such as particle size distribution, D-spacing between planes in 
the material and surface functionalisation. In this case, a crucial role is 
attributed to the detected oxyfluoride species, in particular for sample 
MX_03, which is obtained through a longer, but milder synthesis. 
Comprehensive physicochemical and electrochemical analyses demon
strate that the surface chemistry of MXenes critically regulates the bal
ance between lithium polysulphide trapping and electrochemical 
conversion. In particular, Ti–F-rich surfaces exhibit strong polysulphide 
adsorption, effectively mitigating the shuttle effect, but it can hinder the 
nucleation of Li₂S and the overall electric conductivity. Conversely, 
MXenes with a more balanced surface environment promote faster 
sulphur reduction kinetics and more homogeneous Li₂S deposition.

The different properties also affect sulphur distribution and inter
action after the melt diffusion process, with the formation of Ti–S stable 
bonds highlighted by XPS analysis. This strong interaction is crucial for 
the stabilisation of the cathodic material in the lithium-sulphur system, 
which in the case of MXene-based composite materials deliver stable 
specific capacity and C.E. values (> 99%) up to 500 cycles, with an 
extremely low capacity loss per cycle (< 0.27 mAh g-1), while a standard 
KJB/sulphur cathode showed a limited cell life of around 350 cycles 
with a higher capacity decay (> 1.15 mAh g-1).

Overall, this study supports the relationship between synthesis con
ditions, surface terminations, and electrochemical activity of Ti3C2Tx 
MXenes in lithium–sulphur batteries. Starting from these consideretions, 
further studies could concentrate on the fine tuning and engineering of 
MXenes morphological and chemical properties to balance key factors 
such as lithium polysulphides adsorption, redox conversion kinetics, and 
lithium sulphide deposition, enabling better stability in Li-S systems.
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