
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.

L.A. Luciano et al.                                                                                                                                                                                                                              Chemical Engineering Journal Advances 27 (2026) 101260 

13 



(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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