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Abstract: Ni-MOF, as a metal–organic framework, has the advantages of morphological diversity and
adjustable composition, which make its derivatives attractive for electromagnetic wave absorption.
However, it is challenging for Ni-MOF derivatives to obtain strong absorption at low filling rates.
Herein, ternary Ni@C/PPy composites based on Ni-MOF derivatives were synthesized by coopera-
tively coupling magnetic Ni@C nanoparticles with a conductive polymer PPy matrix through a facile
self-assembly method. Among them, Ni@C nanoparticles are formed after Ni-MOF pyrolysis, and
PPy serves as the backbone to effectively assemble and support the Ni@C nanoparticles. As a result,
the Ni@C/PPy-3 sample exhibited excellent performance with a reflection loss value of −50.65 dB at a
filling ratio of 15 wt% and a thickness of 2.5 mm. At the same time, its effective absorption bandwidth
reached 6.24 GHz, covering the whole Ku frequency band. The results show that in comparison to
pure Ni@C composite, the Ni@C/PPy multi-component composite with a porous structure shows
significant advantages in terms of optimizing impedance matching, which can effectively enhance the
interface polarization and, thus, greatly improve its electromagnetic absorption ability. In summary,
this work provides a valuable research idea for developing strong absorbing properties of absorbing
materials at a low filling rate.

Keywords: Ni-MOF derivatives; polypyrrole; microwave absorption; polarization

1. Introduction

The rapid development of modern communication technology has been stimulated
and promoted to a large extent by the continuous emergence of various electronic de-
vices. While these have greatly facilitated people’s lives, they concurrently present an
increasing number of electromagnetic pollution problems [1–5]. Therefore, to address the
aforementioned issues, electromagnetic wave (EMW) absorbing materials have seen rapid
development and extensive application across numerous sectors due to their ability to
transform incoming electromagnetic waves into various forms of energy, thereby dimin-
ishing or dispersing the electromagnetic waves [6,7]. In recent decades, various kinds of
EMW absorbing materials have emerged, such as magnetic dielectric absorbing materials
(ultrafine metal powder and ferrite), dielectric absorbing materials (silicon nitride and iron
nitride) and resistance-type absorbing materials (carbon black, silicon carbide and high
conductivity polymer) [8–13].

Generally speaking, the ideal EMW absorbing material should encompass the fol-
lowing key features: robust absorption capacity, wide absorption band, a thin matched
thickness and lightweight attributes [14]. One-component electromagnetic material, how-
ever, as a result of the limitation of the electromagnetic loss mechanism and poor per-
formance of impedance matching, often finds it difficult to achieve the ideal absorption

Magnetochemistry 2024, 10, 24. https://doi.org/10.3390/magnetochemistry10040024 https://www.mdpi.com/journal/magnetochemistry

https://doi.org/10.3390/magnetochemistry10040024
https://doi.org/10.3390/magnetochemistry10040024
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/magnetochemistry
https://www.mdpi.com
https://orcid.org/0000-0001-5038-5568
https://doi.org/10.3390/magnetochemistry10040024
https://www.mdpi.com/journal/magnetochemistry
https://www.mdpi.com/article/10.3390/magnetochemistry10040024?type=check_update&version=2


Magnetochemistry 2024, 10, 24 2 of 12

effect. Therefore, the creation of and research into composite materials featuring multiple
loss properties have increasingly emerged as highly sought-after areas of study within
the domain of electromagnetic absorbing materials [12,15]. Ni-MOF, as a representative
type of metal–organic framework (MOF) material, has a structure primarily constructed
through the mutual coordination between nickel ions and organic ligands. Due to their
structural and high-porosity characteristics, Ni-MOF-derived materials exhibit excellent
electrical and magnetic properties, as well as abundant defect structures and interface
properties after calcination at specific temperatures. These advantages make the material
conducive to impedance matching and can effectively enhance the electromagnetic loss
performance [16–21]. For example, Liu et al. controlled electromagnetic parameters by
changing the carbonation temperature to achieve optimal impedance matching. Under
the condition of a 40 wt% filling rate, the electromagnetic absorption performance is suc-
cessfully achieved in the best state, and its minimum reflection loss (RLmin) value reaches
−51.8 dB [16]. Yang et al. successfully synthesized a series of Ni-MOF hollow spheres
with different surface structures by adjusting the hydrothermal reaction time. This result
significantly broadens the effective absorption bandwidth of the material. At a filling rate
of 50 wt%, the effective absorption bandwidth of the Ni-MOF hollow sphere material is as
high as 6.8 GHz [17]. Yan et al. successfully employed various types of organic ligands to
synthesize two novel microsphere materials derived from Ni-MOF, namely Ni@C. When
the filling rate of the Ni@C-ZIF sample is 40 wt%, the optimal RLmin value of −86.8 dB can
be reached [21].

These results show that Ni-MOF magnetic carbon composites have considerable appli-
cation prospects and excellent performance potential in the microwave absorption field.
However, it usually has a high filling amount, which, to a certain extent, does not fully meet
the “thin, light, broadband, efficient” performance standards. Therefore, multi-component
or complex structures are usually used for optimization. For example, Xiang et al. con-
structed a 2D MXene-coated Ni@C lamellar composite with a nano/micron structure with
a filling ratio of 8 wt%, which showed an excellent loss performance [22]. Xu et al. used a
simple hydrothermal method and pyrolysis technology to successfully prepare a unique
layered composite structure CoNi@NC material. Due to its distinctive construction proper-
ties, the composite not only exhibits excellent wave absorption properties at a filling rate of
20 wt% but also performs particularly well in broadening the absorption bandwidth [23].
Therefore, the combination of Ni-MOF-based magnetic carbon composite and dielectric
material can effectively strengthen and optimize the synergistic effect between the multi-
component composites, so as to provide the composite with excellent absorption properties
under the condition of a lower filling ratio.

MXene, carbon and conductive polymer matrix composites are all dielectric mate-
rials with strong dielectric loss, and they have strong ability to absorb electromagnetic
waves [15,22]. Among them, conductive polypyrrole (PPy) has been widely explored in
EMW absorbing materials because of its advantages of light weight, high dielectric and
easy synthesis. For example, the results of ZnFe2O4/C@PPy [24] and Al2O3@PPy@rGO [25]
show that the introduction of PPy means that the composite material makes steady progress
on the road to reducing the filling rate and thickness, and even at a very low filling rate
and extremely thin thickness, it can still maintain its excellent electromagnetic absorption
performance, thus opening up new possibilities for material design. Based on this, by
integrating Ni@C with PPy, it is able to achieve significantly enhanced dielectric loss perfor-
mance, while maintaining the original properties, and effectively combine the advantages
of both components to improve synergistic effects among various loss mechanisms, so it is
expected to obtain an EMW absorbing material with excellent performance.

In this paper, the Ni@C/PPy composite of Ni-MOF-derived nanoporous Ni@C-decorated
tubular PPy was successfully fabricated using a self-assembly method. The interconnected
tubular polypyrrole structure can provide abundant loading space for Ni@C nanoparticles
due to its very high specific surface area while maintaining the enhanced effect of multiple
reflections and refraction. Ni@C’s special core–shell shape and surface defects can enhance
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the loss capacity of Ni@C/PPy composites and optimize impedance matching. There-
fore, the Ni@C/PPy composite has excellent absorption properties, with its RLmin being
−50.65 dB, corresponding to a 6.24 GHz bandwidth. In summary, the present research re-
sults strongly reveal the excellent properties and broad application prospects of Ni@C/PPy
composites, highlighting their great potential as electromagnetic absorbing materials.

2. Materials and Methods
2.1. Materials

Divinylenimine (Py), 4,4′-Biphenyldicarboxylic acid (H2BPDC), triethylene
diamine (C6H12N2), methyl orange (C14H14N3SO3Na), polyvinyl pyrrolidone (PVP),
N,N-Dimethylformamide (DMF), ethyl alcohol (C2H6O) and concentrated hydrochlo-
ric acid (HCl), Nickelous nitrate hexahydrate (Ni(NO3)2·6H2O) and iron (3+) trichloride
(FeCl3·6H2O) were obtained from Macklin Biochemical Co., Ltd. (Shanghai, China).

2.2. Preparation of Tubular PPy

Firstly, 6.75 g of FeCl3·6H2O was added to 20 mL of deionized water, and solution
A was obtained after complete dissolution. In addition, 0.15 g methyl orange was added
to 30 mL deionized water and stirred vigorously for 10 min, and then 690 µL pyrrole
was added to the solution, and, thus, solution B was obtained after continued stirring
for 20 min. Immediately after that, we slowly poured Solution A into Solution B under
room temperature conditions, followed by magnetic stirring until a uniform mixture was
achieved, and then allowed it to stand for 24 h. Then, we filtered the mixture using suction
filtration with 0.2 M hydrochloric acid and ethanol and finally washed the precipitation
with deionized water until it was neutral. After drying at 60 ◦C, a black solid powder
was obtained.

2.3. Preparation of Ni@C Composite Materials

Firstly, 40 mL DMF was mixed with 20 mL deionized water, then 0.58 g Ni(NO3)2·6H2O
and 0.48 g 4,4′-biphenyl dicarboxylic acid (H2BPDC) were added to the mixed solution.
This mixed solution was subsequently maintained at 130 ◦C for 24 h after the addition of
0.12 g C6H12N2, followed by sonication for 30 min. After cooling, the precipitation was
collected via centrifugation at 8000 rpm for 5 min and then washed 3 times each with DMF
and ethanol. The resulting powder was dried at 70 ◦C for 12 h. Finally, the green powder
was pyrolyzed at 500 ◦C in an Ar atmosphere and kept for 2 h to obtain the black Ni@C
composite powder.

2.4. Preparation of Ni@C/PPy Composites

Firstly, 0.01 g of PPy powder was uniformly dispersed and dissolved in a 50 mL
anhydrous ethanol solution with continuous stirring for 30 min to ensure thorough mixing.
Subsequently, 0.03 g of Ni@C powder was added at a slow and steady rate, followed
by re-stirring and dispersion treatment, after which the mixture underwent ultrasonic
processing for 4 h to form a homogeneous solution. Upon the completion of these steps, the
resulting precipitate was collected and subjected to constant temperature drying at 70 ◦C
for 24 h, thereby preparing the composite material. To study the effect of PPy content on
the absorption properties of materials, a series of Ni@C/PPy-x (x = 1, 2, 3, 4) composites
with different polypyrrole contents (0.010 g, 0.015 g, 0.020 g, 0.025 g) was prepared.

2.5. Characterization

The characterization of the synthesized Ni@C and Ni@C/PPy composite materials was
conducted using scanning electron microscopy (SEM, FEI Nova Nano SEM 450, Hillsboro,
OR, USA), transmission electron microscopy (TEM, JEOL JEM-2100, Tokyo, Japan), a
Fourier-transform infrared spectrometer (FT-IR, Thermofisher Bruck Nicolet iS 10, Waltham,
MA, USA), Raman spectroscopy (Renishaw, London, UK), and X-ray diffraction (XRD,
TTRIII, Tokyo, Japan). The electromagnetic parameters were tested within the radar
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frequency range (2–18 GHz) using a vector network analyzer (VNA, Keysight P5004A,
Santa Rosa, CA, USA). To do so, 15 wt% of Ni@C/PPy powder was uniformly mixed into
an 85 wt% paraffin wax matrix, which was then carefully pressed into standard annular
samples with inner diameters of 3.04 mm, outer diameters of 7.00 mm, and thicknesses
of 2.00 mm. Before testing, the vector network analyzer was calibrated carefully using
a Keysight electronic calibration module (ECal module N7554A) [26]. Subsequently, the
electromagnetic parameters of these samples, including the complex permittivity (εr) and
complex permeability (µr), were meticulously measured from the S parameters (S11, S21)
via the Nicolson–Ross–Weir (NRW) method [27] using a coaxial air-line working in the
frequency range of 2–18 GHz. Figure S1 in the Supporting Information shows the details of
the calibration and testing process.

3. Results and Discussion
3.1. Structural and Component Analysis

Figure 1 depicts the preparation process of the Ni@C/PPy composite. Firstly, Ni-MOF
precursors and tubular PPy were obtained via simple hydrothermal and polymerization
processes, respectively. Secondly, Ni@C was obtained via high-temperature calcination.
Finally, the Ni@C/PPy composite material was successfully prepared by combining Ni@C
and PPy through simple self-assembly.

Magnetochemistry 2024, 10, x FOR PEER REVIEW 4 of 13 
 

 

Fourier-transform infrared spectrometer (FT-IR, Thermofisher Bruck Nicolet iS 10, Wal-
tham, MA, USA), Raman spectroscopy (Renishaw, London, UK), and X-ray diffraction 
(XRD, TTRIII, Tokyo, Japan). The electromagnetic parameters were tested within the radar 
frequency range (2–18 GHz) using a vector network analyzer (VNA, Keysight P5004A, 
Santa Rosa, CA, USA). To do so, 15 wt% of Ni@C/PPy powder was uniformly mixed into 
an 85 wt% paraffin wax matrix, which was then carefully pressed into standard annular 
samples with inner diameters of 3.04 mm, outer diameters of 7.00 mm, and thicknesses of 
2.00 mm. Before testing, the vector network analyzer was calibrated carefully using a 
Keysight electronic calibration module (ECal module N7554A) [26]. Subsequently, the 
electromagnetic parameters of these samples, including the complex permittivity (εr) and 
complex permeability (µr), were meticulously measured from the S parameters (S11, S21) 
via the Nicolson–Ross–Weir (NRW) method [27] using a coaxial air-line working in the 
frequency range of 2–18 GHz. Figure S1 in the Supporting Information shows the details 
of the calibration and testing process. 

3. Results and Discussion 
3.1. Structural and Component Analysis 

Figure 1 depicts the preparation process of the Ni@C/PPy composite. Firstly, Ni-MOF 
precursors and tubular PPy were obtained via simple hydrothermal and polymerization 
processes, respectively. Secondly, Ni@C was obtained via high-temperature calcination. 
Finally, the Ni@C/PPy composite material was successfully prepared by combining Ni@C 
and PPy through simple self-assembly. 

 
Figure 1. The preparation process of Ni@C/PPy composites. 

The crystal structures of PPy, Ni@C and different proportions of Ni@C/PPy-x sam-
ples were investigated via XRD, with the results being shown in Figure 2a,b. Among them, 
PPy only has a wide peak centered at 26.6°, and there are no other diffraction peaks. How-
ever, in the two composites, Ni@C and Ni@C/PPy, three significant diffraction peaks were 
observed at approximately 44.6°, 51.9° and 76.5°. These diffraction peaks correspond spe-
cifically to the (1 1 1), (2 0 0) and (2 2 0) crystal facet structures of face-centered cubic nickel 
(JCPDS no. 70-0989). There is a bulge of weak diffraction peaks belonging to PPy in the 
range of 20°–30° (Figure 2b). In the XRD analysis of the Ni@C/PPy composite, the charac-
teristic peaks of PPy fail to appear because the characteristic peaks of Ni elements are too 
significant. We verified the successful preparation of Ni@C/PPy composites by using FTIR 
spectra. As shown in Figure 2c, the FTIR clearly revealed the presence of PPy components, 

Figure 1. The preparation process of Ni@C/PPy composites.

The crystal structures of PPy, Ni@C and different proportions of Ni@C/PPy-x samples
were investigated via XRD, with the results being shown in Figure 2a,b. Among them, PPy
only has a wide peak centered at 26.6◦, and there are no other diffraction peaks. However,
in the two composites, Ni@C and Ni@C/PPy, three significant diffraction peaks were
observed at approximately 44.6◦, 51.9◦ and 76.5◦. These diffraction peaks correspond
specifically to the (1 1 1), (2 0 0) and (2 2 0) crystal facet structures of face-centered cubic
nickel (JCPDS no. 70-0989). There is a bulge of weak diffraction peaks belonging to PPy
in the range of 20◦–30◦ (Figure 2b). In the XRD analysis of the Ni@C/PPy composite, the
characteristic peaks of PPy fail to appear because the characteristic peaks of Ni elements
are too significant. We verified the successful preparation of Ni@C/PPy composites by
using FTIR spectra. As shown in Figure 2c, the FTIR clearly revealed the presence of PPy
components, thus confirming the success of the composite preparation. Compared with
Ni@C, the Ni@C/PPy composite shows a unique characteristic peak because of its PPy
component. The peak at 1641 cm−1 corresponds to the C=C bond stretching vibration in
the PPy ring, while the peak related to the stretching vibration of the C-C bond is located
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near 1170 cm−1. The typical peaks induced by symmetric and asymmetric vibrations of
the pyrrole ring are mainly concentrated in the two adjacent regions of 1540 cm−1 and
1450 cm−1. The diffraction peak observed at 1291 cm−1 is associated with the stretching
mode of the C-N bond, and the peaks occurring at 1024 cm−1 and 904 cm−1 are indicative
of the in-plane stretching vibrations of the N-H bonds within the molecular plane and the
out-of-plane bending vibrations of the C-H bonds, respectively [24,28–31].
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Figure 2. The XRD (a), locally amplified XRD (b) and FT–IR (c) images of the Ni@C, PPy and
Ni@C/PPy composites. (d) Raman diagrams of Ni@C/PPy and Ni@C composites.

Raman characterization of the samples was performed to further explore the chemical
compositions of the Ni@C/PPy composites, as shown in Figure 2d. Peaks with unique
properties of PPy appeared in Ni@C/PPy composites, which strongly confirmed that
the binding process of Ni@C and PPy was successful, and the chemical structure of PPy
was effectively preserved during the binding process. The peak value at the position
of 1050 cm−1 can be interpreted as the deformation and vibration characteristics of the
in-plane C-H bond. Meanwhile, the double peaks close to 915 cm−1 and 974 cm−1 are
associated with the quinone polaron and bipolarized substructure [32]. In all the samples,
two distinct Raman characteristic peaks can be obviously observed near 1340 cm−1 and
1590 cm−1, corresponding to the D and G peaks, respectively. Since Ni@C composite is a
magnetic carbon-based material, and its D-peak characteristics are usually derived from
the defects in the amorphous carbon structure or graphite layer. The G band corresponds
to the ordered graphite layer structure. In addition, the π-conjugated structure on the
PPy backbone and ring stretching contribute to this outcome [33]. After the addition of
PPy, the D and G peaks of the Ni@C/PPy composite were reduced, but the position was
unchanged, which was due to the lower content of Ni@C in the composite. At the same
time, it was found that among the four samples, Ni@C/PPy-3 had the largest ID/IG value,
indicating that Ni@C/PPy-3 had more defects and greater disorder. This facilitates the
production of higher dielectric losses, thereby improving the electromagnetic attenuation
of the composites.
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3.2. Morphological Analysis

The microscopic morphologies of Ni-MOF, Ni@C, PPy and Ni@C/PPy composites
are characterized. As shown in Figure 3a and Figure S2, Ni-MOF shows a regular sheet-
like structure similar to bamboo leaves, and the Ni@C composite obtained after high-
temperature pyrolysis shows a rough outline of the precursor Ni-MOF, and its surface is
relatively rough, as in Figure 3b. In addition, Ni@C composites are cleverly constructed
from countless closely connected Ni@C spheres, forming an ordered and continuous struc-
tural layout (Figures 3e and S3). HRTEM pictures further show that Ni, as a spherical
center, is tightly wrapped by the carbon layer, and the lattice stripes of carbon and the cor-
responding face-centered cubic nickel (1 1 1) are clearly visible (Figure 3h). However, PPy
shows a 3D network morphology formed by the mutual cross-linking of one-dimensional
tubular structures (Figure 3c), which not only helps Ni@C nanoparticles to better adsorb
on the surface but also significantly increases the transmission path length of the incident
electromagnetic wave, thereby increasing the number of electromagnetic wave reflections.
The one-dimensional tubular structure of PPy can also be further seen through HRTEM
images in Figure 3f. The Ni/C nanoparticles are more uniformly adsorbed outside PPy
agglomeration, forming cross-linked PPy tubes inside and scattered Ni@C particles out-
side (Figure 3d,g,i). This complex multidimensional structure can enhance the interface
polarization and, thus, bring about an increase in conduction loss. Figure S4 shows the
SEM images of the annular sample prepared by mixing 15 wt% Ni@C/PPy powder and
85 wt% paraffin wax. It can be clearly seen that Ni@/PPy powder and paraffin wax are
evenly mixed.
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Figure 3. SEM images of Ni-MOF (a), Ni@C (b), PPy (c) and Ni@C/PPy-3 (d,g). TEM images of Ni@C
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3.3. Electromagnetic Characterization

In general, the accurate evaluation of electromagnetic wave absorption performance
depends heavily on the electromagnetic parameters of the absorber, which include the
complex dielectric constant (εr = ε′ − jε′ ′) and the magnetic permeability (µr = µ′ − jµ′ ′).
The real parts of the dielectric constant (ε′) and permeability (µ′) mainly reflect the ability of
the material to store electrical energy and magnetic energy. Their imaginary parts, ε′ ′ and
µ′ ′, stand for the extent to which the material loses or dissipates electrical and magnetic
energy under electromagnetic action, respectively. In addition, the frequency-dependent
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electromagnetic parameters and reflection loss performance for pure paraffin are shown in
Figure S5. As can be observed in Figure S5, paraffin has much lower dielectric permittivity
and magnetic permeability, which leads to the result that paraffin is almost transparent to
microwaves. It means that the main difference in the electromagnetic parameter values of
the samples is mainly due to the conductivity characteristics of the sample itself [7].

The electromagnetic parameters of Ni@C and Ni@C/PPy-x composites are shown in
Figure 4. The ε′ and ε′ ′ values of pure Ni@C material are relatively low, which indicates
that pure Ni@C material has poor interaction with electromagnetic waves (Figure 4a,b).
In the category of composite materials, the addition of PPy can significantly increase its
dielectric constant, and this value will continue to increase with the gradual increase in
the PPy dosage. This reveals the dual advantages brought about by the doping of PPy as
a conductive polymer. On one hand, it facilitates the construction of internal conductive
networks; on the other hand, it provides more adhesion interfaces for Ni@C particles, thus
reducing the agglomeration phenomenon between Ni@C particles. At the same time, it is
more conducive to the tight combination between PPy and Ni@C. Therefore, in this way,
the dielectric constant of the composite can be effectively regulated, thus improving its
ability to store incident EMW.
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In the whole frequency band, ε′ and ε′ ′ of pure Ni@C fluctuated between 3.59 and
3.08 and 0.48 and 0.32, respectively. In contrast, ε′ of Ni@C/PPy-x decreased from 3.46
to 3.22, 5.19 to 3.91, 6.39 to 4.37 and 7.12 to 4.66, respectively. At the same time, the ε′ ′

varies from 0.76 to 0.45, 1.46 to 0.98, 1.79 to 1.28 and 2.11 to 1.48, respectively. Moreover,
the values of all samples decreased throughout the testing frequency range, which is due
to the dispersive behavior of the frequency. This is also related to the phenomenon of
electromagnetic energy dissipation, which is caused by the oriented polarization of the
dipole [34]. Therefore, the decrease in the complex dielectric permittivity is due to the fact
that the electron cannot adapt to the rapid shortening of the period of the high-frequency
alternating electromagnetic field [28].

The parameter tanδε can be used to evaluate the dielectric loss properties of Ni@C/PPy
composites and Ni@C materials. The higher the tanδε value, the better the material absorbs
electromagnetic waves [35,36]. The trend of tanδε values is consistent with the trend of ε′ ′

(Figure 4c). Pure Ni@C has a lower tanδε value, while the Ni@C/PPy composite exhibits
a higher tanδε value. This phenomenon is mainly attributed to the existence of the PPy
component, which strongly proves that PPy has better dielectric loss performance. For
permeability, the values of the µ′ and µ′ ′ parameters fluctuated around 1 and 0 for all
samples, respectively, indicating that the effect of magnetic losses is small, as in Figure 4d,e.
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The curve of the tangent value of magnetic loss (tanδµ = µ′ ′/µ′) in Figure 4f is basically
consistent with the curve of µ′ ′ and is much smaller than tanδε, which further indicates
that the primary microwave attenuation mechanism in these samples is predominantly
attributed to dielectric loss.

Using the transmission line theory, the electromagnetic absorption properties of
Ni@C/PPy composites, termed reflection loss (RL), can be accurately calculated. The
three-dimensional RL diagram of Ni@C and Ni@C/PPy composites within the frequency
range of 2–18 GHz can be derived using Formulas (1) and (2) [37] as follows:

RL(dB) = 20log10

∣∣∣∣Zin − Z0

Zin + Z0

∣∣∣∣ (1)

Zin = Z0
√

µr/εrtanh[j(2π f d/c)
√

µrεr] (2)

In the formulas, Zin and Z0 are the input impedance and the impedance of free
space, respectively. In addition, c is set to the speed of light in vacuum, i.e., the value
of 3 × 108 m/s. At the same time, d and f denote the thickness of the material and the
frequency of the electromagnetic wave passed, respectively. Typically, when the absorption
and attenuation of electromagnetic energy by the material exceeds 90%, the RL value is
below −10 dB, the lower the RL value, the better the absorption performance of the material.
And the associated frequency range (RL < −10 dB) is defined as the effective absorption
bandwidth (EAB).

Figure 5 illustrates the 3D RL and 2D bandwidth diagrams for all samples in the test
frequency range. When the filling rate is 15 wt %, pure Ni @ C due to its low dielectric
properties, the insufficient RLmin –10 dB (Figure 5a,b), which cannot effectively absorb and
attenuate electromagnetic waves. The introduction of the PPy tube results in a notable
enhancement of electromagnetic wave absorption performance due to the increased dielec-
tric loss and conduction loss. For Ni@C/PPy-1, the performance is not ideal, with RLmin
only slightly below −10 dB (Figure 5c,d). Figure 5e,f show the absorption performance of
Ni@C/PPy-2. Compared with Ni@C/PPy-1, Ni@C/PPy-2 shows a stronger absorption
performance, with its RLmin value reaching −25.96 dB. The best performance is achieved
with Ni@C/PPy-3 composite, with an EAB of 6.24 GHz and a RLmin of −50.65 dB at the
thickness of 2.5 mm, as in Figure 5g,h. Nevertheless, with the continuous increase in PPy
content, the composite material experienced impedance mismatching, causing its wave
absorption performance to begin to decrease. The performance of Ni@C/PPy-4 is not as
good as that of Ni@C/PPy-3, and its absorption performance is reduced, as in Figure 5i,j. In
addition, comparing the RL values of Ni@C/PPy composites at the filling rates of 10 wt%,
15 wt% and 20 wt% (Figure S6), it is still found that Ni@C/PPy-3 at the filling rate of
15 wt% has the best microwave absorption performance. In Figure 5k, both the RLmin
and EAB values for all samples can be clearly observed. Clearly, the Ni@C/PPy-3 sample
demonstrated the best microwave absorption performance, which was mainly due to the
introduction of the conductive polymer PPy. Ni@C particles attach to the outer surface of
the tubular aggregate PPy, creating a complex structure of interwoven tubes inside and
Ni@C particles outside. By enhancing the reflection and scattering times of the microwave
on the surface and inside, the propagation path of the incident microwave can be effec-
tively prolonged and its energy dissipation efficiency can be improved. In addition, by
determining the best dosage of PPy, the synergistic effect between PPy and Ni@C can
be effectively strengthened, the impedance matching can be optimized, and, finally, the
excellent performance of absorbing materials can be prepared.

Whether the absorbing material has good absorbing performance is largely related
to impedance matching (Z = |Zin/Z0|). Under normal circumstances, the key condition
for the effective entry of electromagnetic waves into the material is to achieve an ideal
impedance matching state, that is, Z equals 1. When the impedance matching coefficient of
the material is in the range of 0.8 to 1.2, the closer it is to 1, the better the impedance matching
performance [38]. It can be clearly seen that the Ni@C/PPy composite material occupies
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a larger area in the range of 0.8–1.2 compared with pure Ni@C material (Figure 6a–e).
Through the introduction of PPy material, the conductivity of the composite is successfully
regulated, and the impedance matching performance is significantly improved. This
improvement significantly reduces the reflection of electromagnetic waves on the surface
of the material, so that most electromagnetic waves can effectively penetrate and transmit
deep into the material [39]. In the Ni@C/PPy composites, Ni@C/PPy-3 has a larger and
more concentrated impedance area than the other samples. The above results show that
the Ni@C/PPy-3 composite has the best impedance matching, which gives Ni@C/PPy-3
excellent microwave absorption capacity. This is consistent with the obtained RL results.
Simultaneously, this shows that the right amount of PPy will optimize the impedance
matching and, thus, improve its absorption performance.
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In order to deeply investigate the dielectric loss characteristics of the sample, the inter-
nal relationship between the Cole–Cole semicircle model and the relaxation phenomenon
is successfully constructed by using the Debye relaxation theory. The specific expression
of this connection can be precisely elaborated based on the relationship between ε′ and
ε′ ′ [40]: (

ε′ − εs + ε∞

2

)2
+ (ε′′ )2 =

(
εs − ε∞

2

)2
(3)

where εs represents the static dielectric constant, while ε∞ and τ denote the high-frequency
effective dielectric constant and relaxation time, respectively. The semicircles observed in
the ε′ ′-ε′ curves are referred as Cole–Cole semicircles. Each presence of an independent
Debye relaxation process is presented as a semicircle, while the presence of conduction
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losses results in a straight line at the tail of the curve. As shown in Figure S7a–e, multiple
Debye relaxation processes are evident in Ni@C and Ni@C/PPy-x. However, Ni@C/PPy
composites exhibit more irregular Debye semicircle structures than pure Ni@C. This means
that Ni@C/PPy composites have more significant dielectric polarization relaxation proper-
ties. These properties may be due to the presence of PPy inside the sample, which promotes
an increase in the number of polarized charges and the enhancement of the interface effect,
thus triggering a greater dielectric relaxation loss [41]. Therefore, the Ni@C/PPy composite
exhibits excellent electromagnetic wave absorption properties.
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4. Conclusions

This study employed a straightforward self-assembly method to fabricate Ni@C/PPy
composites. By adjusting the PPy content, the dielectric parameters of the composites were
efficiently optimized, resulting in the successful attainment of a Ni@C/PPy composite ex-
hibiting superior microwave absorption performance. Ni@C/PPy-3 demonstrates the most
outstanding microwave absorption performance, achieving a peak RLmin value of −50.65
dB. The corresponding EAB is up to 6.24 GHz (11.76–18 GHz) under an optimal thickness
of 2.5 mm. The findings indicate that the Ni@C/PPy composite possesses highly desirable
characteristics as an electromagnetic absorbent material. These include effective dielectric
loss, magnetic loss and synergistic electromagnetic coordination, complemented by the
multiple reflection effects facilitated by the combined features of Ni@C and PPy tubes.
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