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Abstract: MXene-based absorbers have shown promising application prospects because of their sophisticated structural
design and clever material composites. However, the intrinsic MXene materials themselves have not achieved significant
breakthroughs in microwave absorption (MA) performance. Therefore, the development of novel and efficient pure MXene
absorbing materials is imperative to address inherent mismatches in electromagnetic parameters, highlighting the urgent
need in this area. Here, a straightforward strategy involving etching time modulation is proposed to customize the
electromagnetic wave (EMW) absorption properties of delaminated Mo,CT, MXene. The impact of varying etching degrees
on the EMW absorption capabilities of Mo,CT, MXenes was systematically investigated through controlled etching durations
of Mo,Ga,C MAX phase. Among them, the sample etched for 12 h achieved an effective absorption bandwidth (EAB) of 4.4 GHz
at an ultrathin thickness of 1.3 mm, and the strongest reflection loss (RL) value was as high as -60.7 dB when the sample
etching time was increased to 24 h. The improvement in absorbing performance was attributed to the dielectric loss and
polarization process induced by terminal functional groups and surface-rich defects, which optimized impedance matching.
This work establishes that intrinsic Mo,CT, MXene materials with superior absorbing properties outperform traditional pure
MXenes, providing a strong basis for advancing Mo-based MXene absorptive materials.
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MXenes are a collective group comprising 2D transition metal
carbides, nitrides, and carbon nitrides [7]. The general formula is
M, X, T,, where M stands for early transition metals (such as Ti,
Mo, and Nb), X usually represents carbon and/or nitrogen, n = 1,
2, or 3, and T, denotes surface terminations (=0, -OH, and/
or -F). As the most widely studied 2D materials, it is typically
obtained by selectively removing the “A-element” layer in MAX
phase, a ternary compound characterized by a layered structure,
where A represents a group A element (Al Ga, etc.) [8-10]. The
distinctive characteristics of MXenes, such as excellent
conductivity and a surface rich in functional groups, have
garnered considerable interest in various applications, including
hydrogen storage [11], hydrolysis catalysis [12], energy storage
[13], and particularly microwave absorption (MA). Currently,
MXene-based absorbers are predominantly centered around
Ti;C, T, and its composites. Cui et al. [14] achieved a reflection
loss (RL) value of —40.8 dB at a thickness of 145 mm by

1 Introduction

With the wide application of electromagnetic waves (EMWs) in
people’s lives, the issue of EMW pollution has escalated,
significantly impacting both daily life and health [1]. EMW-
absorbing materials are capable of converting incident EMW
energy into other forms of consumption, thereby effectively
mitigating EMW pollution. These materials find utility in the
design and manufacture of radar stealth or electromagnetic
defense materials, which safeguard electronic equipment,
buildings, warplanes, and even the human body from the adverse
effects of electromagnetic radiation [2]. Hence, the development of
EMW-absorbing materials with wide frequency coverage,
minimal thickness, lightweight construction, and robust
absorption capabilities holds paramount importance in curtailing
EMW pollution [3,4]. In recent years, researchers have identified
various efficient EMW-absorbing materials, among which two-

dimensional (2D) materials have emerged as highly competitive
and promising candidates because of their exceptional EMW
attenuation properties. MXenes stand as a quintessential exemplar
within this category [5,6].
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optimizing key parameters in the etching process of Ti;C,T,
MXene. However, the effective absorption bandwidth (EAB) was
only 3.66 GHz at 1.68 mm. Du et al. [15] further improved MA
performance by adjusting the surface functional groups and
interlayer spacing of Ti;C,T, MXene, and their RL and EAB
increased to —49.1 dB and 3.9 GHz, respectively. However, pure
Ti;C, T, MXene typically exhibits insufficient dielectric loss
characteristics because of their high electrical conductivity, leading
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to unimpressive electromagnetic absorption performance. Many
researchers have focused on the design of Ti;C,T,-based
composite absorber materials in recent years, resulting in
numerous research achievements in this field. For example,
Ti;C,T, MXene has been combined with magnetic materials (such
as Co, Ni, and FeCo) [16-18], carbon-based materials (graphene,
carbon nanotubes, and carbon nanoparticles) [19,20], and
dielectric materials (MoS,, polypyrrole, and SiC) [21-23].
Although Ti,C,T,-based composite materials have shown
improved absorption performance compared with that of pure
Ti;C,T, MXene to some extent, it is difficult to meet practical
application requirements because of the complex sample
preparation process. Some researchers have also explored other
types of MXene-based absorbing materials, such as V,,,C,T,
MZXenes (V,CT, and V,C;T,) [24], Ti,CT, nanosheets [25], and
Nb,CT,/Nb,O5; composites [26]. Although these non-Ti;C,T,-
based MXenes demonstrate some absorption capabilities, they do
not fulfill the criterion of being the “lightweight, thin, broadband,
and strong” required for high-performance microwave absorbing
materials. In view of the current research status of MXene-based
absorbing materials, the development of new type of pure MXene
materials to meet the needs of high-performance absorbing
materials without cumbersome composite material preparation
processes is urgently needed.

Mo,CT, MXene is an important type of MXenes with excellent
specific surface areas (SSAs) and tunable surface chemistry
characteristics. Relevant calculations show that Mo presents
higher activity and stability than other transition metals, such as Ti
and V [27,28]. Some researchers have introduced Mo atoms into
312-type MAX phase in an orderly manner to construct a new
type of Mo,TiC,T, MXene by selective etching, which results in
excellent EMW absorption performance [29]. Additionally, B-
phase molybdenum carbide is usually combined with carbon
materials to achieve efficient EMW absorption performance
because of its good dielectric properties and structural
controllability [30]. On the basis of these findings, Mo,CT,
MXene with 2D structure derived from 221-type MAX phase
Mo,Ga,C may holds promising applications in the field of EMW
absorption, but unfortunately, it has not been studied in this field
until now. Currently, the literature on Mo,CT, MXene have
focused primarily on catalysis, thermoelectric properties, and
electrochemistry, with limited coverage of the systematic
investigation of the wave-absorbing characteristics of Mo,CT,
MXene. Therefore, investigating the microwave-absorbing
properties of Mo,CT, MXene is crucial.

Herein, a series of Mo,CT, samples with different etching
degrees were customized via a facile hydrothermal etching
method by precisely controlling different etching time, and the
sample quality and MA performance of the Mo,CT, nanosheets
were modulated. Poor absorption performance is observed in the
intrinsic Mo,Ga,C MAX phase owing to mismatched
electromagnetic ~ parameters, but its microwave-absorbing
properties are greatly improved with etching due to improved
impedance matching and polarization loss. The sample of
delaminated Mo,CT, etched for 12 h from Mo,Ga,C MAX phase
achieved a maximum EAB of 44 GHz at an ultrathin thickness
of 1.3 mm. As the etching time increased, the conductivity
decreased; thus, the loss of conductivity decreased. However, the
presence of hydrochloric acid (HCI) leads to an increase in surface
defects, triggering more polarization processes and finally
achieving a good impedance matching balance. The strongest RL
value is as high as —60.7 dB when the sample etching time is
increased to 24 h. As of now, Mo,CT, has exhibited the strongest
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electromagnetic absorption performance among all pure MXenes,
showing promise as a focal point for research on next-generation
MXene-based absorbing materials.

2 Experimental

2.1 Materials

The materials utilized in the experiment included molybdenum
powder (Mo, 99.5 wt%, metals basis, 2 pm, Macklin, China),
carbon powder (C, 3 um, Beijing Xingrongyuan Co., Ltd., China),
gallium pellets (Ga, 99.99 wt%, Beijing Xingrongyuan Co., Ltd.,
China), ammonium fluoride (NH,F, 98.0 wt%, Aladdin, China),
and HCl (11.8 mol/L, Shuangshuang Chemical, China). All
reagents were commercially purchased at analytical grade and
were used without further purification.

2.2 Preparation of Mo,Ga,C (MAX)

The mixture of Mo powder and C powder at a certain molar ratio
was placed into a tube furnace (GSL-1700X, Hefei Kejing Material
Technology Co., Ltd., China), and then, the sample was heated at
1000 °C for 12 h with flow of Ar gas. After the reaction was
completed and cooled to room temperature, B-Mo,C was
obtained, followed by sieving.

The resulting B-Mo,C and Ga raw materials were mixed
homogeneously at a molar ratio of 5 : 1 and vacuum-sealed in a
quartz tube. The mixture was subsequently subjected to heat
treatment at 650 °C for 16 h, resulting in the synthesis of
Mo,Ga,C MAX phase precursor powder.

2.3 Preparation of Mo,CT, (MXene)

2 g of NH,F was first adequately dissolved in 40 mL of 6 M HCl as
an etching solution and then transferred to 100 mL of
polytetrafluoroethylene liner. After that, 1 g of Mo,Ga,C powder
was immersed in the above etching solution, mechanically stirred
for approximately 20 min, and ultrasonic treatment was
performed for 30 min to ensure that the solution was complete.
Then, the liner was sealed with a hydrothermal stirrer, heated at
160 °C for 6, 12, 24, or 36 h for the etching process, and then
allowed to cool to room temperature naturally. Afterwards, the
obtained acidic product was washed repeatedly with deionized
water (DI), centrifuged until pH reached 6, and then washed with
ethanol three times. Finally, the product was collected after
vacuum drying at 60 °C for 12 h. According to the etching time,
the four samples obtained were denoted Mo,CT,-6H, Mo,CT,-
12H, Mo,CT,-24H, and Mo,CT,-36H.

24 Characterizations

An X-ray diffractometer (XRD; Smart Lab, Rigaku, Japan) was
carried out to analyze the structure and characterize the physical
phase in the range of 5°-80°. A Raman spectroscope (Renishaw,
UK) with a 532 nm laser was used to analyze the bonding state
and chemical structure. A field emission scanning electron
microscope (FE-SEM, Merlin Comp, Carl Zeiss NTS GmbH,
Germany) was used to observe the microscopic morphology and
energy dispersive spectroscopy (EDS) mapping scans. The particle
size and crystal structure were observed via a transmission
electron microscope (JEM-F200, JEOL, Japan) at an accelerating
voltage of 200 kV. Chemical element analysis was performed via
an X-ray photoelectron spectroscope (XPS, ESCALAB 250Xi,
Thermo Scientific, USA). SSAs was characterized via a nitrogen
adsorption-desorption ~ test (ASAP 2020, Micromeritics
Instrument Co., Ltd., USA) at 77 K.
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2.5 Microwave test methods

The tested samples were prepared by homogeneously mixing the
samples with paraffin wax at a sample-to-wax mass ratio of 80 : 20
and then pressing them into a dense ring-shaped body with an
inner diameter (®,,) of 3.04 mm and an outer diameter (®,,,) of
700 mm. A vector network analyzer (E5080B, Keysight
Technologies, Inc., USA) was used to test the dielectric constant
and permeability in the frequency range of 2.0-18.0 GHz and
calculate RL values. RL value can be calculated according to
Egs. (1) and (2) [31]:

RL (dB) = 20log,, |(Z, — Z)/(Zin + Zo)| (1)

Zin = Zy \/?tanh (j (M—Cfd) er/,t,) (2)

where Z;, is the input characteristic impedance of absorber, Z,
is the input impedance of free space, y, denotes the relative
permeability, ¢, denotes the complex permittivity, f denotes the
frequency, d denotes the thickness of the absorber, and c is
3.0x10° m/s (speed of light).

3 Results and discussion

3.1 Preparation process and characterization and

structural analysis of Mo,CT,

The preparation route of Mo,CT, MXene with varying degrees of
defects is illustrated in Fig. 1. The lamellar structure of Mo,Ga,C
MAX phase was synthesized via a two-step sintering method in a
tube furnace filled with Ar gas on the basis of our earlier research.
Mo,CT, MXene nanosheets with widened interlayer spacing were
obtained after the selective removal of Ga atom layers with an
etching solution via a simple hydrothermal method. Moreover,
surface defects and functional groups can be controlled by
changing the etching time. XRD patterns of Mo,Ga,C MAX phase
and Mo,CT, MXene with different etching time are displayed in
Fig. 2(a). All intense characteristic peaks (100), (103), (008), and
(005) of the raw precursor powder clearly match well with
Mo,Ga,C MAX phase, indicating the successful preparation of
Mo,Ga,C MAX phase [32]. After the etching process, the peak at
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9.8° (002) for Mo,Ga,C disappears, whereas the peak at 8.7°
increases, confirming the successful removal of Ga from MAX,
which significantly enlarges the layer spacing of Mo,CT,.
Moreover, the main diffraction peak (008) at approximately 40 °C
for Mo,Ga,C diminished or disappeared, further validating the
fabrication of high-quality Mo,CT, MXene [33]. The
corresponding XRD patterns of (002) feature peak with a detailed
range from 7° to 12° are enlarged in Fig. 2(b). Notably, the peak at
9.85° is weakened, and a peak at 8.67° appears in the Mo,CT,-6H
sample, which indicates the existence of both Mo,CT, and
Mo,Ga,C and a heterogeneous structure in this sample. With
increasing etching time, the (002) peak gradually shifts to lower
angles, indicating a continuous expansion of the interlayer spacing
due to Ga atom etching. Notably, Mo,CT,-12H MXene has the
largest interlayer spacing (10.3 A) and the strongest XRD peak
intensity, indicating perfect crystallinity. However, in the case of
overetching, as observed for Mo,CT,-24H MXene and Mo,CT,-
36H MXene samples, the (002) characteristic peak gradually shifts
to higher angles, and its intensity decreases. The peak shift is
caused mainly by functional groups reclosing the already opened
interlayer spacing due to overetching. The decrease in peak
intensity is attributed to defects introduced into the sample under
overettching conditions, leading to a decrease in crystal quality.
Indeed, both a significant interlayer spacing and a moderate level
of defects enhance the electromagnetic absorption capability of the
sample. Therefore, determining the optimal etching process is
crucial for constructing high-performance MXene-absorbing
materials. In addition, experiments with etching time of 4 and 8 h
were also conducted, and XRD patterns are presented in Fig. S1 in
the Electronic Supplementary Material (ESM). Both of these
samples showed similar semietched states, such as Mo,CT,-6H
MXene. Thus, this study selected the most representative Mo,CT,-
6H MXene for further research.

To further illustrate the variation in sample quality under
different etching conditions, Raman spectroscopy was performed,
as shown in Fig. 2(c), and all the characteristic peaks were
consistent with previous studies [34]. The spectra of the Mo,CT,
MXene clearly show that the characteristic peaks associated with
Ga atoms in Mo,Ga,C MAX gradually weaken until they
disappear after selective etching, especially the characteristic peak
at 414 cm™. Moreover, the peaks at 994.1, 818.2, 281, and 194 cm™
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Incomplete Etching ¢ 5 \J\_f/ oé
RN e 7 55
Complete
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Fig.1 Fabrication strategy and schematic structure of Mo,CT, materials with different etching degrees.
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correspond to the A,' and B,, vibrational modes of Mo,C MXene
out-of-plane layer, namely, Mo-C stretching (v) and bending ()
vibrations, whereas the 333 cm™ peak in Mo,CT, MXene is
assigned to Mo-T, (T,: -OH, -0, -Cl, and -F) vibrational bonds
[35]. The Raman characteristic peaks of the MXene sample are
observed to be the sharpest after an etching period of 12 h,
indicating the optimal etching quality at this time. However, with
increasing etching time, the intensity of Raman peaks gradually
decreases due to the introduction of defects caused by prolonged
etching. This finding is consistent with XRD results. Moderate
defects can enhance a sample’s polarization loss capability while
reducing its electrical conductivity, indicating a competitive
mechanism worthy of further exploration.

The morphology of Mo,Ga,C MAX phase is a characteristic
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layered structure typical of bulk layered materials, as depicted in
Fig. 3(a). In contrast, the etched Mo,CT, MXene exhibits a finer
and differently oriented nanoplate stacking morphology, as
illustrated in Figs. 3(b)-3(e). From SEM images, the differences
between Mo,CT, MXene samples etched to varying extents seem
minimal. Figure S2 in the ESM presents EDS mapping images of
the Mo,CT,-6H MXene, confirming the presence of C, Mo, O,
Ga, and F and thus demonstrating partial etching and a
heterogeneous structure. Numerous and obvious defects were
observed in Mo,CT\-36H sample, but Mo,CT,-24H MXene and
previous samples showed almost no significant defects on the
surface, which may be attributed to the impact of acid treatment
time on the surface quality of the MXene nanosheets, further
indicating that prolonged acid treatment may lead to excessive
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Fig.2 (a,b) XRD patterns and (c) Raman spectra of Mo,Ga,C and Mo,CT, MXene with different etching time.
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Fig.3 SEM images of (a) Mo,Ga,C, (b) Mo,CT,-6H, (c) Mo,CT,-12H, (d) Mo,CT,-24H, (e) Mo,CT,-36H. (f) Average O content and (g—j) EDS element distribution of
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etching of the sample surface. Surface energy spectrum analysis of
Mo,CT,-12H MZXene (Fig. 3(g)-3(j)) revealed a uniform
distribution of C, Mo, and O and negligible Ga content,
confirming the successful etching of Ga. Mo,Ga,C MAX was
completely transformed into 2D Mo,CT, MXene, with a
discernible quantity of oxygen functional groups. To further assess
the quality changes of the samples under different etching
conditions, the elemental proportion statistics of multiple
positions on each sample were obtained, as shown in Fig. S3 in the
ESM. The etched Mo,CT, terminations primarily feature oxygen
functional groups. As the etching time increased to 12 h, the
minimal presence of Ga indicates that Ga was successfully etched
away. The average O content of each sample is presented in Fig. 3(f),
and Mo,CT,-24H MXene sample has the highest O content. It
can be assumed that the Mo,CT,-24H MZXene possesses the most
O-terminal functional groups, suggesting that more polarization
processes are triggered, thus increasing MA properties [36].

The morphology and microstructure of the samples under
different etching conditions were further characterized via TEM,
high-resolution transmission electron microscopy (HRTEM), and
selected area electron diffraction (SAED). In particular, in Fig. 4,
the fully etched Mo,CT,-12H MXene sample and the overetched
Mo,CT,-24H MXene sample are presented. Mo,CT,-12H MXene
nanosheet is shown in Fig. 4(a). Few-layer MXene nanosheets
appear as irregular hexagons with a diameter of approximately
400 nm. In addition, SAED pattern (inset of Fig. 4(b)) further
confirms the typical hexagonal structure of Mo,CT, MXene.
HRTEM image of Mo,CT,-12H MXene nanosheet in Fig. 4(c) is
amplified from the low-magnification HRTEM image in Fig. 4(b).
It shows distinct lattice fringes, which indicate high crystallinity in

(b). -

5 nm™!
—

200 nm

the sample. The interplanar spacing is measured to be 0.26 nm in
the upper right corner of Fig. 4(c), which matches well with the
(100) crystal plane of Mo,CT, MXene. As previously mentioned,
Mo,CT, MXene is obtained by etching Mo,Ga,C and shares the
same hexagonal structure and atomic positions on the basal plane;
thus, even though the 2D hexagonal crystal does not show an
XRD peak at (100), it is believed that the (100) interplanar spacing
of 2D Mo,CT, measured via TEM is close to the (100) interplanar
spacing of Mo,Ga,C measured via XRD [37]. TEM image and
HRTEM image of Mo,CT,-24H MXene nanosheets are shown in
Figs. 4(d)-4(f). The diffraction pattern confirms the hexagonal
structure of the sample, which indicates that overetching did not
alter the structure of Mo,CT,. HRTEM image shows a rough
surface, revealing an increase in surface defects compared with
those of Mo,CT,-12H sample. The presence of moderate defects
improved the polarization loss ability of the sample to EMW, so
excessive etching may also be a good method to enhance the
absorption performance. Furthermore, TEM-based EDS mapping
analysis of Mo,CT,-12H MXene shown in Figs. 4(g)-4(k) further
confirms the similar uniform distributions of C, Ga, Mo, and O
with SEM-based EDS mapping results.

XPS analysis of Mo,Ga,C and Mo,CT, samples was performed
to investigate the components and chemical bonds, as depicted in
Figs. 5(a)-5(d). The full spectra (Fig. 5(a)) analysis reveals that
Mo,Ga,C MAX phase was mainly composed of Ga, Mo, C, and
O, whereas Mo,CT, MXene contained only Mo, C, and O, which
ultimately indicates that Mo,Ga,C MAX phase was successfully
converted into Mo,CT, MXene. Figure 5(b) shows the high-
resolution XPS narrow spectra of Mo 3d; among them, the
characteristic peaks at 229.63 and 232.84 eV are mainly attributed

Fig.4 TEM and HRTEM images (inset: corresponding SAED pattern) of (a—c) Mo,CT,-12H and (d-f) Mo,CT,-24H; (g-k) EDS spectra of Mo,CT,-12H.
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to Mo-C, corresponding to Mo-C (3ds;,) and Mo-C (3ds,),
respectively. The increase in the binding energy of Mo 3ds;
suggests that Ga is gradually replaced by surface functional groups
(-0, -OH, and/or -F) over time [38]. Notably, the shift of the Mo
3d peak toward a lower binding energy in Mo,CT,-36H MXene
sample indicates that the atom interaction is weakened due to acid
corrosion, which further indicates that the etching time is over-
etched after 12 h. Figure 5(c) shows O 1s high-resolution XPS
spectra of Mo,Ga,C MAX phase and Mo,CT, MXene. O 1s peak
of Mo,Ga,C MAX phase is mainly composed of three parts,
Mo-0O, Ga-O, and C-O, at 529.73, 530.67, and 532.24 eV,
respectively [39]. Furthermore, Ga-O characteristic peak is still
observed for the Mo,CT,-6H MXene at 530.82 eV. As the etching
time increases, Ga—O bond is gradually broken due to the removal
of Ga, accompanied by the disappearance of Ga-O peak. The
broken O single bonds bind to Mo,C to form new functional
groups (-O, -OH), and Mo-O moves toward higher binding
energies. In addition, C 1s spectra display two peaks near 284.8
and 283.7 eV attributed to C-C and C-Mo bonds, respectively
(Fig. 5(d)) [40]. In particular, both the binding energy and the
peak area of C-Mo bond gradually decrease as the etching time
increases, which indicates that C-Mo bond is gradually broken
due to the influence of acid corrosion during the etching process,
leading to more C single bonds forming C-O bonds with O,
further suggesting an increase in O functional groups on the
surface. The high-resolution XPS spectra of Ga 3d are shown in
Fig. $4 in the ESM, where the peaks at 19.3 and 20.52 eV belong
to metallic Ga and Ga oxide, respectively [41]. As the etching
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process progresses, Ga peak gradually disappears, indicating the
transformation from Mo,Ga,C to Mo,CT,.

Additionally, Fig. 5(e) displays N, adsorption-desorption
isotherm at 77 K, which is classified according to IUPAC
(International Union of Pure and Applied Chemistry) [42]. All the
isotherms are type III (reversible adsorption-desorption curves)
and show no obvious hysteresis loop in the high-pressure range.
Moreover, SSAs of Mo,Ga,C, Mo,CT,-6H, Mo,CT,-12H,
Mo,CT,-24H, and Mo,CT,-36H MXene were calculated to be
4.68, 641, 7.89, 7.56, and 7.67 m>g", respectively, when the
relative pressure P/P, was 0.99. The variation trend of SSA results
was opposite to that of the surface oxygen content on the surface.
At the beginning of the etching process, as time increases, the
surface oxide is etched away first, and SSA gradually increases.
When the etching time exceeds 12 h, overetching makes it easier
for the surface to combine with functional groups, the number of
oxygen functional groups increases, and the interlayer spacing
decreases, leading to a decrease in SSA. When the etching time
continues to increase to 36 h, the oxygen functional groups
gradually break under the strong corrosion of hydrochloric acid,
the surface structure is damaged, and more defects appear, thus,
SSA increases again. In this scenario, the interactions between
Mo,C interlayer and surface functional groups (-O, -OH), as well
as increasing sample defects, play crucial roles in MA
performance.

3.2 MA performance of Mo,CT, MXene
MA performance of the prepared samples depends on their
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electromagnetic parameters, complex dielectric parameters (¢, =
¢ —je'") and magnetic permeability (y, = y' — ju") [43], as plotted
in Fig. 6. MA performance of nonmagnetic-prepared samples
mainly lies in their permittivity rather than their permeability [44].
The real parts (¢') and imaginary parts (¢'') of the permittivity
represent the storage and attenuation capacities of the EMW, as
shown in Figs. 6(a) and 6(b), respectively [45]. ¢’ and &'’ present a
decreasing variation trend accompanied by increasing frequency
overall. Meanwhile, some slight fluctuations are also observed in
the curves. According to free electron theory, as expressed in
Eq. (3) [46]:

¢ = o (2mfe,) " (3)

where ¢, represent the permittivity of free space. The dielectric loss
factor (¢'") is positively correlated with conductivity (o) [47]. This
relationship indicates that a higher conductivity of materials leads
to an increase in the dielectric loss factor. As shown in Fig. 6(d),
the Mo,Ga,C MAX phase has a high ¢’ value because of its
excellent conductivity, indicating a strong EMW absorption
capability. However, as Ga content decreases, the dielectric
constant (¢'’) and dielectric loss factor (¢”) of Mo,CT:-6H
MXene significantly decrease. This reduction may be attributed to
the decrease in conductivity caused by the lower Ga content,
which reduces the freedom of electrons and thus lowers the
overall conductivity and dielectric loss of the materials. When the
etching time was increased to 12 h, ¢’ and ¢’ values of Mo,CT\-
12H MXene sample began to rise because of the expansion of the

1801

interlayer spacing caused by the etching process. This
phenomenon suggests that an increase in the interlayer spacing
may enhance the material’'s EMW absorption ability, as a larger
interlayer spacing may provide a longer path for EMW to
propagate within the materials, thereby improving the absorption
effect. Further extending the etching time to 24 h resulted in a
continued increase in ¢’ and ¢ values for Mo,CT,-24H MXene
sample, accompanied by noticeable curve fluctuations. This
variation can be attributed to the presence of numerous defects
and a high density of surface functional groups in the sample.
Extended etching introduces more defects and surface functional
groups, which can trigger additional polarization effects and
conductive losses, thereby increasing the overall dielectric loss of
the materials. In general, in this study, the dielectric loss of
Mo,CT, MXene is mainly due to the synergistic effects of
conductive loss and polarization loss. Conductive loss arises from
the movement and scattering of free electrons within a material,
whereas polarization loss is related to the polarization processes
within the materials. The combined effects of these factors
determine the material's EMW absorption performance [48,49].
Figure 6(c) shows the dielectric loss tangent (tand, = €”/¢’);
among them, Mo,CT,-24H MXene has the highest tand, value,
implying a superior dielectric loss capability. In addition, there are
obvious fluctuations in the dielectric loss curve of Mo,CT,-24H
MZXene because of the resonance phenomenon [50]. In addition,
the conductivity of the prepared samples was determined and is
shown in Fig. 6(d). Notably, the conductivity first tends to increase
but then decreases and then increases again with increasing
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Fig. 6 Electromagnetic parameters of prepared samples: (a) €, (b) €”, (c) tand, (d) conductivity, and (e-i) Cole-Cole circles.
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etching time. The reasons for the change in conductivity during
the etching process may involve several factors. Some surface
oxides are removed after etching for 12 h, which leads to
smoother electron transport. Nevertheless, excessive etching (24 h)
results in damage to the layer structure of Mo,C and an increase
in the number of surface functional groups, thus hindering
electron transport. Afterwards, when the etching time increased to
36 h, some damaged layer structures were realigned, or the surface
became clean, achieving smooth electron transport again and a
renewed increase in conductivity.

The Cole-Cole circle diagrams based on Debye theory (Eq. (4))
are displayed in Figs. 6(e)-6(i):

O R S BT

where ¢ and ¢, represent the static dielectric constant and relative
dielectric constant at the high-frequency limit, respectively. There
are no less than one irregular semicircle, demonstrating that
multiple Debye relaxation processes occurred in all the samples
[51]. Evidently, Mo,CT,-12H MXene sample has a larger
semicircle than the other microwave absorbers do, indicating an
enhanced polarization loss process and multiple relaxation
processes [52]. In addition, the long tail also contributes to
excellent conduction loss [53]. An increasing number of regular
semicircles are observed in Mo,CT,-24H MXene, indicating the
existence of more interfaces, defects, and chemical bonds [44],
which contribute to satisfactory MA performance.

Y. Chang, H. Zhao, X. Liu, et al.

Three-dimensional (3D) images were used to demonstrate MA
ability of different samples with thicknesses of 1-5 mm. As shown
in Figs. 7(a)-7(e), the minimum reflection loss (RL,,) value of
Mo,Ga,C MAX is —16.2 dB at 15.7 GHz with a thickness of
1.3 mm, which indicates weak electron absorption ability. With
the removal of Ga, there is an obvious improvement in EMW
absorption performance of Mo,CT, MXene, which can be seen
directly from Mo,CT,-6H MXene RL value of —33.9 dB. Mo,CT -
12H MXene achieves an RL,,,, value of —44.4 dB in thickness, and
a satisfactory EAB covers 44 GHz (13.42-17.82 GHz) with a
thickness of only 1.3 mm. For Mo,CT,-24H MXene, the optimum
EMW absorption ability of -60.7 dB is obtained at 1.5 mm, and
EAB reaches 3.98 GHz (13.85-17.83 GHz), with a thickness of
only 1.2 mm. The functional group content (-O, -OH) and
surface defects enhanced the dielectric properties and polarization
of the MXene, thus increasing EMW absorption performance of
the samples. However, as the etching time further increased to
36 h, RL,;, value decreased to —24.8 dB with a terrible thickness of
5 mm. The continuous increase in defects does not necessarily
result in better MA performance, and a low oxygen content leads
to weak performance. Hence, it is important to achieve a balance
between the number of functional groups and the number of
defects for optimum MA performance, which further
demonstrates that it is feasible to modulate the performance by
adjusting the etching time. A comparison of RL curves at 1.5 mm
(Fig. 7(f)) shows that Mo,CT,-24H MXene has an RL;, value
with the same thickness, achieving the best MA performance.
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To evaluate the capacity to dissipate EM waves, the attenuation
constant () is calculated via Eq. (5):

ﬂn 2 2
: f)(\/([xl”f”*[/llsl) Jr\/(‘uue// 7‘”/5/) +(ﬂ”5l+ [J/S”)

(5)

where f is the frequency, and ¢ represents the velocity of light in
free space. The frequency dependence of « for the prepared
absorbers is plotted in Fig. 7(g). o values of all five samples
increased significantly with increasing frequency ranging from
2-18 GHz, suggesting better EM wave dissipation potential in the
higher frequency range. Among them, Mo,Ga,C MAX phase has
the highest « values because of its optimum conductivity.
However, given the impedance mismatch, Mo,Ga,C does not
exhibit the theoretical best MA performance. Notably, Mo,CT,-
24H MXene has a dissipation capability second to that of
Mo,Ga,C MAX phase, and « value exceeds 2500, which is
attributed to its enhanced polarization relaxation and conductive
loss abilities.

Effective impedance matching is another crucial factor affecting
optimum absorption performance [54,55]. The relationship
between the characteristic impedance (Z = |Z,/Z|) and frequency
is depicted in Fig. 7(h) to further elucidate the impact of absorbers
on EMW absorption performance. Typically, when Z;, value is
close to Z,, ie, Z = 1, the incident EM waves can enter MA
materials entirely without reflection in theory [56]. Mo,CT,-24H
MXene clearly possesses the optimum impedance matching at a
thickness of 1.5 mm. The decreased conductive loss and enhanced
polarization process caused by the lower conductivity and
abundant surface defects, respectively, optimize the impedance
matching of the absorber. On the basis of the synergistic effect of
the above two factors of impedance matching and the attenuation
constant, Mo,CT,-24H MXene has the optimum RL_ ;. An
overall comparison of EMW absorption performance of different
samples is depicted intuitively in Fig. 7(i). The Mo,CT,-24H
MXene has the optimum RL,;, value of —-60.7 dB (1.5 mm),
whereas Mo,CT,-12H MXene has a superior EAB of 44 GHz
(1.3 mm). Therefore, the modulation of surface defects by a
reasonable adjustment of the etching time is an effective strategy

oax=

for tailoring the electromagnetic parameters and enhancing MA
ability.

The relationship between the absorber thickness and the
absorption peak frequency corresponding to different RL,;, values
of Mo,CT,-24H MXene is given in Fig. 8(a). According to Eq.(6):

do=™n ¢ 350 (6)
Afnr/ | &t

where d,, and f,, represent the optimum thickness and frequency
of the RL,;;, peak, respectively, and A, represents the microwave
wavelength corresponding to f;.. The red triangle symbolizes the
specific thickness at #,, whereas the black curve represents the
calculated theoretical thickness. All “red triangular marks” clearly
fall on the dark curve, suggesting that RL,;, values of Mo,CT,-
24H MXene with different thicknesses correspond to the same
frequency as the A/4 curve of the corresponding thickness, which
demonstrates that the absorption mechanism of Mo,CT,-24H
MXene adheres to A/4 principle. Moreover, RL,;, peak gradually
moves in the low-frequency direction with increasing absorber
thickness, which is one of the important characteristics of the
quarter-wavelength matching model. In other words, when EMW
enters the absorber, destructive interference occurs when the
phase difference between the two reflected waves is 1/4 due to the
existence of numerous interfaces, thus enhancing the loss ability of
EMW [57,58]. Generally, the ideal absorber achieves a lower RL
value and a wider EAB at a thin material thickness. To evaluate
the competitiveness of the prepared samples, MA performance of
Mo,CT,-12H and Mo,CT,-24H MXene was comprehensively
compared with that of other previously reported MXene-based
absorbers in terms of RL, EAB, and material thickness (Fig. 8(b)
and detailed in Table S1 in the ESM). Mo,CT, demonstrates
superior performance among all single-phase MXene absorbers,
achieving excellent EMW absorption properties comparable to
those of MXene-based composite absorbers without the need for
complex composite processes or structural designs. Particularly
notable is its ability to achieve —60.7 dB RL and a 44 GHz EAB
even at ultrathin thicknesses. Compared with the other samples,
Mo,CT, MXene not only exhibit a superior RL but also maintain
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Fig.8 (a) Minimum RL curves and relevant A/4 matching model of Mo,CT,-24H MXene. (b) Comparison of EMW absorption performance with that of other

reported pure MXene absorbers [30, 59-62].
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a relatively high EAB. This indicates that Mo,CT, MXene can
achieve strong EMW absorption while effectively absorbing EMW
across a broad frequency range, thereby enhancing their overall
performance and application potential as EMW absorption
materials.

3.3 EMW absorption mechanism of Mo,CT,

Figure 9 summarized the EMW absorption mechanism of
Mo,CT, MXene. First, after etching treatment, the inherent
functional groups on the MAX phase surface are transformed into
higher-activity sites, which facilitates the accumulation of dipoles
within the materials. Specifically, the etching process removes
some inactive surface materials, generating more active sites and
thus more effectively promoting the polarization of dipoles, which
leads to a more uneven charge distribution, increasing EMW
absorption ability and thereby enhancing MA performance [63].
Second, the presence of oxygen-containing functional groups on
the MXene surface is a key factor in promoting the formation of
conductive pathways. These oxygen functional groups interact
with MXene surface to create new conductive channels,
significantly improving electron mobility. Although these
conductive channels facilitate electron migration, they also
increase conductive loss due to the presence of additional
scattering centers, which reduces the material’s overall electrical
conductivity. Third, the multilayer structure of MXene effectively

Y. Chang, H. Zhao, X. Liu, et al.

extends the transmission path of the EMW. In this structure,
EMWs undergo multiple scattering and reflection events, resulting
in the attenuation of wave energy within the materials. This
multilayered scattering mechanism significantly enhances the
ability of materials to absorb EMW, as each scattering and
reflection mechanism increases the residence time of the waves
within the materials, improving wave attenuation. Additionally,
the abundant defects and interfaces introduced by etching create
various interfacial polarization processes. These defects and
interfaces provide more opportunities for wave polarization,
increasing the diversity and complexity of the polarization process,
which further improves the material's EMW absorption
performance. This diverse polarization mechanism not only
enhances the material’s absorption capacity but also improves its
absorption efficiency. Finally, the balance between conductive loss
and polarization processes optimizes the impedance matching of
the materials. By precisely adjusting this balance, we achieve
optimal EMW absorption, meaning that EMWs are effectively
dissipated upon entering the materials and that the reflected waves
are minimized. This optimization allows Mo,CT, MXene to
exhibit excellent MA performance, indicating its high potential for
applications in MA [53].

4 Conclusions

In summary, Mo,CT, MXene with various etching time were
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synthesized via a direct hydrothermal etching method, followed by
an investigation into the impact of different etching degrees on
MA capacity. More importantly, the content of oxygen functional
groups and defects generated by etching are key factors in the
impedance matching of the absorption materials. Benefiting from
synergistic EMW absorption mechanisms, including dipole
polarization, multiple interfacial polarizations and conductive
losses caused by defects and oxygen functional groups, and
multiple scattering and reflections caused by a multilayered
structure, Mo,CT,-12H MZXene achieves an RL,;, value of
—444 dB, a broad EAB of 44 GHz, and a thickness of only
1.3 mm. RL,;, value of Mo,CT,-24H MXene is —60.7 dB at a
thickness of 1.5 mm, and EAB reaches 3.98 GHz at a thickness of
1.2 mm. Overall, this work provides a feasible strategy for tailoring
Mo-based MXene absorbers to achieve ideal MA properties.
Furthermore, Mo,CT, demonstrates the highest absorption
performance among all the pure MXenes, suggesting that it could
become a focal point for researching the next generation of
MXene-based absorption materials.
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