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Synthesis of tubular MXenes with carbon
fiber template and use as anodes in
lithium-ion batteries
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Filipa M. Oliveira 1 , Bing Wu1, Vlastimil Mazánek1, Vojtěch Kundrát2,3, Kristýna Bukvišová2,4,
Lothar Houben5, Zdeněk Sofer 1 & Jesus Gonzalez-Julian 6

Shaping the morphology of 2D materials is essential for tuning their properties. This is especially true
forMXenes, a classof 2Dmaterials, as finemorphological control is the key to unlocking their potential.
Here, Ti3C2Tx MXene is synthesized using carbon fibers as both the carbon source and template,
creating aunique tubularmorphologywhere theMXene layers align along the tube. The tubular Ti3C2Tx
MXene and corresponding precursor MAX phase are synthesized by molten salts shielded synthesis
method in air. Comprehensive characterization confirms that the MXene retains the tubular structure
conferred by the carbon fiber. Preliminary electrochemical measurements as an anode material in
lithium-ion batteries show an initial discharge capacity and good rate performance at a high current
density, indicating potential for high-power applications. Furthermore, this tubular morphology opens
new possibilities for MXenes in gas sensing, liquid filtration processes, and other applications that
require fast diffusion.

MXenes, a unique class of two-dimensional (2D) transition metal nitrides
and carbides, have rapidly attracted significant interest since thediscoveryof
the first MXene (Ti3C2Tx) in 20111. The precursor materials, known as
MAX phases, are layered transition metal compounds with the general
formula Mn+1AXn, where “M” represents a transition metal, “A” is an
element (typically aluminum or silicon), and “X” is carbon and/or nitrogen.
The variable n (ranging from 1 to 4) specifies the number of M-layers
separating the A-layers2,3. MAX phases are known for their remarkable
combination of properties, including high electrical and thermal con-
ductivity, excellent machinability, thermal shock resistance, and damage
tolerance, alongwith the inherent benefits of ceramics, such as highYoung’s
modulus, oxidation resistance, lightweight, and stability at elevated
temperatures4. TheMXenes results fromthe selective etchingof “A” element
in the precursorMAXphase1, so the chemical formulaMn+1XnTx, where Tx

stands for surface termination groups such as -Cl, -F, -O, or -OH5. This
selective etching results in a 2D material with electrically conductive
properties, a large surface area, and hydrophilicity,makingMXenes suitable
for a wide range of applications such as energy conversion and storage6,
catalysis7, electromagnetic interference shielding8, and sensors7,9.

The quality and performance of MXenes are intrinsically linked to the
properties of the precursor MAX phase, emphasizing the importance of
optimizing MAX phase synthesis. The synthesis of MAX phases typically
requires high temperatures and, in some cases, high pressures, which can
limit the control over particle size and morphology. Molten salt (MS)
synthesis has emerged as a versatile method to address these challenges,
providing a medium for enhanced ion diffusion and reaction kinetics,
reducing the synthesis temperature4. The carbon source is another critical
factor that influences the synthesis and characteristics of theMAXphases. It
serves as a template during synthesis, significantly affecting the features of
MAX phase powders and the resulting MXenes.

Traditionally, graphite has been used as the carbon source in synthe-
sizing carbide-MAX phases due to its availability and low price4, typically
producing micrometer-sized particles. However, the potential for alter-
native carbon sources with different shapes, sizes, and morphologies
remains underexplored. Investigating these alternatives could allow finer
morphological control and properties inherent to the selected carbon allo-
trope. Recent research has addressed this by using alternative carbon pre-
cursors to prepare MAX phases with distinct morphologies, such as
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nanosizedTi3AlC2 powders using acetylene blackas the carbonprecursor in
molten salts under argon (Ar), with the corresponding MXene obtained in
hydrofluoric acid solution10. Hollow Ti3AlC2 microrods were also synthe-
sized inNaCl–KClmolten salts inAr11. In thework byGogotsi and Simon12,
single-walled carbon nanotubes and graphene aerogel as carbon precursors
allowed the synthesis of nanostructured Ti2AlC and Ti3AlC2 MAX phases,
respectively, inNaCl–KClmolten salts, all under anatmosphereofAr. In the
same study, the corresponding MXenes were also obtained in MS, specifi-
cally CuCl2 and eutectic LiCl–KCl, under an atmosphere of Ar. The shape
and size of the precursorMAXphase directly influenced the diffusion paths
and surface area of the resulting MXenes, which are crucial for energy
storage applications. These nanosized precursors enabled shorter ion dif-
fusionpaths during etching.They enhanced theperformanceof theMXenes
in electrochemical lithium-ion storage applications, highlighting the critical
relationship between the morphology of the precursor and the functional
properties of the resulting MXenes. Beyond Ti-Al-CMAX phases, Cr2GaC
MAX phases with distinct shapes, including thick films, dense micro-
spheres, and hollowmicrospheres, were also synthesized using biopolymer-
derived carbon sources in a sol-gel-assisted synthesis13. All these studies
further confirm that the carbon precursor significantly influences the
morphology of the synthesized MAX phases, serving as a template for the
growth mechanism.

Given the promising potential of alternative carbon sources, we extend
this approach by exploring using micro-sized carbon fibers (CF) as both a
carbon source and template in synthesizing the Ti3AlC2 MAX phase to
achieve an MXene with a tubular structure. It is well-known that CF offer
several advantages, including high stiffness, strength, and corrosion resis-
tance, enhancing thepropertiesof the resulting synthesized compounds.We
employ themolten salt shielded synthesis (MS3)method in air14, withKBr as
the reaction medium for the synthesis of the MAX phase and CuCl2 as a
Lewis acid etchant for the preparation of MXene15,16, where the reaction
medium is a shield to prevent the oxidation of theMAX phase andMXene.
In particular, the entire process is carried out in the air without using
protective atmospheres such as Ar, simplifying the procedure, making it
accessible to any research laboratory equipped with only a furnace, and
significantly reducing costs. This allows for the potential reduction of the
environmental impact compared to traditional methods.

Our results demonstrate thatCFas a carbon source allows synthesizing
a rod-like hollow Ti3AlC2 MAX phase, with the corresponding MXene
retaining this unique tubular structure. This achievement in the synthesis of
MXenes was confirmed by comprehensive morphological and structural
characterizations using X-ray diffraction (XRD), X-ray photoelectron
spectroscopy (XPS), scanning electron microscopy (SEM), and transmis-
sion electron microscopy (TEM). Preliminary electrochemical testing fur-
ther indicates that this tubular MXene exhibits promising potential as an
anode material for lithium-ion batteries, highlighting its structural advan-
tages for applications requiring high surface area and efficient ion transport.

Results and discussion
Synthesis of Ti3AlC2 MAX phase
The Ti3AlC2 MAX phase was synthesized using the molten salt shielded
synthesis (MS3) method, as detailed in the Experimental section, with car-
bon fibers (CF) as the carbon source. Themicrostructure of theCF is shown
in Supplementary Fig. 1, clearly observing short CF powders with a
homogeneous rod-like morphology.

The synthesis of the Ti3AlC2 MAX phase using CF as a carbon source
was systematically investigated and optimized by varying themolar ratios of
Al and C and the dwell time. This variation was necessary because Al has a
low melting point of 660 °C, leading to partial evaporation at elevated
temperatures, which requires adding up to 20% excess to compensate4.
Additionally, carbon often does not fully react to formTi3AlC2, resulting in
secondary phases like titanium carbide (TiC), so the carbon content is
typically reduced to a nonstoichiometric ratio to minimize this17. These
factors are well-known when using graphite, a typical carbon source for
synthesizing Ti3AlC2. However, given the different morphology and

structure of microsized CF compared to graphite, it is essential to under-
stand how CF affects the formation of expected microsized Ti3AlC2 rods.
Therefore, four different ratios were investigated: Ti3Al1.1C1.8, Ti3Al1.2C1.8,
Ti3Al1.1C1.9, and Ti3Al1.2C1.9. Supplementary Table 1 summarizes the var-
ious conditions set for the syntheses. Syntheses were performed at 1250 °C
with a dwell time of 7 h.

Supplementary Fig. 2 shows X-ray diffraction (XRD) patterns of syn-
thesized MAX phases under different stoichiometries, and Supplementary
Fig. 3 presents SEM micrographs that provide a detailed view of the mor-
phological evolution of these phases.

For Ti3Al1.1C1.8, the SEM images (Supplementary Figs. 3a, b) show a
mixture of typical layered MAX phases and poorly defined microsized
tubular structures. The compound appears heterogeneous, indicating an
uneven formation of tubular-like structures. The XRD pattern (Supple-
mentary Fig. 2) shows diffractions for Ti3AlC2 corresponding to planes
(002), (004), (101), and (104), respectively (powderdiffractionfile (PDF)00-
052-0875). However, it reveals the presence of Ti2AlC (PDF 00-029-0095)
with a diffractionpeak at 13.0990° corresponding to the (002) plane andTiC
(PDF 03-065-8805) with peaks at 36.0893° and 41.8750° corresponding to
the (111) and (200) diffraction planes, respectively. Increasing the Al con-
tent to 1.2 (Ti3Al1.2C1.8) led to a pronounced tubular-like structure (Sup-
plementary Fig. 3c, d). This improvement is attributed to the enhanced
homogeneity in the MAX phase, as higher Al content facilitates diffusion
during synthesis. This ensuresmore consistent reactions betweenTi,Al, and
CF, promoting the formation of a uniform tubular structure around the CF
template. The observed improvements support the critical role of controlled
synthesis conditions in achieving well-defined tubular structures.While the
morphology is not a perfectly round tube, it significantly improves com-
pared to the Ti3Al1.1C1.8 sample. The XRD pattern still shows the coex-
istence of Ti2AlC, indicating an incomplete phase transformation. Still, the
improved homogeneity likely aids in the gradual transformation of TiC and
Ti2AlC into Ti3AlC2, further supporting the development of a tubular
morphology. Increasing the C content to 1.9 while maintaining Al at 1.1
(Ti3Al1.1C1.9) resulted in a mixture of typical layered MAX phases and rod
structures (Supplementary Fig. 3e, f). The XRD pattern (Supplementary
Fig. 2) showsadecrease in thepeak intensity at 9.7290° for theTi3AlC2MAX
phase and an increase in the peak intensity for TiC at 36.1516° (111) and
41.9449° (200). This result confirms that excess carbon promotes the for-
mationofTiCat the expense ofTi3AlC2. The rod-like structure is evident for
the Ti3Al1.2C1.9 MAX phase (Supplementary Fig. 3g, h), similar to the
morphology observed for the Ti3Al1.1C1.9 compound (Supplementary
Fig. 3e, f).

Recognizing the advantages of tubular morphology for applications
that require continuous carrier transport and a significant interface with
active sites, we focused on the Ti3Al1.2C1.8 compound, which supports the
formation of these tubular structures. We hypothesized that extending the
synthesis timemight result in amorehomogeneousandwell-definedmicro-
sized tubular MAX phase. The elemental mapping of the compound
Ti3Al1.2C1.8 (Supplementary Fig. 4) confirms the presence of Ti, Al, and C,
another evidence that themolar ratio of 3:1.2:1.8 (Ti: Al: C) allows obtaining
a homogeneous distribution of the elements within the MAX phase. The
peak observed at 2.035 keV is related to the W coating used to prepare the
SEM-Energy-dispersive X-ray spectroscopy (EDS) sample. Therefore, we
extended the dwell time to 10 h for that composition (Supplementary
Table 1).

TheXRDpattern for theTi3Al1.2C1.8 compound synthesizedwith 10-h
dwell time at 1250 °C is shown in Fig. 1a. The diffraction peaks at 9.5566,
19.1404, 34.0409, and 39.0246° correspond, respectively, to the character-
istic diffraction planes (002), (004), (101) and (104) of the Ti3AlC2 MAX
phase (PDF 00-052-0875)18. SEM analysis revealed a more homogeneous
andwell-formed tubular structure (Fig. 1b, SupplementaryFig. 5) compared
to the 7-hour dwell time sample (Supplementary Fig. 3c). It is also observed
that in the correspondingMAXphase synthesizedwith a 7-hour dwell time,
there is a higher presence of tiny grains that facilitate the initial formation of
the tubular structure. However, with the extended 10-hour dwell time
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(Fig. 1b), these smaller grains appear to have fused into more significant
layers, likely forming amore continuous and organized layeredMAXphase
structure. This transformation may be attributed to the prolonged reaction
time, which allows the grains to grow and coalesce, resulting in a more
definedand stable tubularMAXphase.Elementalmapping (Fig. 1c) shows a
uniform distribution of Ti, Al, and C elements.

These findings identified the optimal synthesis conditions to obtain a
homogeneous tubular Ti3AlC2 MAX phase as a Ti: Al: C molar ratio of
3:1.2:1.8 with a dwell time of 10 hours at 1250 °C. Beyond the synthesis
parameters, the controlled morphology of the resulting tubular-like
structures is attributed to the use of CF. The carbon precursor acts as a
template, as observed in other studies investigating the influence of dif-
ferent carbon sources used as templates for the growth of MAX phases10–13.
For example, in the synthesis of Ti3AlC2 using rGO nanoflakes, it was
observed that Ti2AlC grains further react with TiC to form the final
product Ti3AlC2

12. In our work, the formation mechanism of a hollow
structure also includes reactions between TiC and Ti2AlC, which has been
discussed previously11. Once KBr and Al melt, Ti particles dissolve into the
MS medium as the temperature rises. The dissolved Ti and Al atoms
diffuse to the CF surface, where reactions between Ti, Al, and C initiate the
formation of a TiC/Ti2AlC shell around the CF. As the reactions progress,
carbon atoms from the CF diffuse outward through the TiC/Ti2AlC shell,
reacting with Ti and Al atoms on the outer surface. This diffusion process
leads to the development of a hollow tubular structure. With further
temperature increases, TiC and Ti2AlC react to form Ti3AlC2, completing
the transformation into a tubular Ti3AlC2 MAX phase. Our experimental
results align with this mechanism. The XRD patterns of the MAX phases
synthesized with a 7-hour dwell time (Supplementary Fig. 2) show the
coexistence of Ti2AlC and TiC, while the extended 10-hour dwell time
facilitates their transformation into Ti3AlC2. SEM images (Supplementary
Fig. 3) reveal that the micro-rods initially comprised several ceramic grains
that formed around the CF, which acted as a template. These grains
coalesce into a more continuous tubular structure with prolonged reaction
time. The diffusion of Ti and Al atoms on the CF surface is facilitated by
the MSmedium, which forms the TiC/Ti2AlC shell and drives the reaction

toward the formation of the tubular Ti3AlC2 MAX phase (Fig. 1b)11. It is
also suggested that an increased amount of Al enhances the diffusion of
elements, enabling the formation of hollow microsized Ti3AlC2 MAX
phases. Moreover, the presence of MS facilitates the ion diffusion and the
formation of these tube-like geometric structures, further confirming that
the MS methods enhance the reaction kinetics in the synthesis of MAX
phases.

Finally, the rate-limiting step in the synthesis is primarily governed by
the diffusion kinetics of Ti, Al, and CF within the MS medium and their
interactions with the CF template. While the MSmedium provides a liquid
environment that enhances ion mobility and accelerates reaction rates, the
overall synthesis remains constrained by the atomic diffusion across the
TiC/Ti2AlC shell formed on the CF surface. This diffusion process, critical
for achieving the tubular morphology, highlights the correlation between
synthesis parameters such as dwell time and the MS medium; thus,
extending the dwell time to 10 hours significantly improved diffusion effi-
ciency, resulting in a more homogeneous and well-defined tubular Ti3AlC2

MAX phase.
Beyond the tubularmorphology achieved in this study, the approachof

using CF as both a carbon source and template highlights the versatility of
this synthesis method. Given the demonstrated role of carbon precursors in
shaping MAX phases, as discussed in previous studies10–13, our results
reinforce this concept and show that CF enables the formation of a well-
defined tubularmorphology. These findings confirm that thismethodology
can be extended by selecting appropriate templates to synthesize MAX
phases andMXenes with tailoredmorphologies, such as circular, spherical,
or other shapes. Tailoring the shape and structure of the precursor can
unlocknewpossibilities fordesigningMXeneswithoptimizedproperties for
a wide range of applications.

Synthesis of Ti3C2Tx MXene
With this understanding of morphology control, the next step was to
selectively etch theTi3AlC2MAXphase to obtain the corresponding tubular
Ti3C2TxMXene. This process was carried out using the MS3 in-air method
with CuCl2 as the Lewis acid etchant16,19.

Fig. 1 | Characterization of Ti3AlC2 MAX phase synthesized at 1250 °C with a dwell time of 10 h by molten salts in air. a X-ray diffraction pattern; b scanning electron
microscopy micrograph and respective, c elemental mapping.
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Figure 2 presents the results of the morphological and structural
characterization results for the synthesized Ti3C2Tx MXene derived from
the corresponding tubular Ti3AlC2 MAX phase (Fig. 1), which was syn-
thesized at 1250 °C with a dwell time of 10 h using the MS3 method in air.
The XRD patterns in Fig. 2a show a peak shift in the (002) plane from
9.5566° (Ti3AlC2) to 8.0421° (Ti3C2Tx) and in the (004) plane from19.1404°
(Ti3AlC2) to 16.0851° (Ti3C2Tx), indicating an enlarged lattice parameter.
The absence of the characteristic sharp peak (104) at 39.0246 ° for theMAX
phase, which is due to the presence of Al, confirms the etching of Al and the
obtaining of MXene layers. These changes in the diffraction patterns con-
firm the etching of the MAX phase. Cubic TiC was also identified with
diffractions at 36.0316 ° and 41.8392 °. The SEM image of Ti3C2TxMXene
(Fig. 2b) reveals a well-defined 2Dmorphology and the tube-like geometry
conferred by the CF used in the synthesis of the MAX phase. The layers of
Ti3C2Tx MXene appear large, smooth and flat, indicative of the greater
surface area typically associated with 2D materials.

In contrast, theMAX phase tubes exhibit a different morphology. The
SEM images of the initial MAX phases synthesized (Supplementary Fig. 3)
show that these tubes are composedof grains that aggregate to formahollow
structure. This particulate assembly gives the tubes a characteristic rough
and uneven surface. After extending the dwell time to 10 hours, as men-
tioned earlier, these smaller grains appear tohave fused intomore significant
layers, likely forming amore continuous and organized layeredMAXphase
structure (Fig. 1b). Upon etching of the Al from theMAXphase, significant
morphological changes occur. The etching process disrupts the tightly
packed crystalline structure of Ti3AlC2, leading to the obtaining of MXene
layers. These formed MXene layers are flat and display a coherent planar
structure, unlike the rough, particle-based structure of the MAX phase
hollows. This transformation can be attributed to the removal of Al, which
allows the Ti and C layers to separate more easily, forming smoother and
more contiguous layers. With the small particles and grains attached to the
surface and the Al interlayers removed from the parent MAX phase during
the etching process, the resulting tubular Ti3C2Tx MXene appears to have
smoother, cleaner and loosely packed layers. The well-defined tube-like
structure of theMXene highlights the fact that the high-qualityMAX phase
directly influences the structural integrity and performance potential of the

MXene. After etching, the tubular morphology was retained, which offers
significant benefits for targeted applications. Specifically, the tubular
architecture increases the accessibility of MXene layers by exposing a larger
surface area, reducing diffusion distances, and enabling more efficient
transport. The high specific surface area also increases the number of
accessible active sites for ion and electron interactions, facilitating improved
charge transfer kinetics. For instance, the hollow core can allow electrolyte
infiltration in electrochemical applications, ensuring efficient mass trans-
port to active sites and reducing concentration polarization during reac-
tions. Beyond energy storage, the tubular morphology can facilitate rapid
diffusion in gas separation and liquid filtration processes. In sensing
applications, the high surface area and open geometry allow direct exposure
of active sites, enhancing sensitivity and response times. Similarly, the
tubular structure in catalysis could provide multiple accessible active sites
and efficient reactant transport, optimizing reaction kinetics.

The EDS elemental mapping (Fig. 2c-e) confirms a homogeneous
distribution of Ti and C within MXene. The presence of Cl in the EDS
spectrum (Fig. 2c) results from using CuCl2 as the Lewis acid, confirming
the Cl as surface terminals. The homogeneous distribution of Cl in the
elemental mapping (Fig. 2e) represents 12.9 wt.% (Fig. 2d). Oxygen, mea-
sured at 23.1 at.% (Fig. 2d), could arise from ammonium persulfate (APS)
washing, which removes Cu and results in the addition of O-based surface
groups16. The removal of Cu is evidenced by the absence of peaks (Fig. 2c) at
typical X-ray wavelengths of Cu (Lα = 0.93 keV, Kα = 8.04 keV, and
Kβ = 8.91 keV)20. The remaining measured Al (0.5 wt.%, Fig. 2d) can be
attributed to Al atoms trapped between layers during the etching process,
depositedon the surface ofMXene, or originating fromAl2O3 residues from
the MAX phase21. The trace of S (Fig. 2c, d) is related to using APS to wash
MXene and remove Cu. As for the MAX phase, the presence of W is
attributed to the coating used for SEM-EDS measurements.

Additionally, to further explore themorphology and internal structure,
the tubular MXene was investigated by High-Resolution Scanning Trans-
mission Electron Microscopy (HRSTEM) (Fig. 3). The lift-out procedure
was targeted right to the middle of the microtube, allowing visualization of
its cross-section. Therefore, the measurement provided a visualization of
two columns with spacing in between corresponding to the tube cavity

Fig. 2 | XRD and SEM-EDS characterization of
tubular Ti3C2TxMXene synthesized at 700 °Cwith
a dwell time of 40minutes by molten salts in air.
a X-ray diffraction pattern compared to the pre-
cursor MAX phase; b scanning electron microscopy
micrograph showing tubularmorphology; cEnergy-
dispersive X-ray spectroscopy (EDS) spectra com-
pared with the precursor MAX phase; d elemental
EDS quantification of elements (at. %) and
e elemental mapping of elements in theMXene. The
scale bar in (e) denotes 1 µm.
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(Fig. 3a), emphasizing the hollow tubular morphology maintained after
etching. The layered structure with several macroscopic cavities between
layers is evident from the low-magnification image (Fig. 3a).

Figure 3b and Fig. 3c present the TEM bright-field imaging of the
MXene layers in the cross-section, revealing the formation of wrinkles
and providing a detailed look at the layered structure. A close-up of
these layers (Fig. 3c) further illustrates the well-defined interlayer
arrangement.

A detailed HRSTEM-High-Angle Annular Dark-Field (HAADF)
image of the MXene tube segment (Fig.3b-d) offers an in-depth view of the
layered structure, showing the formation of wrinkles (Fig. 3b) and revealing
an interlayer spacing of 1.1 nm between layers (Fig. 3d). The corresponding
elementalmapping (Fig. 3e) and intensityprofiling (Fig. 3f) further elucidate
the distribution of elementswithin the structure. TheHAADF signal, which
is sensitive to atomic number, aligns closely with the positions of titanium
(Ti) atoms, confirming the periodic arrangement of Ti layers. The chlorine
atom (Cl) signal is prominently located on the edges of the individual layers,
supporting the existence of -Cl terminations on theMXene surface. This is a
direct result of the etching process using CuCl2, which facilitates the
introduction of Cl surface terminations.

The retention of the tube-shaped morphology and the distribution of
elements observed in HRSTEM are other evidence of the successful
synthesis of tubular Ti3C2Tx MXene. The careful synthesis conditions,
including the use of CF as a template and theMS3 method in air, contribute
to creating this unique structure, which combines the advantageous prop-
erties of MXenes with the potential structural benefits conferred by the
tubular shape.

The surface chemistry of the tubularMXenewas further investigated in
greater detail by X-ray photoelectron spectroscopy (XPS), Supplementary
Fig. 6-9. First, the precursor MAX phase was analyzed. Initial XPS analysis
revealed the presence of a thick layer of adsorbed species such as hydro-
carbons, CO2, or H2O on its surface, which hindered the signal from other
elements (Supplementary Fig. 6a). Ar sputtering was performed to remove
these adsorbates. Subsequently, nitrogen appeared in the survey spectrum
(Supplementary Fig. 6b), likely originating from the residual atmosphere. A
comparison of the survey spectra from all processing steps (Supplementary
Fig. 6), including the analysis before (Supplementary Fig. 6c) and after
(Supplementary Fig. 6d) the APS washing step, highlights the transforma-
tion in surface chemistry from the MAX phase to the tubular MXene,
emphasizing the changes in elemental composition. During the etching

Fig. 3 | Transmission electronmicroscopy analysis of the cross-section of tubular
Ti3C2Tx MXene. a Low magnification scanning Transmission Electron
Microscopy-High Angle Annular Dark-Field (TEM-HAADF) image showing the
tube cross-section, with two columns representing the MXene structure and the
central space indicating the tube cavity; b TEM bright-field image displaying the
MXene layers in the cross-section, and c its detailed image; d High-Resolution

Scanning Transmission Electron Microscopy (HRSTEM)-HAADF image of the
MXene cross-section, showing the interlayer spacing; eHRSTEM-Energy-dispersive
X-ray spectroscopy elemental mapping of Ti and Cl within the structure, and
respective f periodicity of the HAADF signal profile corresponding to the dis-
tribution of Ti and Cl across the layers. The yellow arrow in e corresponds to the
signal profile.
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process, copper (Cu) was adsorbed on the surface of MXene (Supplemen-
tary Fig. 6c, Supplementary Fig. 8f) due to the use of CuCl2. However, APS
treatment effectively removedCu fromtheTi3C2TxMXene (Supplementary
Fig. 6d). The trace amount of S observed in the Ti3C2Tx MXene survey
spectrum (Supplementary Fig. 6d) is attributed to the APSwashing process,
which effectively removed Cu, as indicated by both EDS (Fig. 2c) and the
absence of Cu peaks in the survey and HR spectrum (Supplementary
Fig. 6d, S9f).

The survey spectra (Supplementary Fig. 6) also confirm the presence of
aluminum in all samples; however, its concentration is significantly lower in
the Ti3C2Tx MXene samples (Supplementary Fig. 6c, d) compared to the
initial MAX phase (Supplementary Fig. 6b). This reduction indicates suc-
cessful exfoliation, asmost aluminum is removedduring etching, consistent
with the EDS analysis (Fig. 2c, d). The remaining aluminum in the MXene
samples is likely present as adsorbed species on the surface.Additionally, the
HRAl 2p spectra (Supplementary Figs. 7b, 8c and 9c) reveal that all detected
aluminum is in the form of Al2O3, which contributes to the higher oxygen
concentration in the Ti3C2Tx MXene.

The survey spectrum of Ti3C2Tx MXene (Supplementary Fig. 6d)
confirmed the presence of Cl with peaks at 200.6 and 199.0 eV (Supple-
mentary Fig. 9d), confirming the presence of Ti–Cl bonds15. These surface
terminations align with the elemental mapping results by EDS (Fig. 2c-e)
and HRSTEM-HAADF analysis (Fig. 3e), indicating the successful intro-
duction of Cl groups during the etching process.

TheHRTi 2p and C 1 s spectra of the tubularMAX phase andMXene
(before and after the APS washing step) were deconvoluted into several
binding states (Supplementary Fig. 7-9). In XPS of Ti, the binding energies
of individual bonding states can vary slightly between different samples.
Depending on the surrounding matrix and the degree of oxidation, more
oxidized regions, such as TiO2 or suboxides, can exhibit different charging
behaviors compared to bare MXene. These variations in surface charging
can shift the binding energy positions, leading to slight differences in peak
positions between samples. Differences in defects, stoichiometry, and sur-
face contamination can further influence these energy shifts. Spin-orbit
splitting for Ti also varies between binding states, typically around
6.0–6.1 eVformetallicTi and5.7–5.8 eV forTiO2

22. In theTi 2p spectrumof
theTi3C2TxMXene afterAPSwashing (Supplementary Fig. 9a), the peaks at
454.7, 456.5, and 458.5 eV correspond to the 2p3/2 spin-orbit component of
the Ti–C (I), Ti–C (II) and Ti–C (III) bonding states, representing titanium
with different amount of terminals15. Ti–C (I) represents pureMXene in the
middle of individual layers, and Ti–C (II) and Ti–C (III) represent titanium
with terminals located on the basal planes and edges/defects, respectively.
The peaks at 460.4, 462.2, and 464.2 eV are also assigned to the 2p1/2
component Ti–C (I-III) bonding states15. The 460.4 and 465.9 eV peaks
originate from TiO2

23, usually formed at edges or defect sites. The C 1 s
spectrum (Supplementary Fig. 9b) displayed peaks at 282.9, 284.5, 285.5,
286.6, 287.8, and 289.5 eV corresponding to the carbide (C–Ti), and
adsorbed species containing various bonding states (C–C, C = C, C–O,
C =O, and O–C =O), respectively. Supplementary Table 2 summarizes Ti
2p and C 1 s spectra fitting, offering insights into the chemical transfor-
mations occurringduring the etching andafterAPSwashing. Fromthedata,
it is evident that oxidation occurs during both the synthesis and washing
processes. This is indicated by the increased presence of higher oxidation
states in the Ti 2p spectra. The HR spectra of O 1 s for MAX phase and
MXene samples are shown in Supplementary Fig. 7d, 8 d, and 9 d. TheO1 s
spectrum suggests the presence of –O terminals in the Ti3C2Tx MXene
(Supplementary Fig. 9d), but it is important to note that oxygen contribu-
tions can arise from multiple sources. Ti3C2Tx MXenes are sensitive to
oxidation24, and surface O-terminations commonly form during synthesis.
Additionally, washing steps after the synthesis process, specifically in this
work with APS, can contribute to the replacement of Cl terminations by
oxygen-containing functional groups15,25. Furthermore, the presence of
Al2O3, as confirmed by the Al 2p spectrum, likely contributes to the O 1 s
signal, further highlighting the complex nature of surface chemistry in
MXenes.

Building on these structural and chemical insights, we performed
initial electrochemical measurements to demonstrate the potential of the
synthesized tubular Ti3C2TxMXene. Although this work primarily focuses
on synthesizing and comprehensively characterizing these unique tubular
MXene architectures, preliminary electrochemical testing provides insight
into their performance as anode materials in lithium-ion batteries. Key
metrics, including charge-discharge profiles, differential capacity (dQ/dV)
plots, cycling stability, and rate performance, were analyzed to assess the
behavior and initial performance of the tubular MXene (Fig. 4).

Figure 4a illustratesmultiple voltage plateaus during discharge, with an
initial discharge capacity of 500.1 mAh g–1, corresponding to the lithiation
process. This behavior suggests significant structural or phase changes in the
material during initial cycling. The plateau around 0.75 V is associated with
electrolyte interphase (SEI) formation, a common phenomenon in lithium-
ion battery systems. The dQ/dV analysis in Fig. 4b showsmultiple lithiation
peaks, whichmay be associated with the complex structural components of
the MXene. As confirmed by EDS (Fig. 2c, d), TEM (Fig. 3e), and XPS
(Supplementary Fig. 6d, Supplementary Fig. 9e), the MXene contains –Cl
terminations, and together with –O surface terminations (Fig. 2c, d, and
Supplementary Fig. 9d), leading to different electrochemical processes
during lithiation. However, during the delithiation (charging) process, only
a reversible capacity of 157.9 mAh is observed, with no evident oxidation
plateau or delithiation dQ/dV peaks, indicating irreversible phase transi-
tions and capacity loss during the initial cycle, consistent with findings
reported in the literature26–28. The formation of electrochemically inert
compounds such as LiCl and Li2O, resulting from the interaction of Li with
the surface components, likely contributes to this behavior, along with SEI
formation. The absence of prominent redox peaks in subsequent cycles
indicates that capacitive behavior predominantly contributes to the capacity
in later cycles. TheO-based surface terminations, in particular,may provide
stable sites for ion adsorption, influencing the capacitive contributions in
subsequent cycles. The role of O-terminations in improving Li-ion capacity
has been reported in previous studies29, where lithiated O-terminated
MXenes exhibited a strong interaction between O and Li, leading to
enhanced capacity. Given the oxygen content in our tubular MXene
(Fig. 2c, d, and Supplementary Fig. 9d), a similar effect could contribute to
the electrochemical performance observed in this work.

The cycling stability of the MXene anode at 50mAh g−1, presented in
Fig. 4c, shows a gradual decrease (0.2%per cycle) in capacity over 200 cycles,
with an initial capacity of 97.7mAh–1. However, it can be said that the
tubular structure enhances theMXene’s ability to retain a significant portion
of its capacity over cycling. Furthermore, the rate performance (Fig. 4d)
highlights the role of the tubular morphology in facilitating rapid ion
transport. At various current densities (10, 20, 50, 100, and 200mA g–1), the
MXene demonstrates 158, 105, 84, 68, and 63mAh g–1 capacities. The
observed moderate capacity decrease as the current density increases is
typical for many anode materials, and it is attributed to kinetic limitations
and polarization effects at higher rates. However, the tubular structure likely
contributes to the ability of MXene to retain a significant portion of its
capacity at higher current densities, primarily by providing a larger surface
area and shorter ion diffusion paths. This structure facilitates faster and
more efficient lithium-ion transport during charge and discharge cycles,
reducing the likelihood of kinetic limitations and polarization effects, which
typically occur at higher rates.

Consequently, enhanced ion accessibility and reduced diffusion dis-
tances help maintain higher capacity even as the current density increases,
which is crucial for high-power applications. With these initial electro-
chemical data, the study laid the groundwork for future investigations in
optimizing the performance of tubular MXenes. It encourages further
exploration of different synthesis parameters, modifications, and potential
applications in various energy storage technologies.

Conclusions
Here, we present the synthesis of the Ti3AlC2 MAX phase using carbon
microfibers (CF) as a carbon source and template to achieve tubular
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morphology. The corresponding Ti3C2Tx MXene was then synthesized
from thisMAXphase, retaining its tubular structure and thus representing a
significant achievement in the synthesis of MXenes. Both processes were
carried out using the molten salts shielded method in air. CuCl2, as a Lewis
acid, enabled the etching of theMAXphase, thus obtaining Ti3C2TxMXene
rich in Cl terminations. Morphological and structural characterization
confirmed the MAX phase and MXene synthesis with a well-preserved
tubular architecture. Electrochemical testing demonstrated the potential of
this tubular MXene as a high-performance anode in lithium-ion batteries,
with significant capacity retention at higher current densities. Shaping the
morphology of MXenes, as achieved here with tubular structures, is crucial
for optimizing their properties, including improving ion diffusion and
maximizing surface area,which is critical for energy storage applications.CF
not only opens new possibilities for tailoring the properties of MXenes and
their precursors but also expands their functionality across different
applications, such as gas sensing, liquid filtration, and other technologies
requiring fast diffusion processes. Future research can further explore other
carbon sources and synthesis conditions to expand the MXene material
family and its precursors with different morphologies and unlock their full
potential across various technologies.

Methods
Synthesis of Ti3AlC2 MAX phase
Elemental powdersof titanium(Ti), aluminum(Al), andcarbonmicrofibers
(CF) were used as precursors. The Ti (ThermoScientific, Germany, >99.5%
pure, -325 mesh), Al (ThermoScientific, Germany, >99.5% pure, -325
mesh), and CF (Tenax™-A HT M100 100mu fibers, Teijin Carbon Europe
GMBH, Germany, fiber length 100 µm, ⌀ 7.0 µm) were mixed in different
molar ratios. All synthesis conditions are summarized in Table S1. Potas-
sium bromide (KBr, ThermoScientific, Germany, >99%pure) was added in
a 1:1 wt.% ratio. The mixture was ball-milled for 24 hours with yttria-
stabilized zirconia balls (⌀ 4.8-5.2mm) in ethanol, followed by an additional
hour of mixing using a multi-directional mixer (Turbula WAB, Switzer-
land). The slurry was dried overnight at 60 °C, then pelletized under 70 kN
pressure in a steel mold (⌀ 30mm) using a hydraulic press (Paul-Otto
Weber, Germany). The pellet was placed in an alumina crucible, shielded

with KBr, and synthesized by ramping the temperature at 2 °C/min to
1250 °C, with holding times of 7 or 10 hours, and cooled at the same rate in
ambient air. Post-synthesis, theKBrwas dissolvedwith hot deionizedwater,
and the specimen was ground to a fine slurry, washed, vacuum-filtered,
dried overnight at 60 °C, and sieved through a 106 µm mesh using a
Vibratory Sieve Shaker AS 200 Basic (Retsch Technology, Germany). This
process yielded the final Ti3AlC2 MAX phase powder.

Synthesis of MXene
The synthesis of MXene is based on a previously reported procedure19.
Briefly, 0.5 g of Ti3AlC2 MAX phase powder is mixed with a eutectic salt
(NaCl: KCl in a 1:1 molar ratio; NaCl and KCl from ThermoScientific,
Germany, >99% pure) in a 1:4–6 weight ratio. The mixed powder was
pelletized under 70 kNpressure using a steelmold (⌀ 20mm) in a hydraulic
press (Paul-Otto Weber, Germany). The resulting pellet was placed in a
cylindrical alumina crucible (30mL), covered with a salt mixture of 8.766 g
of NaCl, 11.183 g of KCl, and 2.073 g of CuCl2 (CuCl2 dehydrate, from
ThermoScientific, Germany, >99% pure) milled for 10min. The crucible
was covered with an alumina lid, heated to 700 °C at 10 °C/min, held for
40minutes, and then cooled to room temperature. The material was
repeatedlywashedwith deionizedwater to remove the salts and treatedwith
100mL of 0.5M ammonium peroxydisulfate (APS) (ThermoScientific,
Germany) solution for 1 h at room temperature to remove Cu. Finally, the
MXene was dried overnight at 35 °C and collected for further investigation.

All chemicals and materials were used as received.

Materials characterizations
X-ray diffraction (XRD) patternswere acquired using a BrukerD8Advance
instrument (Bruker AXS GmbH). The instrument was configured in
Bragg–Brentano parafocusing geometry and employed a CuKα radiation
source with λ = 0.15418 nm, operating at U = 30 kV and I = 10mA. The
XRD patterns were collected at room temperature, covering 2θ values from
5 to 70°, with a step size of 0.02°. Data analysis was conducted using the
HighScore Plus 4.9 software package. The morphology of the MAX phase
and MXene was observed by scanning electron microscopy (SEM) with a
GeminiSEM 500 microscope from Zeiss (Germany) at a 1 kV acceleration

Fig. 4 | Electrochemical performance of tubular
Ti3C2Tx MXene as an anode in lithium-ion bat-
teries. a Initial charge and discharge voltage profiles
at 10 mAh g–1 and b corresponding differential
capacity (dQ/dV) curves; c Cycling stability at
50 mAh g–1 after initial cycling; d Rate performance
at different current densities.

https://doi.org/10.1038/s43246-025-00786-3 Article

Communications Materials |            (2025) 6:54 7

www.nature.com/commsmat


voltage. An Energy-dispersive X-ray spectroscopy (EDS) detector from
Oxford Instruments was used for element analysis and operated at 10 kV
acceleration voltage. Powder samples were drop-cast on carbon tape and
coated with tungsten (4 nm layer thickness). A Thermo Fisher Helios 5 FX
microscope was used to prepare the cross-sectional transmission electron
microscopy (TEM) lamella. The TEM-preselected microtube was localized
on a silicon wafer. Thick tungsten electron beam deposition was used to
provide the initial protection layer to avoid beam damage caused by the
gallium ions. Tungsten was chosen for its contrast in the TEM. Amorphous
carbon was selected for the final ion-beam-deposited protection layer. The
lamella was lifted out using a micromanipulator and subsequently trans-
ferred to a copper focused ion beam (FIB) grid. The thinning and polishing
procedure was performed with FIB accelerating voltages ranging from
30 kV to 2 kV and beam currents ranging from 2 nA to 26 pA. The TEM
analysis was executed on a double aberration-corrected Themis-Z micro-
scope (Thermo Fisher Scientific Electron Microscopy Solutions, Hillsboro,
USA) at an accelerating voltage of 200 kV. HR-XPS was performed using a
SPECS spectrometer (Specs, Germany) equippedwith amonochromatic Al
Kα X-ray radiation source (1486.7 eV) and a hemispherical electron ana-
lyzer Phoibos 150. The samples were placed on a conductive carbon tape
and compensatedwith afloodgun to yield aC1 speak at 285 eV.The survey
spectra were recorded with Ep set to 100 eV, and the core lines’ high-
resolution (HR) spectrawithEp set to 20 eV.HR scanswere performed forC
1 s, O 1 s, Ti 2p, Al 2p, Cl 2p and Cu 2p core levels. The base chamber
pressure during the acquisitions was 10–9 mbar or lower. Due to a heavy
charge development on the samples’ surface, a low-energy electron flow
generated by an electron flood gun has been used to compensate for the
charge buildup. The Casa XPS software package was used for quantification
and curve-fitting on the core-level spectra using Shirley-type backgrounds.

Electrochemical characterization
The Li-ion storage capabilities were assessed using standard CR-2032 coin-
type half cells sourced from Neware (China). A pre-mixed slurry was pre-
pared to fabricate the working electrodes, comprising 80 wt.% of the syn-
thesized MXene, 10 wt.% of carbon black, and 10 wt.% of polyvinylidene
fluoride.This slurrywas then applied ontonickel foamandpressed into thin
sheets. Lithium foil served as the counter and reference electrode, while a
polypropylenefilm (Celgard 2400)wasused as the separator. The electrolyte
used was a solution of 1M LiPF6 dissolved in a mixture of ethylene car-
bonate, dimethyl carbonate, and diethyl carbonate in a 1:1:1 volume ratio.
All electrochemical performance tests were carried out at room temperature
using a Neware battery testing system (BTX 8.0, Shenzhen, China).

Data availability
The datasets generated and/or analyzed during the current study are
accessible via the Zenodo repository: https://doi.org/10.5281/zenodo.
14882040.
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