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Ti3C2Tx Electromagnetic Shielding Performance:
Investigating Environmental Influences and Structural
Changes

Arturo Barjola, Roberto Herráiz, Andrea Amaro, José Torres,* Adrián Suárez,
and Enrique Giménez*

MXenes, a promising family of 2D transition metal carbides/nitrides, are
renowned for their exceptional electronic conductivity and mechanical
stability, establishing them as highly desirable candidates for advanced
electromagnetic interference (EMI) shielding material. Despite these
advantages, challenges persist in optimizing MXene synthesis methods and
improving their oxidation resistance. Surface defects on MXenes significantly
impact their electronic properties, impeding charge transport and catalyzing
the oxidation process. In this study, a novel synthesis protocol derived from
the conventional, minimally invasive layer delamination (MILD) method, is
presented. Two additional steps are introduced aiming at enhancing process
yield, addressing a crucial issue as conventional methods often yield
high-quality individual MXene flakes but struggle to generate sufficient
quantities for bulk material production. This approach successfully yields
Ti3C2Tx films with excellent conductivity (3973.72 ±121.31 Scm−1) and an
average EMI shielding effectiveness (SE) of 56.09 ± 1.60 dB within the 1.5 to
10 GHz frequency range at 35% relative humidity (RH). Furthermore, this
investigation delves into the long-term oxidation stability of these films under
varying RH conditions. These findings underscore the effectiveness of this
innovative synthesis approach in elevating both the conductivity and EMI
shielding capabilities of MXene materials. This advancement represents a
significant step toward harnessing MXenes for practical applications requiring
robust EMI shielding solutions. Additionally, insights into long-term stability
offer critical considerations for implementing MXenes in real-world
environments.
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1. Introduction

The increasing demand for reliable
electronics and the rapid expansion of
new telecommunications systems have
underscored the critical importance
of electromagnetic interference (EMI)
shielding.[1,2] The advent of 5G commu-
nication and its associated technologies
has opened pathways for numerous inno-
vations in the communication industry.
Consequently, ongoing efforts are fo-
cused on developing new EMI shielding
materials capable of facilitating the co-
existence of 5G with other technologies.

Investigations into lightweight EMI
shielding materials are crucial for en-
hancing safety in 5G communications.
Shielding effectiveness (SE) emerges as
a critical parameter for material selec-
tion, defining the extent to which an
electromagnetic wave is attenuated while
passing through a medium A after inter-
acting with a medium B (the shielding
material).

The ASTM D4935-18 standard test
method is commonly used to measure
the electromagnetic SE of planar mate-
rials. However, this method is limited
to a narrow frequency range (30 MHz
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to 1.5 GHz), rendering it inadequate for evaluating the SE of 5G
technology, which operates at significantly higher frequencies.[3]

To address this limitation, the upper-frequency limit of the ASTM
D4935-18 standard can be extended by modifying the dimensions
of the standard coaxial cell holder,[4–6] as employed in our mea-
suring technique. While traditional metal shields effectively re-
duce EMI, they often exhibit drawbacks such as limited flexibil-
ity, high weight, large volume, and low corrosion resistance.[7,8]

In contrast, magnetic material is an interesting solution due to its
significant electromagnetic wave absorption capabilities and the
ability to be mixed to form a polymeric sheet.[9–11] Carbon-based
materials, including carbon nanotubes (CNTs) and graphene
foams, with their unique properties of high electrical conduc-
tivity and low density, show promise for effectively absorbing
electromagnetic waves.[12,13] Previous research has demonstrated
that composite materials, particularly those incorporating carbon
fibers or copper mesh, can significantly reduce EMI compared to
conventional metals. The following results report an analysis of
the low-frequency part of the 5G Frequency Range 1 (FR1). In
the study of different rigid materials that contain various con-
centrations of CNTs, it was found that an ABS-15w%CNT com-
posite sheet with a thickness of 2.1 mm demonstrated an at-
tenuation value of 58.20 dB when tested at a frequency of 3.5
GHz.[14] Another study shows the measurement of two different
composites based on combining carbon fiber with multi-walled
carbon nanotubes (MWCNT) and introducing a copper mesh be-
tween carbon fiber films. The results showed that the attenuation
was ≈54.80 dB at the frequency of 3.5 GHz for the CF-MWCNT
(2.30 mm sheet thickness) scenario and a value of 64.30 dB for
the sample of CF-Cu (2.45 mm sheet thickness), respectively.[15]

A different research study examined how well carbon materials
such as colloidal and flexible graphite or carbon fibers, perform in
shielding against EMI. Specifically, a sample containing 20 vol%
carbon fibers (2.80 mm thickness) composition exhibited an EMI
SE of over 19 dB.[16]

MXenes, a novel class of 2D transition metal carbides/nitrides,
exhibit outstanding electronic conductivity and can be easily fab-
ricated into flexible films, making them excellent candidates for
EMI shielding applications.[17] Among these, Ti3C2Tx stands out
for its highest conductivity within the MXene family and has
been extensively studied for its effectiveness in shielding against
EMI.[18] Typically synthesized by selectively etching the Al layer
from the MAX phase (Ti3AlC2), resulting in surface functional
groups denoted by T (-OH, -O, -F) during the acidic etching pro-
cess, Ti3C2Tx has exhibited remarkable performance as an EMI
shielding material.[19] MXenes, known for their superior elec-
tronic conductivity, impart materials with a high density of free
charges on their surface, enabling them to reflect electromag-
netic (EM) waves effectively. However, these excellent conductive
properties may lead to impedance mismatch effects, resulting in
materials with poor EM wave absorption values, which are in-
sufficient for mitigating environmental pollution caused by EM
radiation.[20] Among the various strategies explored to achieve
multifunctional EM shielding MXene materials that provide both
reflection and absorption properties, the production of hierarchi-
cal architectures emerges as one of the most effective.[21] The de-
velopment of MXene materials with tailored hierarchical archi-
tectures has been pursued through various methods, including
self-assembly, template assistance, electrospinning, and dip coat-

ing methods, among others. Vacuum-assisted assembly stands
out as a significant self-assembly method conducive to obtaining
multilayer MXene films capable of enhancing absorption perfor-
mance. Recently, Shahzad et al.[22] demonstrated the potential of
Ti3C2Tx through the fabrication of ultra-thin films ≈2.5 μm thick.
Exploiting the exceptional conductivity of MXene (4600 Scm−1),
these films exhibited an EMI SE exceeding 50 dB outperform-
ing all known synthetic materials at comparable thicknesses.
Furthermore, their study highlighted the dominance of absorp-
tion over reflection as the primary mechanism in the shielding
process.

W-T. Cao et al.[23] fabricated an ultrathin, mechanically ro-
bust composite paper based on Ti3C2Tx and cellulose nanofibers
(CNFs), measuring 47 μm thickness. The strong interaction ob-
served between the MXene sheets and the 1D CNF in the nacred-
like structure endowed the MXene-based material with outstand-
ing mechanical properties. The as-prepared composite paper ex-
hibited a considerable conductivity value of 739.4 S m−1 at 90 wt%
of Ti3C2Tx content. When the MXene content was reduced to
80 wt%, the composite paper achieved an EMI shielding value
of ≈25.8 dB at 12.4 GHz. Concerning the SE mechanism of
the composite paper, it can be concluded that absorption, rather
than reflection, was the primary parameter contributing to the
total SE. S. Yang et al.[24] prepared a multilayer film based on
alternating layers of aramid nanofibers/polypyrrole nanowires
(AFPy) and Ti3C2Tx reinforced by waterborne polyurethane
(Ti3C2Tx@WPU). The film, containing 32 wt% of MXene con-
tent, exhibited a remarkable EMI SE of 40.9 dB, primarily at-
tributed to the improved absorption capacity of the layered
Ti3C2Tx-based material. However, the chemical stability of MX-
enes in the presence of water and oxygen remains a critical,
largely unexplored issue impacting the effectiveness of bulk MX-
ene films. Traditionally, the degradation of MXenes in aqueous
colloidal solutions has been attributed to oxidation reactions,
mainly involving dissolved oxygen molecules, with water typically
considered solely as a solvent.[25,26]

S. Huang et al.[27] showed that MXene hydrolysis, rather than
oxidation with O2, serves as the primary catalyst for MXene degra-
dation. This revelation remains significant even in scenarios with
minimal water exposure on the MXene surface. In a separate
study by A. Lipatov et al.[28] investigated the environmental stabil-
ity of individual defect-free MXene flakes obtained via a selective
etching method. They demonstrated through electrical measure-
ments that MXene flakes retained good conductivity after 24 h
in humid air environments. Moreover, multilayer Ti3C2Tx films
displayed resistivity only one order of magnitude higher than in-
dividual flakes, showcasing the potential of MXene bulk films for
EMI shielding applications.

The presence of intercalants within MXene film layers, such as
Li+, dimethyl sulfoxide (DMSO), and tetraalkylammonium hy-
droxides (TAAH) from the exfoliation process, has been iden-
tified as a primary factor contributing to poor hydration sta-
bility. H. Chen and co-workers[29] proposed an acid treatment
method using ≈0.1 M HCl to efficiently remove Li+ ions, com-
mon byproducts from the referred to as the clay method (mild
etching or in-situ HF), the widely used route for obtaining well-
delaminated MXene flakes. Films processed using this proton-
acid treatment exhibited improved stability and EMI shielding
performance compared to pristine films in humid air.
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Environmental conditions aside, the choice of etching method
significantly impacts the stability of the resulting MXene mate-
rial. Aggressive procedures involving hydrofluoric acid can en-
hance the generation of defects, such as titanium vacancies on
the MXene layer surface,[30] which can serve as active sites for
the nucleation and growth of TiO2.[31]

The parameter of SE correlates closely with the conductivity.
Therefore, researchers have investigated changes in conductiv-
ity or resistivity over time as indicators of material stability.[32,33]

Similarly, SE determination can serve as an indicator of material
degradation, as is the particular case with Ti3C2Tx films in harsh
environments.[34]

In this study, two distinct Ti3C2Tx materials were synthesized
using a modified clay method[28] that included additional steps
to enhance both the process yield and SE. Subsequently, a por-
tion of the synthesized material, free from acid residues, under-
went hand-shaking delamination for 5 min, while another por-
tion underwent sonication for 10 min. SE measurements were
conducted across a broad frequency range (1.5 to 10 GHz) us-
ing a coaxial probe derived from the standard D493518,[3,15,35]

over a 28-day period to evaluate how environmental conditions
affected the shielding performance of the Ti3C2Tx material.
These measurements served as an indicator of potential material
degradation.

2. Results and Discussion

2.1. Synthesis and Characterization of MXene Films

This study is grounded in a modified procedure derived from
the widely used clay method, enabling the production of mono-
layer MXene flakes with remarkable air stability and conductive
properties.[13] In this modified process,[11] the etching step uti-
lizes a higher molar ratio of LiF to the MAX-phase compared to
the clay method, resulting in a higher quantity of intercalated
Li+ ions. These ions facilitate the exfoliation process by hydra-
tion, optimizing the aluminum etching process through a dou-
bled HCl/LiF ratio (2:1). This results in well-exfoliated MXene
flakes with a high surface area and defect-free characteristics,
achieved without sonication. This etching method, followed by
hand shaking for delamination is referred to in this work as MX-
HS. However, the observed yield is notably low (≈4% wt.), which
presents a significant limitation in the production of bulk MX-
ene materials. To address this limitation, an additional sonica-
tion step for 10 min was introduced to enhance the yield of this
synthesis procedure. Larger and defect-free flakes are essential
for achieving optimal conductivity, a crucial factor for obtaining
materials with excellent SE. Following sonication, the material
was separated via centrifugation, discarding the smaller upper
fraction above 3 500 rpm. Subsequently, the supernatant frac-
tion within the range of 1500–3500 rpm was collected and uti-
lized to fabricate MXene films. The obtained material is named as
MX-US.

The conductivity and SE of both samples were measured to
understand how the introduced modifications in relation to the
original process influence the resulting material properties. In
this study, films with a thickness of ≈4 μm were prepared us-
ing the two synthesized materials. Surprisingly, after both ma-
terials were stabilized for 48 h at room temperature with a 35%

of relative humidity (RH), MX-US exhibited a superior conduc-
tivity (3964.98 ± 46.54 S cm−1) compared to MX-HS (1022.76 ±
3.12 S cm−1). Additionally, the recorded EMI SE followed a sim-
ilar trend, achieving a value of 56.09 ± 1.60 dB for MX-US and
41.26 ± 3.29 dB for MX-HS. Various parameters from the syn-
thesis method employed, such as flake size, delamination level
achieved, intercalants, oxidation degree, or the number of defects
present on the MXene surface, are known to notably affect the
electronic properties of the final MXene material produced. In
the case of bulk materials such as MXene films, additional vari-
ables should be considered. Therefore, the technique used to ob-
tain the film or its thickness will probably produce materials with
different conductivity or EMI SE, even if the original MXene used
to obtain the film came from the same synthesis method. Con-
sequently, comparing the performance of MXene materials from
different synthetic procedures or presented in different ways be-
comes challenging.

MXene is typically produced by the HF method or by the in
situ HF (clay method) production. HF methods employ aggres-
sive conditions of synthesis, along with an additional interca-
lation step followed by intensive sonication, which usually re-
sults in multilayer and defective materials with low conductiv-
ity values.[36–38] On the other hand, the clay method offers a less
invasive approach suitable for producing well-delaminated MX-
ene materials. In this case, the use of additional intercalants is
unnecessary, since the Li+ ions provided by the LiF used in the
synthesis process suffice for this purpose. However, an inten-
sive sonication step is usually required, and the eventual gener-
ation of defects can worsen their electrical conductivity.[28] De-
rived from the clay method, the MILD method can effectively de-
laminate MXene materials without any sonication step or addi-
tional intercalants, resulting in materials with excellent electronic
features.[28,38—41]The MX-US synthesized material presents sim-
ilarly outstanding electronic properties achieved by the MILD
method and additionally improves greatly the yield of the pro-
cess, which is crucial for producing MXene bulk materials.

The morphology of MX-US and MX-HS flakes was studied us-
ing field-emission scanning electron microscopy (FE-SEM), and
the resulting micrographs are presented in Figure 1a,c, respec-
tively.

While there is no notable difference in the size of the MXene
flakes resulting from the synthesis method, the MX-HS material
retained some unexfoliated particles that were absent in the other
material. Moreover, the non-sonication method seems to produce
a limited quantity of larger flakes alongside a considerable pres-
ence of smaller ones, resulting in a significant dispersion in the
size of the obtained flakes.[23]

Transmission electron microscopy (TEM) images of MX-US
and MX-HS are shown in Figure 1b and Figure 1d, respectively.
The micrographs for both materials show single-layer flakes with
defect-free surfaces and a similar size of ≈500 nm. Previous stud-
ies have suggested that integrating a non-sonication step into the
synthesis process leads to larger single-layer flakes.[17,22] How-
ever, it is noteworthy that the dimensional characteristics of the
original MAX-phase utilized could notably influence the final
size of the etched material.[23]

Atomic force microscopy (AFM) was additionally employed to
evaluate the effectiveness of the delamination achieved by both
methods. The images obtained (Figure 2) led us to the same
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Figure 1. Morphology characterization of MXene flakes: a) FE-SEM image of MX-US; b) TEM micrograph of MX-US; c) FE-SEM image of MX-HS and
d) TEM micrograph of MX-HS.

Figure 2. AFM images for a) MX-US and b) MX-HS. Height profiles obtained for c) MX-US and d) MX-HS.

Adv. Electron. Mater. 2024, 10, 2400024 2400024 (4 of 12) © 2024 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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conclusions regarding the morphology of MX-US and MX-HS
as those achieved from SEM and TEM analysis. The flake size
was similar in both cases, with no significant differences in their
average size. However, the delamination degree was superior in
MX-US compared to MX-HS, which exhibited some amount of
stacked material. The excellent delamination observed for MX-
US enabled the formation of more densely layered structures in
their films, preventing oxidation and improving their conductiv-
ity and EMI shielding performance compared to MX-HS films.

AFM, SEM, and TEM analyses showed significant enhance-
ment in the exfoliation process with the introduction of a brief
and gentle sonication step. Additionally, the utilization of an
intermediate ultracentrifugation fraction further amplified the
yield without substantially altering the average sample size.

X-ray diffraction (XRD) serves as a useful tool for studying the
structural characteristics of MXene-based material. The charac-
teristic peaks attributed to Ti3AlC2 (Figure S1, Supporting Infor-
mation) are not displayed in any MXene pattern (Figure 2a), con-
firming the adequacy of the applied etching procedure. However,
in the MX-US material, only peaks associated with the (00l) reflec-
tions are present, indicating a highly ordered structure of stacked
flakes. In contrast, MX-HS exhibits solely the peak correspond-
ing to the (002) plane, suggesting a less ordered structure.

Additionally, the XRD spectrum showed a notable downshift
between the (002) peaks of both materials, indicating a larger
interlayer spacing in the MX-HS material (measuring 12.38 Å)
compared to that of the MX-US (measuring 10.48 Å). This sug-
gests that the presence of residual hydrated Li+ ions[17] from the
synthesis process could account for the larger interlayer distance.

The H2O molecules associated with the lithium ions may con-
tribute to the separation of the MXene layers, consequently lead-
ing to increased electrical resistance and a reduction in the SE
properties of the material.[24]

The inclusion of the sonication step facilitated improved ex-
foliation and minimized the presence of synthesis by-products
within the interlayer spacing. Consequently, this process re-
sulted in a more efficient restacking, as observed in the diffrac-
tion pattern of MX-US, leading to a decrease in its electrical
resistivity.[42,43]

Furthermore, the accommodation of H2O molecules between
the MXene layers[44] promotes the oxidation process and facil-
itates the formation of TiO2 on the MXene surface. This phe-
nomenon results in a swift decrease in the electronic conductivity
of the sample.[29]

The chemical composition of the samples was further analyzed
using both X-ray photoelectron spectroscopy (XPS) and ICP-MS
techniques. The ICP-MS analysis revealed a distinct difference
in the aluminum content between the samples. MX-US exhib-
ited 0.78 wt% of aluminum, while the MX-HS sample showed a
higher concentration of 2.69 wt%. This elevated aluminum con-
tent in MX-HS might be associated with an incomplete etching
process, despite the absence of any MAX-phase peak in the XRD
pattern. Another plausible explanation could be the presence of
residual aluminum in the form of AlF3 by-products on the sur-
face of the stacked MXene layers.[45] The XPS results substan-
tiate this assumption, indicating a 0.44 wt% aluminum content
for MX-US and a significantly higher value of 12.21 wt% for MX-
HS. The low aluminum content observed in the MX-US sample
through XPS aligns consistently with the ICP-MS findings. How-

ever, the substantial increase in aluminum content detected in
MX-HS by XPS suggests that most of the aluminum detected
is situated on the surface rather than binding internally with
the MXene layers. The significant presence of non-metallic alu-
minum on the surface of MX-HS material is likely to contribute
to an increase in resistivity.[46]

Figure 3b,c displays the Ti2p spectra for MX-US and MX-HS,
respectively. The XPS spectra for both materials exhibit doublets
corresponding to the (Ti2p3/2 / Ti2p1/2) transitions.[22,30] These
doublets indicate titanium interactions with carbons and termi-
nal atoms, presenting Ti-C (454.56 / 460.52) eV and Ti−X from
substoichiometric TiCx (x < 1) or titanium oxycarbides (455.79 /
461.87) eV, respectively, in both materials. However, the specific
doublet characteristic of the TiO2 compound, associated with the
sample oxidation, is exclusively observed in the MX-HS spectra
(459.68 / 465.45) eV.[30–32] This confirms a higher degree of oxi-
dation in the MX-HS compared to the MX-US sample.

Moreover, the O1s spectrum shown in Figure S2 (Supporting
Information) provides further insights. The deconvolution of this
signal in the MX-HS sample (Figure S2b, Supporting Informa-
tion) reveals an additional peak at 534.11 eV, attributed to the
presence of adsorbed water within the interlayer spacing of the
MXene.[17,47] This finding corroborates the results obtained from
the XRD measurements, which indicated a greater separation be-
tween the stacked layers in the MX-HS compared to the MX-US
material. The detection of TiO2 on the surface of MX-HS stands
as another significant factor contributing to its lower conductivity
and EMI SE compared to the MX-US material.[34]

Conductivity likely plays a significant role in the EMI shield-
ing performance of MXene-based materials. Films synthesized
from MX-US and MX-HS exhibited considerably different con-
ductivity values, leading to different EMI SE. The characteri-
zation presented previously explained that the underlying rea-
son for this unexpected difference between both materials stems
from their different delamination degree. Although both MX-US
and MX-HS showed similar average flake size, MX-HS achieved a
lesser degree of delamination, resulting in a significant amount
of stacked layers. The inter-flake spacing calculated from DRX
patterns (Figure 3a) was larger for MX-HS than that of MX-US,
indicating the presence of intercalants such as Li+ and H2O con-
tributing to this enlarged interlayer spacing. Moreover, the pres-
ence of water among the layers facilitated the oxidation kinetics
of Ti to TiO2 (Figure 3), thereby reducing the conductivity of MX-
ene.

Ti3C2Tx is essentially a metallic-like conductor,[48,49] and its
conductive behavior can be explained by a conductive term due
to intra-flake resistance and an insulating term due to inter-flake
resistance acting in series.[50] Assuming that intra-flake metal-
lic conductivity is described by the Drude equation and mainly
affected by the charge carriers’ density, the superior oxidation de-
gree of the MX-HS, triggered by the intercalated water molecules,
significantly reduced the conductive term of this sample. Water
molecules adsorbed onto the MXene surface can also act as elec-
tron acceptors.[28,51] Since electrons are the main charge carri-
ers present in MXene materials, the conductivity of the sample
will be reduced by the presence of these adsorbates. Addition-
ally, the different conductivity behavior of MX-HS compared to
MX-US must also be influenced by the presence of intercalants,
which increased the interlayer spacing in the stacked MXene

Adv. Electron. Mater. 2024, 10, 2400024 2400024 (5 of 12) © 2024 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 3. a) XRD diffraction patterns of MX-US and MX-HS. b) Ti2p region XPS spectra of MX-US and c) Ti2p region XPS spectra of MX-HS.

sheets. Consequently, the larger interlayer spacing, the greater
the resistance,[44,52–56] and the more representative the insulating
term describing the electrical behavior of the samples. In sum-
mary, both oxidation and intercalation contributed to introduc-
ing remarkable differences in the conductivity and EMI SE of
both samples, underscoring the importance of intercalants, par-
ticularly intercalated water molecules, in determining the final
electrical properties of MXene materials.

2.2. Stability Study of MXene Film in Humid Environment

The oxidation process leading to the formation of TiO2 on the sur-
face of MXenes, significantly reduces their electrical conductivity
and, consequently, their effectiveness in electromagnetic shield-
ing. Integrating MXenes into continuous layers on various mate-
rials is a promising industrial approach for utilizing MXenes as
EMI shielding materials. Despite this, few studies have assessed
how environmental conditions affect the SE properties of these
materials. MXene-based materials have been observed to oxidize
more rapidly in the presence of water, progressing swiftly in aque-
ous dispersions of MXene[26] or high-humidity environments.[29]

Therefore, evaluating the impact of humidity levels on the degra-
dation process of MXenes is crucial for understanding the behav-
ior of these innovative materials.

Given that MX-US demonstrated superior EMI SE compared
to MX-HS, it was chosen to fabricate the MXene films for this
study. Films with an approximate thickness of 4 μm were sub-
jected to two controlled RH environments at room temperature
for a month. One sample, labeled MX-US-35 (Figure 4a,c) was
placed in a 35% RH environment, while another, named MX-US-
70, was exposed to a 70% RH environment. The impact of varying
degradation levels on both conductivity and SE was assessed, us-
ing these measured parameters to evaluate the oxidation degree
of the material.

The changes in both samples after being placed in different hu-
mid environments for a month were studied using TEM. It has
been reported that the oxidation of MXene generates TiO2, de-
tectable on its surface through TEM images.[26] From Figure 4b,d,
micrographs recorded for both samples showed clean and clear
flakes without any evidence of dark points on their surfaces or
edges, indicative of the presence of titanium dioxide.[57] How-
ever, more irregular edges were observed for the MX-US-70
sample (Figure 1b), indicating a higher degree of degradation

compared to MX-US-35 (Figure 1d). This highlights the influ-
ence of RH on the degradation process of the flakes, which oc-
curs more rapidly as the presence of water in the environment
increases.

X-ray Diffraction (XRD) was used to detect structural alter-
ations in MXene films, as illustrated in Figure 5, displaying the
evolution of the samples’ diffraction patterns. The peak associ-
ated with the (002) plane reflects the arrangement in the basal
direction of the characteristic lamellar stacked structure of MX-
ene materials.[32] In this context, oxidation progresses through
the diffusion of water molecules and oxygen among the MXene
layers, leading to titanium dioxide formation on the MXene sur-
face and an expansion of the interlayer spacing. Consequently,
a shift of the (002) peak signal toward lower angles signifies the
disruption of the lamellar structure, indicating the degradation
of the MXene. As seen in Figure 5a, the (002) peak for MX-US-
35 has shifted from its original position, with the interlayer d-
spacing increasing from 10.60 Å to 11.18 Å. Similarly, albeit with
a more pronounced change in the interlayer spacing, the pattern
for MX-US-70 exhibits an increase from 12.86 Å to 14.24 Å, in-
dicating a higher degree of oxidation. Additionally, upon closer
inspection of Figure 5b, a broad band centered ≈25 degrees sug-
gests the formation of TiO2 on the MXene surface.[58] The evo-
lution of interlayer spacing over time is depicted in Figure 5c,
showing a consistent linear behavior for both studied humidity
conditions. However, the slope observed for MX-US-70 is more
pronounced than that of MX-US-35, suggesting that higher RH
leads to faster degradation of the layered structure for MX-US-
70. The strong dependency of conductivity on inter-layer spacing,
as shown in Figure 5d, indicates that the conduction process in
these samples is likely more dependent on inter-flake electron
hopping transport across the MXene layers than on intra-flake
conduction processes.[52]

The electrical conductivity and electromagnetic SE of both MX-
US-35 and MX-US-70 were measured at seven-day intervals over
a month, and the results are depicted in Figure 6 and Figure 8,
respectively. Initial values for both samples were obtained after
allowing the materials to stabilize for 48 h in their respective hu-
midity environments. These parameters are closely interrelated,
serving as indicators of oxidation extent in MXene-based materi-
als. As previously mentioned, material degradation due to TiO2
formation on the MXene surface compromises its conductivity
properties, resulting in an expected decrease in the EMI shield-
ing values.[59]

Adv. Electron. Mater. 2024, 10, 2400024 2400024 (6 of 12) © 2024 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 4. Sections (a) and (c) display SEM images at different magnifications of the film obtained from the MX-US process using the vacuum-assisted
filtration method. Sections (b) and (d) show flakes from MX-US-70 and MX-US-35 observed by TEM after a 28-day stability test, respectively.

The trend in film conductivity values shown in Figure 6
demonstrates the evident impact of exposure to different RH en-
vironments on sample electrical performance. At 35% RH, the
observed value after 14 days of testing was 97.28% of the initial
value, indicating negligible degradation during this period. After
the full four-week test, the MX-US-35 sample exhibited a con-
ductivity value of 3571.72 ± 16.66 S cm−1, representing 89.88%
of the initial value of 3973.72 ± 121.3 S cm−1. Additionally, the
sample was measured after 6 months of exposure (180 days) with
a moderate reduction in its conductivity. Conversely, the MX-US-
70 sample showed a more pronounced loss of conductivity. Dur-
ing the first week, the sample experienced a decrease of 43.44%
from its initial value of 2531.34 ± 13.46 S cm−1, and after 14 days,
it retained only 23.26% of the initial value. By the end of the four-
week period, it retained 17.07% of its initially measured conduc-
tivity.

The noticeable disparity in oxidation degrees between the
samples can be attributed to their exposure to different RH
environments. Previous studies have reported the rapid degra-
dation of MXene flakes either in humid ambient or aqueous
dispersions.[26,60,61] In these conditions, water plays a pivotal
role in the oxidation process of MXene flakes, with hydroly-
sis being the primary cause leading to the transformation of
Ti into titanium dioxide.[27] The kinetics of Ti3C2Tx degrada-
tion have been studied previously using UV-vis transmittance

spectroscopy,[26,62,63] with the data fitted to the exponential decay
function:

A = Aie
−t∕𝜏 (1)

where 𝜏 represents the time constant of the oxidation process.
Notably, S. Huang and V-N Mochalin[27] found that the time
constant for Ti3C2Tx dispersed in isopropanol/O2 medium was
436.53 times higher than that of the same MXene material
dispersed in water/O2 medium, indicating that water signifi-
cantly accelerates the degradation of Ti3C2Tx compared to oxy-
gen. Therefore, it is expected that the higher humidity levels will
result in increased oxidation. Molecular dynamic simulations at
room temperature conducted by T. Wu et al.[64] aimed to eluci-
date how water interacts with MXene. They observed the irre-
versible adsorption of water molecules onto Ti atoms, leading to
the cleavage of Ti-C bonds and promoting the MXene hydroly-
sis at room temperature. Furthermore, the simulations showed
that an increase in the amount of intercalated water molecules
accelerated the oxidation kinetics. These findings are consistent
with the increase in the oxidation degree observed in our sam-
ples with higher ambient humidity. On the other hand, it is un-
derstood that the nucleation and growth of TiO2 on the MX-
ene layers involve the diffusion of both electrons and titanium
ions. Hence, the presence of an appropriate solvent such as water

Adv. Electron. Mater. 2024, 10, 2400024 2400024 (7 of 12) © 2024 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 5. Evolution of XRD diffraction spectra throughout the 28-days stability test for a) MX-US-35 and b) MX-US-70, c) shows the increase in d-spacing
over time for MX-US under both environmental conditions studied, d) depicts the conductivity versus d-spacing for both samples.

facilitates the transport of O2− and Ti4+ ions, enhancing the effi-
cacy of the oxidation reaction.[31]

Therefore, the lower conductivity values observed for MX-US-
70 can be attributed to the higher RH environment in which
it was placed. This condition increased the presence of water
molecules within the MXene interlayer spacing and, on its sur-
face, facilitated the formation of TiO2. Consequently, this resulted
in a more significant reduction in its conductivity.

2.3. SE Characterization

The study employed a test method based on the measurement
technique outlined in the ASTM D4935-18 standard.[3] This stan-
dard defines a procedure for measuring the electromagnetic SE
of planar materials against plane, far-field EM waves. To conduct
SE measurements of MXene samples beyond the maximum fre-
quency limit stated in the aforementioned standard, a smaller

Figure 6. a) Illustrates the conductivity retention capacity over time for both MX-US samples under different environmental conditions. b) and c) depict
the MX-US-70 and MX-US-35 membranes after a 180-days test under the selected controlled humidity conditions.

Adv. Electron. Mater. 2024, 10, 2400024 2400024 (8 of 12) © 2024 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 7. (a) shows the experimental measurement setup derived from the ASTM D4935 standard. (b) represents an example of the geometry and
dimensions of the measured samples.

coaxial cell holder was employed (as shown in Figure 7a). The
measurement setup requires test samples with specific geome-
try and small dimensions. An example of such test samples used
in this study is depicted in Figure 7b.

The SE of the samples was assessed under the same condi-
tions used for conductivity measurements. The results, depicted
in Figure 8a, revealed a parallel trend between the EMI SE values
and the electrical conductivity. After a 28-days period, MX-US-
35 retained 93.26% of its initial value of 56.09 ± 1.60 dB. The
value obtained at the 180-day test was 51.44 ± 1.87 dB, represent-
ing 91.71% of its initial value. In contrast, MX-US-70 maintained
74.36% of its initial value of 48.77 ± 0.77 dB at the 28-day test
and 71.25% at the 180-day test under controlled humidity con-
ditions. The slight divergence observed in the initial values for
both samples might be attributed to their exposure period of 48
h in environments with 35% and 70% humidity for MX-US-35
and MX-US-70, respectively.

The considerable impact of water adsorption on MX-US-70
significantly affected its conductivity and, consequently, its SE
performance.[65] The decline in shielding capacity for MX-US-70
does not demonstrate a direct correlation with the conductivity
loss observed in this sample, as noted in the case of MX-US-
35. This inconsistency could be attributed to the various mech-
anisms influencing EMI shielding. Although MXene materials
primarily exhibit reflection losses due to conductivity,[22] they can
also display losses associated with dipolar polarization from sur-
face functional groups or localized defects, as well as electromag-
netic radiation absorption between material layers.[66]

These aspects may not be as significantly affected by oxidation
as the reflection losses. Therefore, the reduction observed in the

material’s SE is not as substantial as the decrease in its conductiv-
ity, indicating that using conductivity measurements to evaluate
degradation and extrapolate EMI SE values might not accurately
portray the performance of MXene materials. The EMI shielding
results for both samples exposed to different RH environments
validate the impact of water in the degradation of MXene-based
films.

Figure 8b illustrates the SE provided by the MX-US-35 and
MX-US-70. The SE of the samples is depicted under initial hu-
midity conditions, as well as after exposure to controlled humid-
ity conditions for 28-day (Figure 8b) and a 180-day test period.
The results exhibited a significant decrease in the SE of the MX-
US-70, by ≈7.32 dB, across the entire studied frequency range af-
ter a 48-h exposure to controlled humidity environments. These
findings demonstrate that even a brief exposure of 48 h to high
humidity can notably impact the SE of the samples.

Regarding the evolution of the SE parameter concerning ex-
posure time to a humid environment, it is evident that the MX-
US-35 sample experiences a reduction of 4.95 dB after a 28-day
test and 4.65 dB at the 180-day test period, showing the outstand-
ing stability of the sample placed at 35% RH conditions. How-
ever, the MX-US-70 sample undergoes a more notable reduction,
considering its mean SE of 48.77 ± 0.77 dB under initial con-
ditions, whereas, after exposure to 70% RH for 28-day period,
the mean SE dropped by ≈12.51 dB, and for the extended 180-
day test, it displayed a decrease of 14.02 dB. Consequently, the
analysis of the SE parameter concerning frequency follows the
trend observed in conductivity results. It is essential to note that
the SE performance of MXene samples is remarkable, providing
a consistent and uniform shielding response across the entire

Figure 8. (a) depicts the retention capacity of EMI SE for both samples. (b) illustrates the EMI SE performance from 1.5 to 10 GHz for MX-US-35 and
MX-US-70 results after keeping the samples for 0, 28, and 180 days in controlled humidity test conditions. (c) represents the EMI shielding mechanism
suggested for Ti3C2Tx material.

Adv. Electron. Mater. 2024, 10, 2400024 2400024 (9 of 12) © 2024 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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frequency range studied. Moreover, the SE value of MXene mate-
rial is notably higher when compared to other alternative shield-
ing materials, particularly considering that the thickness of the
analyzed MXene samples is ≈4 μm.[4,67,68]

The exceptional performance of the studied MXene films as
EMI shielding materials can be explained by the mechanism il-
lustrated in Figure 8c. Initially, incident electromagnetic radia-
tion undergoes attenuation through reflection, owing to the high
surface conductivity of the Ti3C2TX, resulting from the abun-
dance of free charge carriers present on their surface.[69] These
carriers are responsible for reflecting the incoming EM waves
upon reaching the surface. The portion of the EM radiation that
is not reflected on the MXene surface penetrates the densely
charged conductive layer, interacting with the waves and reduc-
ing their energy through effective absorption.[22,70] Additionally,
the pores present in the MXene flakes create impedance mis-
match regions with internal interfaces, promoting a multiple re-
flection process and increasing the absorption of the remain-
ing waves.[68] Additionally, the layered structure of the re-stacked
MXene flakes facilitates successive internal reflections, aiding in
the absorption of electromagnetic waves that are not initially re-
flected by the surface or absorbed through the MXene layer, sub-
sequently dissipating them as heat.[70,71] This process iterates as
the remaining EM waves reach subsequent layers. Furthermore,
the surface terminations located on the MXene surface, primarily
Ti-O and Ti-F bonds, contribute to the material’s EMI shielding
capacity by inducing polarization losses when interacting with an
electromagnetic alternating field.[22]

3. Conclusion

In summary, our study presents a novel protocol for selectively
etching aluminum from Ti3AlC2, resulting in a substantial in-
crease in the yield of MXene flakes compared to conventional
non-sonication minimally invasive methods. This approach ef-
fectively addresses the challenges associated with sonication
steps by offering precise control over the size of the flakes.

The films derived from the flakes synthesized through this
novel protocol exhibited significantly enhanced conductivity and
EMI SE compared to those prepared using the traditional MILD
method. This improvement underscores the potential of our syn-
thesis protocol in optimizing crucial MXene material properties
for EMI shielding applications. Furthermore, the shielding effec-
tiveness (SE) results demonstrated the remarkable ability of MX-
ene samples to deliver a consistent flat response across the entire
frequency region (FR) studied, covering the main part of the FR1
employed by 5G communications. Notably, the SE values of MX-
ene material surpassed those of alternative shielding materials,
including composites based on CNTs, highlighting their efficacy
despite the relative thin thickness of the analyzed MXene sam-
ples (≈4 μm).

The additional characterization of the conductivity and SE
of the MXene films provided invaluable insights into material
degradation in humid environments. The synthesized MXene
films exhibited exceptional oxidation stability at 35% RH, re-
taining 93.26% of their initial SE value after the 28-day test
and 91.71% after the 180-day test in a controlled humidity en-
vironment representative of typical indoor conditions. Measure-
ments conducted at 70% RH underscored the significant influ-

ence of water over oxygen in the degradation process of MXene
materials.

Ultimately, our employed novel synthesis protocol has demon-
strated its efficacy in producing Ti3C2Tx with markedly improved
synthesis yield and outstanding properties suitable for applica-
tion as bulk EMI shielding material. This work not only advances
MXene synthesis methodologies but also highlights their poten-
tial in providing reliable and stable EMI shielding solutions, of-
fering promising avenues for future industrial applications.

4. Experimental Section
MXene Synthesis: Ti3C2Tx was synthesized through the selective etch-

ing of Al from Ti3AlC2 MAX phase (obtained from Carbon Ukraine, Ltd.)
using a LiF/HCl solution following a modified method described by Ly-
patov et al.[28] Typically, 1 g of LiF (Sigma-Aldrich) was added to 20 mL
of 6 M HCl solution (Sigma-Aldrich) and stirred until a clear solution
was observed. Subsequently, 1 g of Ti3AlC2 powder was slowly introduced
into this solution, and the mixture was stirred using a magnetic polyte-
trafluoroethylene stirrer at 35 °C for 24 h. The resulting suspension was
centrifuged at 3 500 rpm, and the supernatant fraction was discarded.
The black sediment settled at the bottom of the flask underwent multi-
ple washes with distilled water purged with Argon until the pH of the su-
pernatant reached ≈6. Following this, the deposited MXene material was
dispersed in water and delaminated either by hand shaking for 5 min (MX-
HS) or through bath sonication at room temperature for 10 min (MX-US),
followed by centrifugation at 3 500 rpm for 1 h. Subsequently, the colloidal
supernatant aqueous dispersion of delaminated MXene obtained for MX-
HS was collected and dried by lyophilization. For MX-US, aimed at increas-
ing the flakes size, the supernatant fraction obtained after centrifugation
at 3 500 rpm for 1 h was discarded. Another centrifugation step at 1 500
rpm for 1 h was performed, and the resulting supernatant fraction was
collected and dried by lyophilization to obtain the MX-US material.

Preparation of MXene Films: MXene films were fabricated using the
vacuum-assisted filtration method (VAF) employing nylon membranes
with a pore size of 0.22 μm. Diluted aqueous dispersions of MX-US
(1 mg mL−1) were used to produce films with an approximate thickness
of ≈4 μm. Subsequently, the films were vacuum-dried overnight at room
temperature and stored in a desiccator.

X-Ray Diffraction Analysis: XRD patterns of the MXene based materials
were recorded on a Brucker D2 phaser instrument, with Cu K radiation
(𝜆 = 1.5406 Å) and a step size of 0.02 min−1, in the 2𝜃 range between 5
and 65.

X-Ray Photoelectron Spectroscopy (XPS): XPS technique was used to
study the chemical composition of the samples. XPS spectra of MX-
ene samples were acquired by means of Thermo Fisher Scientific VG-
Microtech Multilab 3000 photoelectron spectrometer.

Morphological Analysis: Solutions from both samples were drop-cast
onto silicon substrates, and images were acquired using a Field Emission
Scanning Electron Microscope (FESEM), Zeiss Ultra 55 instrument. Trans-
mission Electron Microscopy (TEM) images of the MXene flakes were
obtained using the JEM-1010 (JEOL DEBEN AMT, Tokyo, Japan). Atomic
Force Microscopy (AFM) images were recorded in a tapping mode using
a Bruker-Multimode instrument. The analysis of the obtained results was
made by Nanoscope 1.8 Analysis software.

Conductivity Measurement: The sheet resistance of the prepared MXene
films was measured using a four-point probe system (Ossila Ltd., Sheffield
UK). The resulting conductivity was calculated using Equation 1.

𝜎 = 1
Rst

(2)

where 𝜎 is the electrical conductivity (S cm−1), Rs denotes the sheet resis-
tance (Ω sq−1) and t is the thickness of the film (cm).

Adv. Electron. Mater. 2024, 10, 2400024 2400024 (10 of 12) © 2024 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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SE measurement: This study involved assessing the SE following the
ASTM D4935 standard. However, a crucial limitation of the ASTM D4935-
18 standard should be highlighted. Specifically, the maximum frequency
operation of the test system is limited to 1.5 GHz. This limitation con-
strains the upper bound of the testing range. The frequency range limits
of ASTM D4935-18 standard are determined by decreased displacement
current at lower frequencies and the activation of modes other than the
transverse electromagnetic mode (TEM) at higher frequencies due to the
size of the coaxial sample holder. This method is suitable for measuring
the SE of planar materials under normal incidence, far-field, and plane-
wave conditions, considering E and H tangential to the material surface.

The procedure involves the evaluation of insertion loss (IL) by in-
troducing test samples into a coaxial two-conductor transmission line
holder supporting TEM propagation mode. The ASTM D4935-18 probe
comprises a two-port flanged coaxial sample holder with a characteristic
impedance of 50 Ω, utilizing an Electro-Metrics commercial probe model
EM-2108. Coaxial cables connect the two halves of the CSH to a vector net-
work analyzer (VNA) with two ports, specifically the VNA P9375A Keysight
Streamline USB,[72] enabling tests from 300 KHz up to 26.5 GHz with a dy-
namic range between 85 dB and 95 dB (frequency-dependent). To perform
the test, two specimens of identical material and thickness are required:
the reference and the load. The load specimen should be disk-shaped with
a diameter matching that of the outer CSH flange. Conversely, the refer-
ence specimen should comprise two components: a washer, and a disk-
shaped sample matching the dimensions of the outer and inner conduc-
tors, respectively. The utilization of these different specimens is warranted
as the reference specimen can partially compensate for capacitive cou-
pling effects by establishing a frequency-dependent reference level.[73] The
SE is determined by assessing the difference between the load measure-
ments and those of the reference specimen. This difference is caused by
the reflection and absorption of the material between the two flanges of
the coaxial cell. SE is expressed in decibels as is described in Equation 2:

SE = 20log10|
S21,R

S21,L
| (3)

where S21,R and SS21,L represent the measured transmission scattering pa-
rameters of the reference and load specimen, respectively.
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