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1. Introduction

Fabrication of a tunable mesoporous polypyrrole/
MXene composite with a sandwich structure for
enhancing electromagnetic wave absorption
performancet

Wenjuan Zhang, & *? Xiangyue Yang,? Youliang Wang,*® Yaxian Wang,? Xuyang Wu?
and Yonggqian Shen @32

As wireless communication technologies and electronic devices continue to advance quickly, electromagnetic
waves (EMWs) have a serious impact on equipment interference and human health. The development of new
materials for EMW absorption and shielding is crucial to mitigate electromagnetic (EM) interference. In this
study, a unique strategy was implemented for developing a mesoporous polypyrrole/MXene (mPM)
composite. The mPM composite was prepared by a molecular synergistic self-assembly method using
spherical block copolymer micelles as templating agents to regulate mesopores. The effects of the
polypyrrole/MXene ratio and pore size on the EMWs absorption performance of composites were
systematically investigated. The mPM composite formed by MXene and polypyrrole exhibits a well-
developed porous structure and conductive network, significantly enhancing dielectric loss. The rich
mesoporous structures and the multi-layer heterogeneous interfaces can improve the interface polarization,
realize multiple reflections, and enhance the EMWs absorption performance of the mPM. The mPM-1
composite, prepared using the PS;00-b-PEO;14 template, achieved a reflection loss (RL) of —67.82 dB at an
MXene to polypyrrole ratio of 1 with a matching thickness of 1.37 mm. Its effective absorption bandwidth
(EBW) was 3.68 GHz (ranging from 14.16 to 17.84 GHz) with a matching thickness of 1.25 mm. It is a reliable
way to develop absorbing materials with light, thin, large EBW and high-quality EMWSs absorption performance.

high density, difficult processing, and weak corrosion resis-
tance limit their application in highly integrated electronic

With the advancement and widespread use of wireless
communication technology, electromagnetic waves (EMWs)
have been used as carriers in a variety of industries in recent
years, and greatly improve human productivity and quality of
life. However, the electromagnetic (EM) interference is one of
the most serious threats to both the environment and human
health.”” Therefore, microwave-absorbing materials are
increasingly essential in mitigating the effects of EMW pollu-
tion and safeguarding human health.>” In addition, controlling
the loss and interference of EMWs is critical to meeting the
growing demands in military applications.®®

At present, metallic materials'®** are widely used to suppress
EM pollution due to their high electrical conductivity, but their
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devices." The ongoing focus on EM interference and radiation
has prompted the development of new low-density, effective
microwave-absorbing materials in recent years.”*™* The emer-
gence of nanomaterials such as nanoparticles,'*” nano-
wires,'®'? porous carbon,”*** graphene,**** and transition metal
carbides, nitrides, or carbonitrides* has brought new perspec-
tives to EM protection systems. Among these materials, MXene
is particularly notable for its rich surface functional groups and
high electrical conductivity,* which are advantageous for EMW
attenuation and absorption, making it a highly promising
candidate for microwave absorption applications. The inho-
mogeneous interfaces on the surface of MXene produce defect
polarization, interfacial polarization, and multiple reflections
between the interfaces, which enhance the microwave attenu-
ation ability and broaden the absorption bandwidth.** MXene
compounds with other materials through hydrogen bonding
can accelerate the electron transfer and improve the microwave
absorption performance. However, the high electrical conduc-
tivity and strong dielectric loss of MXene can adversely affect its
impedance matching, limiting its performance as a high-
efficiency microwave-absorbing material. Generally, the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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utilization of high-conductivity composites to enhance
conductivity and adjust impedance matching is an effective
method for improving the microwave absorption properties of
MZXene-based composites.

Polypyrrole (PPy) is a crucial conductive polymer material.
Owing to its simple synthesis process, low density, excellent
conductivity, robust corrosion resistance, and stable chemical
properties, it has attracted increasing attention in the field of
microwave absorption.”” It is reported that various PPy-based
composites exhibit excellent microwave absorbing proper-
ties.”® Lei et al.*® employed an in situ polymerization method to
coat PPy particles onto layered Ti;C,T, MXene. The heteroge-
neous interfaces and the synergistic effects between the layered
MXene and the conductive PPy network effectively enhance the
microwave absorption performance. The optimal reflection loss
reaches —68 dB at 2.68 mm thickness; at the same time, the
EBW reaches 6.56 GHz (from 11.44 to 18 GHz) when the
thickness is 2.26 mm, covering the entire Ku band (12-18 GHz).
As a result, MXene/polymer-based materials possess advantages
such as interface polarization, dipole polarization, and
conductivity, which facilitate dielectric loss and enhance
impedance matching.

In addition, conductive polymers have the characteristics of
easy morphological regulation and resistance to oxidation.
Based on this, compositing the conductive polymer PPy with
MXene not only introduces multiple loss mechanisms but also
effectively protects the MXene layer from oxidation, providing
an effective approach to obtaining ideal absorbing materials. In
addition, the structure of absorbing materials can also modu-
late their microwave absorption performance. Among these
materials, porous materials have shown great potential for the
development of absorbing materials due to their special pore
structure, which provides excellent electrical conductivity and
high EMWs attenuation.**** However, controlling the pore
structure of two-dimensional (2D) porous polymers remains
a significant challenge. To date, precise control of pore struc-
ture primarily relies on two methods: the template method and
molecular self-assembly. The template method is mainly to
crosslink the monomer on the surface of a pre-prepared 2D
silica-based template, followed by etching the template with
corrosive acids or alkalis to obtain the porous structure.
Although this method can synthesize a variety of 2D porous
polymers, its pore structure is constrained by the morphology of
the template, resulting primarily in spherical mesopores.
Additionally, this method is complex, costly, and unsuitable for
large-scale production, which limits its practical applications.
By contrast, the molecular self-assembly method, which relies
on the synergistic organization of polymer precursor and
surfactant template on a 2D substrate, is a more effective
strategy. Therefore, self-assembled block copolymers offer an
excellent route for the construction of intricate mesoporous
structures due to the notable advantages of the molecular self-
assembly method in terms of predictable production, accurate
thickness control, and simple removal without residual.**-**
However, the design and synthesis of 2D porous PPy/MXene
composites remain significant challenges. The influence
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mechanism of pore structure on microwave absorption
enhancement needs further research.

In this work, a mesoporous polypyrrole/MXene (mPM)
composite with well-developed conductive networks was con-
structed by utilizing the non-homogeneous interface of MXene
and the conductivity of the polymer PPy. Meanwhile, the
molecular synergistic self-assembly strategy was used to regu-
late the mesoporous size of the composite by controlling the
degree of polymerization of the template agent. The effects of
different components and structures on microwave absorption
properties were systematically studied by using a vector network
analyzer, and the microwave absorption mechanism was
clarified.

2. Experimental
2.1 Materials

TizAlC, (400 mesh) was obtained from Jilin 11 Technology Co.,
Ltd, China. PSsy-b-PEO;14, PS100-b-PEO;14, and PS,s4-b-PEO; 14
were purchased from Xi'an Ruixi Biological Technology Co.,
Ltd, China. Hydrochloric acid (HCI) was purchased from
Foshan Huaxisheng Chemical Co., Ltd, China. Lithium fluoride
(LiF) was purchased from Shanghai Aladdin Biochemical
Technology Co., Ltd, China. Potassium bromide (KBr) was
purchased from Tianjin Guangfu Technology Development Co.,
Ltd, China. Lithium chloride (LiCl), pyrrole (Py), and ammo-
nium persulphate (APS) were purchased from Shanghai McLean
Biochemical Technology Co., Ltd, China. Tetrahydrofuran
(THF) was provided by Tianjin Baishi Chemical Co., Ltd, China.
All reagents used in the experiments were of analytical grade.
Deionized water (DI water) used throughout all
experiments.

was

2.2 Preparation of delaminated MXene (DL-MXene)

The Ti;C, MXene was successfully synthesized through selective
etching of the Al layer from Ti;AlC, using the in situ HF method.
Firstly, a premixed solution (20 mL) of LiF (3 M) and HCI (12 M)
was prepared, then it was added with Ti;AIC, (1 g), and the
mixture was continuously stirred for 48 h at 38 °C. Afterward,
the mixture was centrifuged and washed with HCI (1 M), LiCl (1
M), and DI water until the pH of the supernatant exceeded 6.
Secondly, the product obtained after freeze-drying was multi-
layer MXene (ML-MXene). ML-MXene was added to an appro-
priate volume of DI water and the mixture was sonicated for 45
minutes in a nitrogen (N,) atmosphere. The solution was then
centrifuged at 8000 rpm for 5 minutes to collect the superna-
tant, which was subsequently freeze-dried to obtain DL-MXene.

2.3 Self-assembly of mPM

Firstly, PS;09-b-PEO;14 block copolymer (0.3 g) was dissolved in
THF (6 mL), and then DI water (6 mL) was slowly added drop-
wise to the solution to form spherical micelles. Secondly, DI
water (42 mL) was added rapidly dropwise to the solution. After
stirring for 30 min, different volumes of DL-MXene (2 mg mL™ ")
solution were added, followed by the addition of pyrrole (Py)
monomer (192 pL), and the mixture was stirred evenly in an ice
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bath. Thirdly, the polymerization was initiated by introducing
APS solution (10 mg mL ") into the above solution at the ratio of
APS/Py = 1:1 (molar ratio), and HCI was added to the solution
for acid doping until the system reached 1 M HCI, and the
system was stirred slowly for 6 h at 0-2 °C. When the reaction
was finished, the product was washed with THF, EtOH, and
deionized water to pH = 6, and then freeze-dried for 24 h. To
study the effect of the ratio of MXene to PPy on the microwave
absorption performance, the mass ratios of the MXene to Py
were 0.5, 1, 1.5, and 2, which were tagged as mPM-0.5, mPM-1,
mPM-1.5, and mPM-2, respectively.

In the above process, the pore size can be adjusted by using
different block copolymers, PSso-b-PEO;14 and PS;5¢-b-PEO; 14,
and the mass ratio of MXene to Py can be controlled at 1 to
obtain the porous MXene/PPy composite with different pore
sizes, which are designated as mPM-50 and mPM-150,
respectively.

2.4 Characterization

The morphology was carried out by a Scanning Electron
Microscope (SEM) and a Transmission Electron Microscope
(TEM). X-ray diffraction (XRD) images were obtained via an X-
ray diffraction (scanning range: 5-90°, scanning speed:
50 min~'). The magnetic properties were characterized by
a Vibration Sample Magnetometer (VSM). Infrared (IR) spectra
were obtained by a Fourier Transform Infrared Spectroscopy
(FT-IR). The obtained structure was determined via X-ray
photoelectron spectroscopy (XPS).

The electromagnetic (EM) parameters of the sample were
tested using a Vector Network Analyzer (Agilent N5244A) over
a frequency range of 2.0-18.0 GHz. Before the test, the sample
and paraffin were weighed according to the specific proportion,
melted at 60 °C, fully mixed, and then transferred to a mold
with a radius of 7.0 mm, an inner diameter of 3.04 mm, and
a thickness of 2.0 mm. The mixture was then pressed into
a concentric ring.

3. Results and discussion
3.1 Design of mPM

In this work, we demonstrate an approach for prepare rational
growth of a 2D mesoporous PPy network on MXene, yielding 2D
sandwich-like = mesoporous  polypyrrole/MXene  (mPM)
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Fig.1 Schematic diagram of mPM.
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composite, as shown in Fig. 1. The Process (a): a certain amount
of PS,,-b-PEO; 4, block copolymer (the subscript m express the
degree of polymerization) was dissolved in THF/H,O solvent
mixture to form spherical micelles. Process (b): subsequently,
the DL-MXene and pyrrole (Py) monomer were introduced in
micellar solution. The interfacial self-assembly of the micelles
and Py on MXene sheets is driven by hydrogen bonding and
electrostatic interactions. Process (c): the polymerization was
initiated by adding APS solution and the PS,-b-PEO;;, was
removed by washing the product with THF, EtOH, and H,O to
obtain mPM composite.

3.2 Morphology and structure

The Al layer in the Ti;AlC, (MAX) phase was etched to obtain the
ML-MXene by in situ hydrofluoric acid method, and then was
exfoliated by ultrasound-assisted method to obtain DL-MXene.
The structure and morphologies of the MXene were first
analyzed by SEM, TEM, and XRD as presented in Fig. 2. As
shown in Fig. 2a, the removal of the Al phase imparts an
accordion-like layered structure to the ML-MXene, which
exhibits a typical 2D laminar structure with lamellae that have
a transverse size exceeding 3 um. The cross-sectional structure
of ML-MXene, analyzed by TEM (Fig. 2b), reveals that the
nanosheets are neatly stacked, forming a multilayer structure
with highly ordered sub-nanometer interlayer channels. The
ML-MXene was subjected to assisted exfoliation treatment
using high-power ultrasound to obtain DL-MXene nanosheets
with larger sizes. From the SEM image of DL-MXene in Fig. 2c,
the prepared nanosheets exhibited a wrinkled and curled
nanosheet shape, and the TEM image (Fig. 2d) showed that DL-
MXene appears as an almost transparent thin sheet with a slight
fold, which indicated that it had been exfoliated into a mono-
lithic sheet. The surface shows no apparent pinholes, cracks, or
breakage, suggesting that the integrity of the sheet is well
preserved, and there are almost no nanoscale defects. The
transverse size of the nanosheets is approximately 600 nm.
According to the HRTEM photographs and Selected Area Elec-
tron Diffraction (SAED) spectra (Fig. 2e), the DL-MXene nano-
sheets showed a basal hexagonal crystal system structure, and
the sheet had a better degree of crystallization.

DL-MXene
*

ML-MXene

2 2 mae

Noo2)

F 004)

Ti,AIC,PDF #52-0875

1020 30 40 S0 60 70 80 %
20(deg)

Fig.2 SEMimages of ML-MXene (a) and DL-MXene (c). TEM images of
ML-MXene (b) and DL-MXene (d). HRTEM (e) and SAED patterns (inset)
of DL-MXene. XRD patterns of DL-MXene, ML-MXene, and TizAlC; (f).
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ML-MXene was synthesized by selectively etching the Al layer
from the MAX phase Ti;AlC, using the LiF-HCI system. XRD
analysis (Fig. 2f) was employed to confirm the successful
etching and delamination of Ti;C,.*® The XRD spectrum of MAX
in Fig. S1t displays two distinct characteristic peaks: the (104)
peak at 26 = 39°, indicating the Al atomic layer, and the (002)
peak at approximately 26 = 9.5°, reflecting the interlayer
spacing, both of which match well with the card of the Ti;AlC,
MAX phase material (PDF #52-0875). As the Al layer is etched,
the original crystal structure is disrupted, the X-ray absorption
is reduced, and the disappearance of the strongest peak (104)
confirms the successful etching of the MAX phase and the
transformation of TizAlC, into Ti;C,T, MXene. Furthermore,
the (002) peak of the MXene shifts to a lower Bragg angle
compared to the MAX phase, due to the intercalation of water
and ions, as well as the expansion of the interlayer spacing
caused by the functional groups (-O, -OH, -F, and —Cl) replac-
ing the Al atomic layer. The (002) peak of DL-MXene is slightly
displaced to the left relative to ML-MXene, likely due to the
delamination process induced by ice-bath sonication. In
contrast, the (002) peak of ML-MXene is shifted to approxi-
mately 7.82°, which corresponds to the lattice parameter (c-LP)
= 22.6 A.*” Moreover, the appearance of the standard diffraction
peak crystal planes (002), (004), (006), (008), (0100), and (110) of
MXene further indicates that MXene nanosheets were obtained.

The influences of the MXene/Py ratio and pore size on the
morphologies of mPM composite were systematically investi-
gated. The TEM images provide a clear representation of the
micromorphology of mPM with varying PPy ratios, as shown in
Fig. 3a-d. The mPM exhibits a layered structure with tightly
packed spherical pores and a uniform pore size. On the one
hand, the mPM can be observed as a sandwich structure from
the edges of the lamellae, with PPy polymerized on both sides of
DL-MXene. On the other hand, the pore sizes of the TEM images
were counted (Fig. S1t), and the pore size was about 18 nm,
which was very close to the diameter of the micelle, proving that
the PS;00-b-PEO;14 micelle template effectively induced the
formation of the PPy mesoporous structure.*® Furthermore, PPy
also forms a conductive network, which increases the conduc-
tive pathway of mPM. As the MXene content increases, PPy

Fig. 3 TEM images of mPM with different MXene and Py mass ratios:
mPM-0.5 (a), mPM-1 (b), mPM-1.5 (c), and mPM-2 (d), and mPM with
different pore sizes (MXene : Py = 1): mPM-50 (e), mPM-150 (f).
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gradually fails to fully cover the surface of the MXene; however,
the presence of pores remains observable. Remarkably, when
EMWs are incident into the absorbing composite, certain
defects and apertures in the composite can cause dipole
polarization and increase the dielectric loss, thus promoting the
improvement of the microwave absorption performance of the
composite. Fig. 3b, e, and f show the TEM images of three mPM
samples with different pore sizes, prepared with a MXene-to-Py
mass ratio of 1. The samples, mPM-50, mPM-1, and mPM-150,
were synthesized using PSs5p-b-PEO;14, PSi00-b-PEO;14, and
PS,50-b-PEO;, templating agents, respectively. The pore size
analysis of the three TEM images shows that the pore size of
mPM-50 is about 15 nm, mPM-1 is about 18 nm, and mPM-150
is about 24 nm, all of which are very close to the diameter of the
micelles.

XRD, FT-IR, and XPS analyses were performed to confirm the
synthesis of mPM. Fig. 4a shows the XRD patterns of mPM with
different MXene ratios. It is evident that the weak absorption
peaks of PPy at 15-30° made up the peaks of mPM and the
MXene peaks of (002), (004), (006), (0010) and (110) crystal plane
compositions, the intensity of (002) peak with the increase of
MXene content, and the amorphous carbon peak of PPy grad-
ually weakens. In addition, the layer spacing of DL-MXene was
calculated to be 14.43 A based on the characteristic peak of (002)
located at 6.12°, whereas mPM-1 (002) shifted to 5.54° and the
crystalline facet spacing increased to 15.94 A. This significant
change was attributed to the enhancement of MXene layer
spacing as a result of the insertion of various PPy contents.*

Fig. 4b shows the FT-IR spectra of DL-MXene, PPy, mPM, and
PS100-b-PEO;14. In the spectra of DL-MXene,* the typical
absorption peaks are the Ti-C stretching vibration peak at
565 cm ' and the stretching vibration peaks of -OH at
3425 cm™ ' and 1621 cm ™. In the spectra of pure PPy, the peaks
of 1558 cm ™" and 1447 cm ™" belong to the vibrational stretch-
ing of the Py ring,* while the N-H in-plane vibration at
1049 cm ™! and the C=N ring deformation at 1200 cm " and the
C-H in-plane deformation at 929 cm ™" are characteristic peaks
of PPy. In the spectra of the mPM composites, the Ti-C

a +—MXene H "’”VWW\/
—PPy 1
- N H g
E v mPM-2 g 2
< T\ ———mPM2
il
z
g WPMLL [T —ee—T
=
= mPM-0.5 g\/ B e AR

L - y DL-MXene Vg

10 20 30 40 50 60 70 80 90 3500 3000 2500 2000 1500 1000 500
Wavenumbers(cm™)

20 (deg)

C - DL-MXene

—PPy m.-wx»ncw

3028

Intensity (a.u.)

mPM-150
v\ e A
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Wavenumbers(cm™)

Fig. 4 XRD pattern (a), FT-IR spectra (b) of mPM with different MXene
ratios; XRD pattern (c), FT-IR spectra (d) of mPM with different pore
sizes (MXene: Py = 1).
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stretching vibration peak at 565 cm ™" is observed, as well as the
characteristic peaks of PPy in all mPM composites. Additionally,
the PPy peaks in the mPM composites at 1558 cm™ ', 1477 cm™ ',
1309 cm ™', 1200 cm™, 1049 cm ™Y, 929 em ™}, and 782 cm ™!
exhibit certain shifts.*” These shifts may result from the -7
interaction between MXene and PPy, which decreases the elec-
tron cloud density on the conjugated m-bonds and alters the
energy of the conjugate bonds, leading to the shifting of the
characteristic peaks of doped PPy.* This phenomenon indi-
cates the successful integration of PPy and MXene. Finally, we
find that the characteristic peak of the stretching vibration of -
CH, possessed by the polymer template PS;oo-b-PEO;14 at
2850 cm ' completely disappears, indicating that the polymer
template has been completely washed away by THF.

Fig. 4c shows the XRD spectra of mPM with different pore
sizes when the MXene : Py ratio is 1. The XRD patterns show
a broad amorphous peak at about 25° that corresponds to
amorphous PPy.* The (002) and (110) crystal planes of MXene
were represented by the characteristic peaks at 5.7° and 60.6°,
respectively. This suggests a well-mixed state of PPy and MXene
within the composites. Fig. 4d displays the FT-IR spectra of
mPM with different pore sizes, revealing that the peaks for
mPM-50, mPM-1, and mPM-150 correspond to those of PPy and
DL-MXene. Notably, the PPy peaks in the mPM composites
display similar shifts due to m-7 interactions, further con-
firming the successful incorporation of PPy with DL-MXene.

The C 1s spectrum of mPM-1 composite is presented in
Fig. S2a.t The peaks observed at binding energies of 283.61 eV,
284.80 eV, 286.48 eV, 288.01 eV, and 290.92 eV are assigned to
Ti-C, C-C/C=C, C-0O, C=0, and C-F bonds, respectively.
Notably, the peak at 285.64 eV, corresponding to the C-N bond,
likely originates from the interfacial interaction between MXene
and PPy, suggesting covalent bonding at the interface.
Furthermore, Fig. S2bt displays the N 1s spectrum of the mPM-
1 composite, where the peaks at 399.93 eV and 402.71 eV are
attributed to C-N and -NH, bonds, respectively. These findings
provide strong evidence that the surface functional groups of
MXene are covalently bonded to the molecular chains of PPy,
confirming the formation of a robust interfacial connection
between the two components.

3.3 EM parameters of absorbing materials

EM parameters (the complex permittivity and complex perme-
ability) are widely recognized as key factors in determining
microwave absorption performance. The complex permittivity
and the permeability have both imaginary (¢” and ") and real
components (¢ and p'). The imaginary part represents the loss
capacity of EM energy, whereas the real part reflects the storage
capacity of EM energy. The following equations illustrate the
correlation between ¢ and imaginary ¢” values using the Debye
theory:

& — €w

Sr:€w+wzfl(f)*ffu(f) (1)

, & — €w

8(f)=€m+m (2)
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where j is the imaginary unit, fis the EMWs frequency, t is the
relaxation time, ¢ is the static permittivity, and ¢, is the relative
permittivity at the high-frequency limit. From eqn (1)—(3), there
is a polarization relaxation behavior in these composites during
the absorption of EMWs in terms of Debye's theory.

Fig. 5a-f shows the EM parameter distribution of mPM with
different MXene/Py ratios in the frequency range of 2 to 18 GHz
when the paraffin ratio is 30 wt%. As shown in Fig. 5a and b, the
¢ values of mPM-0.5, mPM-1, mPM-1.5, and mPM-2 vary in the
ranges of 19.93-11.64, 19.94-13.75, 14.85-12.26 and 14.85-
11.62, respectively, and revealed a downward trend, which was
brought on by the enhanced interface polarization between
MXene and PPy as well as the periodic change of the orientation
polarization lag electric field of the electric dipole. The ¢” values
of mPM-0.5, mPM-1, mPM-1.5, and mPM-2 vary in the ranges of
10.99-5.54, 10.57-4.12, 4.39-2.02, and 4.25-1.84, respectively.
The ¢’ value of mPM-0.5 and mPM-1 are higher than those of
mPM-1.5 and mPM-2, with a progressive increase in ¢” as the
PPy content rises. This is because the conductive network of
mPM becomes more complete with higher PPy content, thereby
enhancing conductivity. Therefore, the dielectric loss of mPM-
0.5 and mPM-1 is the strongest. Additionally, multiple reso-
nance peaks are observed in the ¢’ spectra of all mPM
composites, indicating the presence of multiple polarization
relaxation processes.

In conclusion, both the real part (¢') and imaginary part (¢”)
of the permittivity of all mPM composites decrease with
increasing frequency, indicating that all mPM composites
exhibit varying degrees of frequency dispersion, which facili-
tates the dissipation of EMWs.** The findings demonstrated
that ¢ and ¢’ show an increasing tendency as the PPy content
increases, suggesting that PPy improved the dielectric proper-
ties of mPM. The tané, value and tand, value represent the
dielectric loss capacity and magnetic loss capacity of the mPM
respectively. As can be seen from Fig. 5c and f, the dielectric loss
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Fig. 5 The frequency dependence of the real (a) and imaginary (b)
parts of the complex permittivity, the dielectric loss tangent (c), the real
(d) and imaginary (e) parts of the complex permeability, the magnetic
loss tangent (f) for mPM (different MXene/Py ratios and the same
template PS1g0-b-PEO;14, paraffin ratio 30 wt%).
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capacity of the mPM generally shows a decreasing trend with
the increase of frequency and the tand. curve shows two
obvious peaks, indicating the occurrence of double dielectric
relaxation during the EMW loss process.*® In Fig. 5d and e, the
real part (u') and imaginary part (u”) of complex permeability
are about 1.0 and 0.0, respectively, indicating the absence of
a magnetic component in the composite. As a result, the
composite can be regarded as a non-magnetic material. The tan
0, values of the four different mPMs are all around 0.0, indi-
cating that the magnetic loss can be ignored in the non-uniform
system. In the whole measurement frequency range, the
dielectric loss capacity of mPM is extremely stronger than the
magnetic loss capacity, demonstrating that the loss mechanism
of all mPM to EMWs is mainly dielectric loss.

Fig. 6 shows the EM parameter distributions of mPM with
different pore sizes in the frequency range of 2-18 GHz when
the MXene : Py ratio is 1 and the paraffin ratio is 30 wt%. As
shown in Fig. 6a and b, the permittivity of three mPMs as
frequency increases, demonstrating a remarkable frequency
dispersion phenomenon. In the range of 2-18 GHz, the ¢” values
of mPM-1 are higher than those of mPM-50 and mPM-150,
indicating that the mPM-1 possesses the highest dielectric
loss. As shown in Fig. 6¢c, the tan . curves for mPM with
different pore sizes display two distinct peaks, further sug-
gesting the occurrence of double dielectric relaxation during the
EMWs loss process. In addition, since the composite does not
contain magnetic components, the real (u') and imaginary (u”)
parts of the complex permeability in Fig. 6d and e are about 1.0
and 0.0, respectively, and the magnetic loss is negligible. The
primary cause of the EMWs loss mechanism of mPM is
dielectric loss since tand, is much higher than tané,. In
summary, the mPM-1 prepared using polymer PS;o-b-PEO;14
has a stronger dielectric loss, and mPM-1 with 18 nm pore sizes
is more favorable for EMWs absorption.

3.4 Microwave absorption properties

The following formulas are used to calculate the RL of materials
in light of the transmission line theory to assess their perfor-
mance in terms of microwave absorption.*”**
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Fig. 6 The frequency dependence of the real (a) and imaginary (b)
parts of the complex permittivity, the dielectric loss tangent (c), the real
(d) and imaginary (e) parts of the complex permeability, the magnetic
loss tangent (f) for mPM (different PS,,,-b-PEO;14 templates, the same
MXene/Py ratios (1: 1), paraffin ratio 30 wt%).
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The frequency, speed of light, thickness, complex permeability,
and complex permittivity are denoted by f, ¢, d, u,, and e,
respectively. The input impedance is Z;,, while the free space
impedance is Z,.

To evaluate the microwave absorption performance of the
composite, the RL of the material under the thickness of 1.0-
5.0 mm is simulated by eqn (4) and (5) based on the measured
permittivity and permeability under the transmission line
theory in the frequency band of 2-18 GHz. In general, the
frequency range where RL < —10 dB is the EBW of composite
since it can efficiently absorb over 90% of the incident EMWs
when the RL value is less than —10 dB.

When a material absorbs more than 90% of the incident
EMWs (RL = —10 dB), it is generally considered an excellent
microwave absorber. To elucidate the EMWs absorption
performance of the obtained mPM composites, three-
dimensional graphs of RL at a given frequency and layer
thickness were calculated and plotted using the measured EM
parameters. As shown in Fig. 7, the RL values for all mPM
composites are below —10 dB, indicating that all the composites
exhibit EMW loss capabilities. Specifically, the mPM-0.5 with
a thickness of 1.2 mm achieves the optimal RL of —17.54 dB at
17.92 GHz, and the maximum EBW is 4.72 GHz (13.28-18 GHz)

RL = 20 log (4)

o
=3

&
@

Fig. 7 The 3D reflection loss patterns of mPM: mPM-0.5 (a), mPM-1
(b), MPM-15 (c), and mPM-2 (d) and the 3D reflection loss patterns of
mesoporous PPy/MXene/FezQ4 (e).
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(Fig. 7a). As shown in Fig. 7b, when the ratio of MXene to Py is
adjusted to 1, the RL decreases significantly and the EBW
increases, thus improving the EMWs absorption performance.
The RL of mPM-1 reaches —67.82 dB at a thickness of 1.37 mm
and a frequency of 14.4 GHz, with an EBW of 3.44 GHz (12.88-
16.32 GHz). mPM-1 possesses the maximum EBW of 3.68 GHz
(14.16-17.84 GHz) when the thickness is 1.25 mm and the
frequency is 15.92 GHz (Table S17). As shown in Fig. 7c, mPM-
1.5 achieves a minimum RL of —19.70 dB at 1.16 mm and 18.0
GHz, with an EBW of 1.12 GHz (16.88-18 GHz). When the ratio
of MXene to Py is further increased to 2, as shown in Fig. 7d,
mPM-2 has the minimum RL value of —15.51 dB at a thickness
of 3.95 mm and a frequency of 16.4 GHz, with an EBW of 1.44
GHz (15.75-17.2 GHz).

In addition, we also studied the effect of Fe;O, loading on
the microwave absorption performance of porous mPM
composites, specifically the mesoporous PPy/MXene/Fe;O,
(mPMF) composites (Fig. 7e). When the ratio of MXene to Fe;0,
is 1, an RL value of —30.05 dB is obtained at 3.83 mm. However,
the loading of Fe;O, caused pore blockage, which hindered
electron transport and reduced dielectric loss, resulting in the
mPMF composites failing to achieve the desired microwave
absorption performance. A combination of TEM and EM
parameter characterization shows that the interface between
mesoporous PPy and MXene has the largest polarization and
the strongest polarization loss. The results show that better
microwave absorption performance is achieved by constructing
mPM with a lamellar sandwich structure. The introduction of
mesopores further enhances the EMWs absorption properties
of the composite, the matching thickness decreases, and the
EBW increases.

The RL of mPM with different pore sizes at a given frequency
and different layer thicknesses can be computed using the ob-
tained EM parameters. As shown in Fig. 8a, the minimum RL of
mPM-50 is —11.08 dB, which weakens the capacity of EMWs
loss. In contrast, mPM-1 shows a high EMWs absorption

o N
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Fig. 8 RL of mPM with different pore sizes (MXene : Py = 1): mPM-50
(@), mPM-1 (b) and mPM-150 (c).
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capability as shown in Fig. 8b. Its minimum RL value reaches
—67.82 dB at a thickness of 1.37 mm and a frequency of 14.4
GHz, with an EBW of 3.44 GHz (12.88-16.32 GHz). When the
pore size is further enlarged, the RL of mPM-150 decreases, as
shown in Fig. 8c, where the mPM-150 has a minimum RL of
—20.03 dB at 15.92 GHz with a thickness of 4.0 mm, with an
EBW of 1.58 GHz (15.12-16.70 GHz). Thus, it can be found that
the mPM-1 prepared using the polymer PS;4-b-PEO;,4 has the
thinnest matched thickness, the highest EMWs absorption
capacity, and the widest EBW (Table S27).

3.5 The proposed mechanism for microwave absorption of
mPM

To gain further insights into the microwave absorption mech-
anism of mPM, the dielectric relaxation process was investi-
gated by Debye's theory. The eqn (6) of the Cole-Cole semicircle
was obtained from eqn (2) and (3). Each semicircle represents
a single Debye relaxation process, and the ¢'-¢” curves can be
used to reflect the shape of the Cole-Cole semicircles.

</ es+em)
¢ 2

Fig. 9 shows the Cole-Cole plots of all mPM composites,
which exhibit two clear semicircles with tails that are upwardly
and obliquely curved. According to the modified Debye relaxa-
tion theory, this again indicates the existence of two relaxation
polarizations. This is because the porous sandwich structure
will contain more heterogeneous interfaces to enhance the
polarization loss due to interfacial polarization. At the same
time, the increase of unsaturated dangling bonds on the MXene
surface will form more polarization centers, thus enhancing the
polarization loss caused by dipole polarization. Therefore, two
Cole-Cole circles can be clearly seen in Fig. 9. The upward-
curved linear tail also suggests the presence of significant

2 2

+(€) = (% 28“) 0

Fig. 9 Cole—Cole curves of mPM: mPM-0.5 (a), mPM-1 (b), mPM-1.5
(c), and mPM-2 (d).
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conductive losses. From the above discussion, it can be deter-
mined that the microwave attenuation capability of the studied
mPM mainly originates from dielectric loss.

Generally, the value of Z = |Z;,,/Z,| (eqn (7)) is used to assess
impedance matching, which plays a crucial role in determining
the microwave absorption performance of absorbing mate-
rials,* as shown in eqn (7):

_ \/gi:tanh (JMW—) )

In this equation, d represents the sample thickness, f'stands for
EMWs frequency, c¢ is the speed of EMWs, Z, is the free space
impedance, and Z;, is the input impedance. When the value of Z
is 1, the material exhibits optimal impedance matching,

Z;
Zy

z-|

allowing the maximum amount of EMWs to penetrate the
material.

Attenuation characteristics are another important factor in
determining the microwave absorption performance of
absorbing materials. Specifically, for EMWs entering the inte-
rior of the absorbing material, various loss mechanisms convert
and dissipate the energy within the material, thereby mini-
mizing the reflection of EMWs energy back to the exterior of the
material.*® The attenuation characteristics of absorbing mate-
rials are shown in eqn (8):

VoS oL i
a=— Ow‘ww)+¢W8*M8f+M€+uM2@)

where fis the frequency and c is the light velocity.

In eqn (8), a represents the attenuation constant of the
absorbing material, and a large attenuation constant implies
strong attenuation characteristics. It can be observed that the
imaginary parts of the complex permeability and complex
permittivity are most likely to contribute to a stronger attenu-
ation constant for the absorbing material. However, an exces-
sive imaginary component of the complex permittivity may
negatively impact impedance matching. Therefore, to guarantee
good impedance matching and good attenuation characteris-
tics, the balance of the EM parameters must be adjusted during
the design and synthesis of the microwave absorbing materials.
To analyze the EMWs absorption mechanism of mPM, it is well
known that the corresponding microwave absorption theory
can also use impedance matching to explain the variations in
microwave absorption performance.

The impedance matching value of the sample is calculated
by eqn (5) to ascertain the extent of the incident EMWs entered
the absorber, which is characterized by drawing a plot of
impedance matching versus frequency. When the value of
impedance matching approaches 1, it shows that the material
can completely absorb EMWs, which is equivalent to having
good impedance matching characteristics.

The color plots of the Z-values for different mPM composites
with thicknesses ranging from 1.0 to 5.0 mm over the frequency
range of 2.0 to 18.0 GHz are presented. From Fig. 10a, c, and d, it
can be found that when the proportion of Py is too high, the
impedance matching values of mPM-0.5 are all less than 0.8,
resulting in EMWs reflection. Conversely, when the proportion
of Py is too low, mPM-1.5 and mPM-2 exhibit excessive dielectric
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Fig. 10 Color plots of Z-values of mPM from 1.0 to 5.0 mm thickness
at 2.0-18.0 GHz: mPM-0.5 (a), mPM-1 (b), mPM-1.5 (c), mPM-2 (d),
mPM-50 (e), and mPM-150 (f).

loss, leading to impedance mismatch. As seen in Fig. 10b, mPM-
1 demonstrates good impedance matching over a wide
frequency range when the thickness is 1.25 mm. Under these
conditions, most of the EMWs can penetrate the composite
material and be converted into thermal energy through the
dielectric loss mechanism, achieving effective attenuation
within the material.

A suitable pore size can significantly enhance the impedance
matching of the absorbing material. The small pore size of
mPM-50 (Fig. 10e) may hinder the incidence of EMWs, pre-
venting effective internal attenuation and resulting in imped-
ance mismatch. In addition, the mPM-150 composite also
(Fig. 10f) has an excessive impedance match, but it is less than
that of mPM-50, which is more favorable for the incidence of
EMWs. Therefore, excessively large pores may also lead to the
reflection of part of the EMWs, reducing the amount of the
structure attenuation of EMWs. In summary, the mPM-1
composite with a pore size of 18 nm demonstrates the best
impedance matching.

As shown in Fig. 11, the attenuation constants « of mPM-0.5
and mPM-1 are almost always higher than those of mPM-1.5
and mPM-2 in the whole frequency range. Herein, the differ-
ences in the a curves of mPM-0.5 and mPM-1 are not obvious.
Thus, mPM-0.5 and mPM-1 exhibit excellent microwave
absorption performance. The enhanced EMWs attenuation
capability is derived from the improved synergistic effect of
dipole polarization and interfacial polarization.

To achieve the interference loss, the thickness of the mate-
rial should conform to the /4 model,** indicating that EMWs
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Fig. 11 The plot of attenuation constant « versus frequency for mPM.

will interfere with each other and be eliminated in the
absorbers, as shown in the following:

_onk nc "
A/ lecllie ]’

tn = 1=
The uneven number, light velocity, EMWs wavelength, peak
frequency, and matching thickness are represented by n, c, A, fi,,
and t., respectively. When n is an odd number, there is
a difference of /2 between the reflected wave 1 and the reflected
wave 2. At this time, the phases of the two reflected waves are
opposite and interfere with each other to offset the energy of the
two EMWs and achieve the purpose of consuming the energy of
the EMWs. In addition, it is equally obvious from the RL curves
that the minimum RL values of all samples gradually shift to the
lower frequencies with the increase of thickness, which is
attributed to the existence of the A/4 attenuation phenomenon.
Fig. 12 shows the /4 model of mPM-1. It is evident that, as the
layer thickness increases, the frequency corresponding to the
minimum RL value of the RL curve decreases.

To further characterize the relationship between the reflec-
tion loss of the material, the frequency of the incident EMWs,
and the thickness of the sample, the EM parameters of mPM-1
were substituted into the equation shown in eqn (9). Since only
one loss peak occurs for each thickness of the composite, n =1

(1,3,5...) 9)

14.4GHz 4mm
-67.82 dB

Frequency(GHz)

Fig. 12 1/4 wavelength matching model of mPM-1.
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Fig. 13 Mechanism of wave absorption in mPM.

was used during the calculation process, and the A/4 model
curve was then calculated and compared with the RL curve of
the mPM-1. The frequency of the absorption peaks at each
thickness and the trend of the matching thickness are in
accordance with the obtained theoretical values calculated by
eqn (9), indicating that the loss mechanism of mPM-1 is in
accordance with the A/4 model. Therefore, when the EMWs
enter the inside of the composite, part of the EMWs reflected by
the substrate interferes with the incoming EMWs and cancels
the phase, which is an important factor for the EMWs to be
absorbed by the composite.

Based on the results presented above, it can be concluded
that the wave absorption mechanism of the mPM with lamellar
sandwich structure is shown in Fig. 13: (i) the appropriate ratio
of assembling PPy can improve the conductivity of the
composites, thereby enhancing the dielectric loss. (ii) The
porous PPy layer in the lamellar sandwich structure forms
numerous interfaces, such as PPy-MXene, PPy-air, and MXene-
air, which intensify the interfacial polarization of the composite
and contribute to an increase in dielectric loss. (iii) The porous
structure promotes the dissipation of electromagnetic wave
energy, providing more space for scattering, which extends the
propagation path and facilitates the attenuation of electro-
magnetic waves. (iv) The increase in unsaturated bonds on the
surface of the porous structure creates more polarization
centers, enhancing dipole steering polarization and further
increasing dielectric loss. (v) MXene and PPy form a well-
developed conductive network in the matrix, which promotes
electron hopping and migration and improves microwave
absorption energy consumption.

4. Conclusions

In this paper, mPM composite with a sandwich structure was
synthesized by an assembling PPy on both sides of MXene. The
molecular synergistic self-assembly strategy was used to regu-
late the mesoporous size of the mPM composite with the poly-
merization of the template agent. The results show that
appropriate mesoporous structure and heterogeneous inter-
faces can regulate the impedance matching and enhance
dielectric loss of the composites, thus improving the EMWs
absorption performance. When the ratio of MXene to Py is 1,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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mPM-1 exhibits excellent EMWSs absorption performance with
an RL value of —67.82 dB at 14.4 GHz. Furthermore, the
impedance matching of the composite can be significantly
improved with appropriate pore size, primarily due to the
multiple reflections at the heterogeneous interfaces and the
synergistic effects between the layered MXene and the
conductive PPy network, which effectively enhance the electro-
magnetic wave absorption performance. Moreover, the different
heterogeneous interfaces enhance the interfacial polarization
effect of the composite, while the abundant functional groups
of MXene and the increase in unsaturated bonds on the surface
provide more polarization centers, strengthening dipole orien-
tation polarization and further enhancing dielectric loss. This
study provides guidance for the design of superior MXene
composite structures with dielectric loss-type microwave
absorbing performance.
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