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Epsilon-negative metamaterials (ENMs) have attracted extensive

research interest due to their unique physical properties and

advanced applications in electromagnetic fields. In this study,

carbonized wood@Prussian blue derivative (CW@PBD) metacom-

posites were fabricated from a carbonized wood@Prussian blue

analogue (PBA). By varying the PBD content, the negative permit-

tivity constant of the supercomposite can be tuned between �45

and �20. The CW@PBD metacomposites exhibit outstanding elec-

tromagnetic interference (EMI) shielding effectiveness of 39 dB,

with a significant 40.9% increase in absorption loss (SEA). Notably,

as the PBD content rises, the CW@PBD composites transform from

EMI shielding to microwave absorption. The minimum reflection

loss (RLmin) reaches �49.2 dB, and the effective absorption band-

width (EAB) covers the entire X-band. Moreover, the CW@PBD

metacomposites demonstrate remarkable Joule heating capabili-

ties, achieving a steady-state saturation temperature (Ts) of

255.68 8C at 3 V. This research offers a promising approach for

synthesizing ENMs, endowing biomass-based materials with

desired functions for electromagnetic applications.

1. Introduction

Electromagnetic metamaterials exhibiting negative permittivity
have garnered significant interest due to their distinctive
physical properties. These unique characteristics include the
inverse Cherenkov radiation effect, the inverse Doppler effect,
inverse Snell’s law refraction, and negative refraction.1,2 A key
attribute of such synthetic materials is their epsilon-negativity,
which endows them with exceptional electromagnetic responses.

These responses hold considerable promise for a wide array of
applications, spanning from aerospace engineering to communi-
cations, electromagnetic interference (EMI) shielding, and micro-
wave absorption.3,4

Typically, negative permittivity is observed when the fre-
quency of an external electromagnetic field is lower than the
plasma frequency, enabling electron plasma oscillations.5,6

Consequently, metals are frequently used to fabricate epsilon-
negative metamaterials (ENMs) to achieve negative permittivity.
Current research on ENMs predominantly explores metallic
materials and metal-doped ceramic materials.7–9 It has been
demonstrated that the generation of plasma oscillation is
related to a continuous conductive network within the ENMs.
However, establishing a metal conductive network requires a
significant concentration of metal particles to form a network
capable of inducing negative permittivity.4,7,10 Negative permit-
tivity is also observed in percolative composites, carbonaceous
fillers, and conductive polymers.3,11 Forming percolation net-
works using conductive carbonaceous fillers in these compo-
sites is pivotal for achieving negative permittivity. Nevertheless,
constructing a percolative network in polymer composites is
complex and inefficient. Therefore, developing self-constructed
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New concepts
Synthesis route for epsilon-negative metamaterials: The synthesis of bio-
mass metamaterials provides a new approach to fabricating e-negative
metamaterials (ENMs). The graphitization process of biomass materials
was induced by using wood@Prussian blue analogues as precursors. Self-
construction of over-permeable materials during the graphitization
transition of natural biomass carbon materials provides a simple and
potentially scalable approach to fabricating ENMs, unlike the complex
and expensive synthetic routes in previous studies. This new synthetic
concept paves the way for wider applications of ENMs in various fields. By
controlling the content of blue analogues, the negative permittivity
constant of the metamaterials can be precisely tuned, which is a
significant departure from traditional non-tunable or difficult-to-tune
metamaterial systems.
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percolating material systems that can achieve negative permittivity
by carbonizing natural biomass materials is highly desirable.

Wood, a natural, sustainable, renewable resource, offers
cost-effective and environmentally friendly materials with bio-
degradability and a unique porous structure.12 Its chemical
composition is predominantly cellulose, hemicellulose, and
lignin, which, upon undergoing graphitization during oxygen-
free high-temperature carbonization, transform into carbo-
nized wood (CW) with electrical conductivity. Forming a con-
ducting network is essential for achieving negative permittivity,
making carbon materials with self-assembled carbon networks
promising for developing ENMs. In recent years, CW has been
gradually applied to EMI shielding.13 Natural wood carbonized
at 1000 1C at 3 mm thickness shows an average EMI shielding
effectiveness (SE) of 26.42 or 44.2 dB.14,15 Excellent EMI shield-
ing or microwave absorption performance can effectively pre-
vent the harm caused by EMW radiation to human body and
electronic equipment. At the same time, for designing electro-
nic equipment in cold areas, we should take into account both
electromagnetic waves and low temperature environment
damage to outdoor electronic equipment. Therefore, the devel-
opment of electromagnetic protective equipment with Joule
heating capability is crucial. A Joule heater fabricated from
CW has been reported to reach a steady-state saturation tem-
perature (Ts) of up to 100 1C at a voltage of 2.5 V,16 or a range
of 28.0 to 83.5 1C when subjected to a voltage between 0.5 and
2.0 V.14,17

Despite the abundance of carbonized materials, research
on negative permittivity within this domain remains scarce.
Concurrently, most existing studies on preparing materials
with negative permittivity have primarily focused on their radio
frequency (RF) range characteristics. In a study, Wang et al.
demonstrated that high-temperature carbonization of cellulose
microcrystals (CMC) led to the formation of self-assembled
percolation networks, which in turn altered the conductive
mechanism and resulted in a shift to negative permittivity.18

Furthermore, Guo’s team reported on carbon nanofibers (CNFs)
exhibiting negative permittivity in the microwave frequency band,
which were derived from cellulose nanofibers through a process
of freeze-drying and subsequent high-temperature carboniza-
tion.11 However, their study did not extend to exploring the
practical applications of these materials in EMI shielding or other
relevant fields. Consequently, there is a pressing need for further
research to investigate the negative permittivity of CW in the
microwave frequency range. Exploring the potential applications
of ENMs in this frequency band is of considerable interest and
significance.

In this study, carbonised wood (CW@PBD) with negative
dielectric constant properties was prepared by carbonising
wood loaded with PBA nanoparticles (PBA NPs). The negative
permittivity is analyzed employing the Drude model. The
relationship between absorbing loss (SEA), reflecting loss
(SER), conductivity, and impedance matching was elucidated
through a series of derived equations. As expected, CW@PBD15

and CW@PBD25 metacomposites, endowed with negative per-
mittivity, demonstrated superior EMI shielding effectiveness.

Moreover, the synthesized CW@PBD25 metacomposites exhibited
remarkable Joule heating characteristics. This work provides new
ideas for the preparation of high-performance EMI shielding
materials.

2. Experimental
2.1. Materials

Poplar wood (Populus L., Henan, China) was used for the
experiment. Potassium ferricyanide (K3[Fe(CN)6]�6H2O), cobalt
nitrate hexahydrate (Co(NO3)2�6H2O), trisodium citrate dihy-
drate (Na3C6H5O7�2H2O), sodium chlorite (80%, NaClO2), and
acetic acid (99%) were acquired from Shanghai Aladdin Bio-
chemical Technology Co., Ltd (China). Deionized (DI) water was
prepared in the laboratory. All the reagents used in this experi-
ment were analytically pure.

2.2. Synthesis of Co–Fe PBAs

Firstly, 0.6 mmol Co(NO3)2�6H2O and 0.9 mmol Na3C6H5O7�
2H2O were dispersed in 20 mL of DI water by ultrasonication
for 30 min. Secondly, 0.4 mmol K3[Fe(CN)6]�6H2O was dissolved
in 20 mL of DI water. Subsequently, the obtained solution was
thoroughly mixed with the previous solution. Afterward, the
mixture solution was allowed for low-speed mixing at room
temperature for 12 h. Then, the obtained products were repeat-
edly centrifugally washed with DI water and absolute ethanol.
Finally, Co–Fe PBAs NPs were obtained after drying for 24 h.

2.3. Preparation of CW@PBD

The poplar wood veneers were treated with 8 wt% of NaClO2

with acetate buffer solution (pH 4.6) at 80 1C for 6 h. The
extracted samples were carefully washed with deionized water
to remove extra chemicals. The delignified wood samples were
freeze-dried for 48 h to obtain wood aerogels. Then, the Co–Fe
PBA NPs were ultrasonically dispersed in DI water and con-
figured into dispersions with concentrations of 15 mg ml�1,
25 mg ml�1, and 35 mg ml�1. Wood aerogel@PBA composites
with different loadings were prepared by impregnation at a
pressure of 1 MPa for 3 h. Subsequently, the composites were
dried at 60 1C for 24 h.

The wood aerogel@PBA composites were pre-carbonized at
300 1C for 2 h and then carbonized at 10001 for 3 h at a heating
rate of 5 1C min�1 under nitrogen in a tube furnace to obtain a
carbonized wood@PBA derivative (CW@PBD). CW@PBD pre-
pared with different impregnating concentrations is named
CW@PBD15, CW@PBD25, and CW@PBD35, respectively. Addi-
tionally, pure CW was prepared as a comparison sample using
the same methodology.

2.4. Characterization

The morphological structure was observed using scanning
electron microscopy (SEM, EVO18, Zeiss, Germany). The PBD
content of CW@PBD is obtained by thermogravimetric analysis
(TGA, TG209F1LibraTM, Germany) in the air atmosphere at
800 1C. The chemical composition and structure of samples

Communication Materials Horizons

Pu
bl

is
he

d 
on

 0
2 

Ju
ne

 2
02

5.
 D

ow
nl

oa
de

d 
by

 Y
un

na
n 

U
ni

ve
rs

ity
 o

n 
8/

1/
20

25
 4

:5
9:

08
 A

M
. 

View Article Online

https://doi.org/10.1039/d5mh00379b


This journal is © The Royal Society of Chemistry 2025 Mater. Horiz.

were identified by X-ray photoelectron spectroscopy (XPS,
Thermo Scientific K-Alpha, America). The crystal structure
was obtained by X-ray diffraction (XRD) at 51 min�1 with CuKa
(l = 0.15405 nm) irradiation (Ultima IV, Japan). Raman spectro-
scopy was conducted using a confocal Raman spectrometer
(Alpha300R, Germany) with a wavelength of 532 nm. Conduc-
tivity was measured with a four-probe instrument (ST2258C,
China). The surface temperature change of specimens was
recorded using a thermal infrared camera (Fluke TIS75, Amer-
ica). The oxygen vacancies were detected by electron paramag-
netic resonance (EPR, EMXnano, Bruker, USA). The scattering
parameters (S11 and S21), complex permittivity (e0 and e00), and
permeability (m0 and m00) were measured using a vector network
analyzer (VNA, E5080B, Agilent, USA) in the frequency range of
8.2–12.4 GHz (X band) using the waveguide method, and the
tested CW@PBD was processed into a regular rectangle block
with a three-dimensional size of 22.86 � 10.16 � 3 mm. The
corresponding reflection coefficient (R), penetration coefficient (T),
absorption coefficient (A), reflection loss (SER), absorption loss
(SEA), and total EMI (SET) were calculated using eqn (S1)–(S6)
(ESI†).15,17

3. Results and discussion
3.1. Preparation and characterization of CW@PBD

The preparation process of the wood@Prussian blue derivative
(CW@PBD) is schematically shown in Fig. 1. Natural wood
underwent delignification to enhance its pore structure, form-
ing a wood aerogel. The synthesized Prussian blue analogue
nanoparticles (PBA NPs) were dispersed in water to form
dispersions of different concentrations (15 mg ml�1, 25 mg ml�1,

and 35 mg ml�1). Pressurized impregnation was employed to
infuse PBA NPs into the porous skeletal structure of the wood
aerogel. Subsequently, CW@PBD was successfully prepared by
high-temperature carbonization under a nitrogen atmosphere.
The presence of trace quantities of metallic particles during
the carbonization process can facilitate the graphitization
of CW, thereby enhancing the degree of graphitization.19,20

Consequently, by modulating the loading of PBD nanocubes,
CW@PBD can be achieved with varying degrees of graphiti-
zation.

The microscopic morphologies of CW@PBD are shown in
Fig. S1 (ESI†) and Fig. 2. As illustrated in Fig. S1a–c (ESI†), the
nano-sized PBAs were successfully attached to the skeletal
structure of the wood aerogel. After the high-temperature
carbonization process, CW@PBD preserves the honeycomb
porous structure of the original wood. Meanwhile, the PBD
NPs maintain their original morphology attached to the porous
structure of the CW (Fig. 2g–i). The EDS analysis of the
CW@PBD cross-section, as illustrated in Fig. S1 (ESI†), con-
firms the effective integration of the nano-PBD into the porous
framework of the CW. The backbone structure of CW is instru-
mental in creating an efficient three-dimensional conductive
network, which significantly enhances the electromagnetic
interference (EMI) shielding performance.19 Additionally, the
porous architecture is conducive to the efficient reflection and
scattering of electromagnetic waves (EMWs), thereby contribut-
ing to the overall EMI shielding effectiveness.21

TG was employed to assess the thermal stability of composite
materials and determine the proportion of each constituent.
Fig. 3a displays the TG curves of CW@PBD. In the temperature
range of 100 1C to 300 1C, a slight weight loss is observed across all
samples due to the evaporation of crystalline water, as indicated

Fig. 1 The schematic illustration of the CW@PBD formation process.
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by a downward trend in the curves. The weight of the composites
remains stable up to 350 1C, signifying the excellent thermal
stability of CW@PBD. Beyond 350 1C, the TG curve exhibits a
sharp decline, corresponding to a significant mass loss in the
composite. This is predominantly due to the oxidation of amor-
phous carbon, which initiates at approximately 350 1C. As the
carbon is oxidized and removed, the residual product consists
solely of CoFe2O4, leading to a substantial mass loss and a rapid
decrease. The remaining mass of CW@PBD-x (x = 15, 25, 35)
composites is 7.85 wt%, 9.99 wt% and 10.86 wt%, respectively.
The loading amount of PBD nanocubes can be estimated accord-
ing to the formula22

wt% PBDð Þ ¼ mR

mI
�MFe þMCo

MCoFe2O4

(1)

where mI is the original weight of the composite, and mR is the
residual weight of the composite. The PBD contents of CW@PBD
composites are 5.1 wt%, 6.9 wt% and 7.5 wt%, respectively.

X-ray photoelectron spectroscopy (XPS) was utilized to
elucidate the elemental compositions and valence states of
CW@PBD. As illustrated in Fig. 3b, the C, O, Co, and Fe
elements have been selected to distinguish the elemental
valence states of CW@PBD. The four peaks of C 1s can
be found at around 284.8 eV (C–C/CQC), 285.97 eV (C–N),
286.07 eV (O–CQO), and 288.87 eV (C–O).23 In addition, the
high-resolution O 1s spectrum (Fig. 3e) of CW@PBD is decon-
voluted into three peaks at 531.93 eV (O–CQO), 533.70 eV
(CQO), and 535.4 eV (H2O).24 Simultaneously, the peak at
530.7 eV is related to oxygen vacancies, illustrating the presence
of oxygen vacancy defects.25 The presence of oxygen vacancies

was further characterized using EPR. As shown in Fig. 3 and
Fig. S2b (ESI†), CW and CW@PBD25 exhibited EPR signals at g =
2.002, which demonstrated the existence of oxygen vacancies.26

Compared with CW, CW@PBD25 displayed a stronger EPR
signal, which indicated an increase in oxygen vacancies in the
load of PBD NPs (Fig. 3f). Oxygen vacancies have been demon-
strated to facilitate the generation of dipole polarization,
thereby improving the absorption performance of EMWs.27

The Fe 2p spectrum (Fig. S2a, ESI†) exhibits seven peaks located
at about 721.90 eV (2p1/2), 710.32 eV and 724.3 eV (Fe2+ 2p3/2

and 2p1/2), 714.20 eV and 727.0 eV (Fe3+ 2p3/2 and 2p1/2), and
719.30 eV and 734.40 eV (Sat. 2p3/2 and 2p1/2),28 respectively.
The Co 2p spectrum (Fig. 3d) shows four peaks at about 785.90 eV
and 797.10 eV (Co0), and 781.70 eV and 800.30 eV (Co2+),29

respectively. The above analysis further indicates that the PBD
NPs were successfully loaded in CW.

3.2. Effect of PBD NPs on the graphite structure of CW@PBD

The crystal structures of the PBA NPs and CW@PBD were
characterized by XRD to investigate the influence of PBA on
the graphite structure evolution. As shown in Fig. S3a (ESI†),
the diffraction peaks at 17.71, 25.11, 36.01, 43.41, 43.91, and
52.01 of CoFe-PBA NPs (JCPDF#31-1000) were successfully
detected. After high-temperature carbonization, CW exhibited
two characteristic peaks at B231 and B441 (Fig. 4a), which
correspond to the (002) and (100) crystal planes within the
graphite structure. XRD analysis indicates that the graphite
microcrystals dispersed in an amorphous carbon matrix.
In contrast to pristine CW, the d(002) crystal plane diffraction
peaks of CW@PBD15 and CW@PBD25 are shifted to 26.11 and

Fig. 2 Microscopic morphology of CW@PBD. (a)–(f) Cross-sections of CW@PBD with different PBD contents and (g)–(i) micro-morphology of the
CW@PBD35 longitudinal section.
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26.31, respectively. The presence of PBD NPs in trace amounts
facilitates the crystallization of the carbon component, resulting in
the formation of a hexagonal graphite structure.30 The altered

graphite crystal structure suggests that CW@PBD15 and CW@
PBD25 exhibit a higher degree of graphitization, conducive to
enhanced conductivity. Interestingly, the crystal structure of

Fig. 4 (a) XRD spectra of CW and CW@PBD, (b) Raman spectra of CW and CW@PBD, (c) conductivity, and (d)–(g) schematic diagrams of the graphite
structure of CW and CW@PBD.

Fig. 3 (a) TG curves of CW@PBD, (b) XPS spectra for the survey spectrum, (c) C 1s, (d) Co 2p, (e) O 1s, and (f) EPR spectra of CW@PBD25.
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CW@PBD35 did not become more pronounced with the increase
in the PBD NP content. This phenomenon can be attributed to the
fact that graphitized carbon impedes the incorporation of PBD
NPs into its lattice, thereby diminishing the catalytic impact on
the carbon crystallization process.31

To further elucidate the effect of PBD loading on the
graphite structure, Raman spectroscopy was performed on both
CW and CW@PBD composites (Fig. 4b). All spectra exhibit
characteristic features of graphitized carbon materials, displaying
two prominent Raman bands: the D band around 1339 cm�1,
which signifies the presence of disordered carbon, and the G
band at 1599 cm�1, indicating the presence of graphite-like
structures.32,33 The ratio of the integrated area of the D band to
that of the G band (ID/IG) value usually serves as a metric for
assessing the degree of graphitization in carbon materials. A lower
ID/IG value represents a high graphitization grade, implying con-
duction loss improvement. The ID/IG values of samples are pre-
sented in Fig. 4b. The ID/IG values indicate that the addition of the
PBD NPs facilitates the graphitization of the composites during
the carbonization process, aligning with the XRD findings. Notably,
this result appears to contradict the increase in oxygen vacancy
defects as observed by XPS and EPR. This discrepancy can be
attributed to the differing sensitivities of the two characteriza-
tion tools to various defect types. The decline in ID/IG does not
refute the enhancement of oxygen vacancies. Oxygen vacancies
are classified as localized chemical defects, the formation of
which is closely related to the high-temperature decomposition
of oxygen-containing groups (e.g., C–O, CQO).34 The growth of
graphite microcrystals can be estimated based on the ID/IG

values, as per the equation provided below (2):19

La (nm) = (2.4 � 10�10) � lI
4 � (ID/IG)�1 (2)

where lI is the laser wavelength. Fig. S2c (ESI†) illustrates the
correlation between ID/IG and the size of graphite grains (La).
There is a direct proportionality between La and the degree of
graphitization. These findings provide further evidence that
trace amounts of PBD NPs can play a role in the induction of
graphitic carbon crystallization. Moreover, the larger graphite
crystallite size observed in CW@PBD15 and CW@PBD25 indi-
cated reduced grain boundaries and edge defects on the carbon
lattice, resulting in a diminished defect density. Additionally,
CW@PBD15 and CW@PBD25 exhibit a 2D peak at 2692 cm�1,
indicating the stacking of a few graphite layers.35 As shown
in Fig. S3 (ESI†), both the high 2D to G peak intensity ratios
(0.5–0.86) confirm that CW@PBD15 and CW@PBD25 feature a
few-layered structure.36

The current tends to flow in the thinner surface of the
conductive sample, so the graphite structure with fewer layers
is more favorable for forming efficient conductive pathways.
Consequently, samples with reduced graphite layer stacking
exhibit enhanced conductivity (Fig. 4g). The conductivity of
CW@PBD15 and CW@PBD25 is 11.2 S cm�1 and 14.1 S cm�1,
representing a 19.1% and 50% increase compared to CW
(9.4 S cm�1). As mentioned above, the increase in conductivity
is attributed to the change in graphite structure. To offer a more
comprehensive understanding, a schematic representation of

the graphite structure in CW@PBD composites with varying PBD
NP contents is presented in Fig. 4d–g. The pristine CW exhibits a
lower degree of graphitization and a higher number of graphite
layer stacking layers. Following loading trace amounts of PBD
NPs, the graphitic carbon is induced to crystallize during the
carbonization process, forming a graphitic structure with a few
stacked layers. This structural change facilitates the movement
of charge carriers and thus enhances conductivity. However, an
increased loading of PBD nanocubes does not further promote
the formation of graphitic carbon. Conversely, it hinders the
graphitization process, significantly reducing the conductivity of
CW@PBD35.

3.3. Negative permittivity behavior of CW@PBD

CW@PBD exhibits varying graphite structures at different PBD
loadings, which likely confer distinct electrical properties.
Therefore, the permittivities in CW, CW@PBD15, CW@PBD25,
and CW@PBD35 have been comprehensively investigated. The
real permittivity (e0) of CW and CW@PBD was obtained and
is shown in Fig. S4 (ESI†). Positive permittivity from 8.2 to
12.4 GHz was observed in CW and CW@PBD35. CW has a
dielectric behavior of typical dielectrics, where the positive
values of e0 decrease with increased frequency due to the
leakage conductance.37 In CW@PBD35, the reduced conductiv-
ity and the consequent mitigation of the leakage conductivity
phenomenon result in minimal variation of e0 with frequency.
Interestingly, CW@PBD15 and CW@PBD25 exhibited a negative
permittivity following high-temperature carbonization when
loaded with a trace quantity of PBD NPs. The negative permit-
tivity of CW@PBD15 and CW@PBD25 metacomposites is
observed in the whole X-band, as depicted in Fig. 5a. Generally,
the interplay between the plasma oscillations of delocalized
charge carriers and the polarization of localized charge carriers
is responsible for the emergence of negative permittivity in
materials.38

It is reported that the negative permittivity is correlated with
the formation of continuous conduction networks in the sys-
tem, as well as the conductivity of materials.37 According to the
Drude model, the negative permittivity of conductive materials
can be declared as follows:38

e0 ¼ 1� op
2

o2 þ ot
2

(3)

op ¼

ffiffiffiffiffiffiffiffiffiffiffiffi
neffe

2

meffe0

s
(4)

where op represents the angular plasma frequency, neff and
meff represent the effective density and the effective mass of
the electrons, ot denotes the damping factor of the electron
collision, e0 is the vacuum permittivity, and e represents the
electron charge (1.6 � 10�19 C). The dispersion of e0 is well-
fitted by the Drude model and the obtained reliability factors
(R2 = 0.99). This obedience reveals the negative permittivity can
be attributed to plasma oscillations of free electrons, and
variation in the value of the negative permittivity comes from
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the different carrier concentrations of CW@PBD15 and CW@
PBD25 with distinct graphitization degrees. The increase in
conductivity also proves the observation. Based on this, the
relationship between the negative permittivity of the material
and graphite defect density/particle size is further elucidated.
As shown in Fig. 5c, the reduction of graphite defects effectively
decreases the probability of electron scattering in the material,
thereby enhancing carrier mobility and conductivity.39 This
strengthens the plasmon resonance effect, leading to a gradual
increase in the absolute value of e0. Concurrently, an increase in
graphite particle size facilitates the formation of few-layer thin
graphite structures. Delocalized electrons can move rapidly
across these thin graphite layers,6 which elevates the effective
electron density within the material and further amplifies the
negative permittivity response. When the value of op exceeds
the electric field frequency (o), the dielectric constant of the
material exhibits a negative value.3 Thus, the tunable permit-
tivity behavior essentially depends on the modulation of the
internal carrier state within the materials.

The frequency dispersions of the imaginary permittivity (e00)
of CW, CW@PBD15, CW@PBD25, and CW@PBD35 are depicted
in Fig. 5b, where e00 represents the assessment of the dielectric
loss capability. For the prepared CW and CW@PBD, the dielec-
tric loss mainly consists of conductivity loss e00c

� �
; interfacial

polarization loss e00p
� �

; and dipole polarization loss e00d
� �

(eqn (S7), ESI†).40 The CW exhibits the highest e00, which is
primarily attributable to an increased prevalence of defects in
the graphite layer, leading to augmented polarization loss. The
addition of a modest quantity of PBD results in a more
pronounced decline in e00 with rising frequency. The following
equation represents the conductivity loss (eqn (S8), ESI†).41 The
e00 decreases with increasing frequency after 10 GHz (Fig. 5b).
This indicates that dielectric losses in composites above 10 GHz
are predominantly conductive losses.

The polarization relaxation deduced from CW and CW@
PBD composites can be verified by the Cole–Cole diagram
derived from the Debye theory (eqn (S9), ESI†). Fig. 4a shows
the Cole–Cole curve of CW, CW@PBD15, and CW@PBD25.

Fig. 5 (a) Real permittivity of CW@PBD, (b) imaginary permittivity of CW@PBD, (c) relationship between real permittivity, ID/IG, and La, (d)–(f) Cole–Cole
curves of CW@PBD, and (g)–(i) impedance matching of CW@PBD.
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Two Cole–Cole semicircles appear in CW, while only one semi-
circle is in CW@PBD15 and CW@PBD25. This indicates that
there are multiple polarization chirps in CW.40 However, the
Cole–Cole semicircle observed in CW@PBD15 and CW@PBD25

exhibits a larger radius, and this reveals a greater internal
polarization loss capability.42 Meanwhile, the Cole–Cole curves
of CW@PBD15 and CW@PBD25 have straight tails (Fig. 5e and f),
indicating that there is significant transmission loss in the
composites. This is consistent with the above analysis of the
negative permittivity behavior of CW@PBD15 and CW@PBD25.

The magnetic parameters, as shown in Fig. S5 (ESI†), do not
show significant change (m0 is around 0.2), because incorpora-
tion of trace amounts of PBD in CW@PBD15 and CW@PBD25

mainly plays the role of inducing graphitic carbon crystal-
lization. In contrast, the increased PBD content in CW@PBD35

endows the composite with a notable magnetic storage capacity.
In addition, due to the enhanced conductivity of CW@PBD25,
the weak current generated by the magnetic field leads to a
negative m00, which impedes the action of the external magnetic
field (Fig. S5b, ESI†).43

CW@PBD15 and CW@PBD25 demonstrate characteristics of
a metacomposite, positioning them as promising candidates
for EMI shielding applications. Therefore, the feasibility of
CW@PBD15 and CW@PBD25 applied in EMI shielding was
analyzed. Generally, when EMWs are incident on the surface
of the EMI shielding materials, the EMWs are reflected due to
the impedance matching. The impedance matching perfor-
mance of CW, CW@PBD15, and CW@PBD25 can be evaluated
using the transmission line theory (eqn (S10), ESI†).43 As the
value approached 0.8–1.2, the degree of impedance matching
improved, and it was easier for the EMWs to enter the
material.44 The average value of |Zin/Z0| for CW is 0.12, which
indicates that CW has a certain level of EMI shielding perfor-
mance (Fig. 5g). Loading with a trace amount of PBD NPs to
induce graphitic carbon crystallization results in negative per-
mittivity, and the average values of |Zin/Z0| for CW@PBD15 and
CW@PBD25 are less than 0.1, much less than 0.8–1. As a result,
metacomposites with negative permittivity have impedance
mismatch properties, leading to strong reflection of electro-
magnetic waves and contributing to achieving high EMI shield-
ing effectiveness.3

3.4. EMI shielding performances of the CW@PBD
metacomposites

The EMI shielding capabilities of the metacomposites within
the 8.2–12.4 GHz are depicted in Fig. 6a. The total shielding
effectiveness (SET) for the metacomposites rises substantially
with an increased PBD NP content. All samples surpass the
20 dB EMI shielding effectiveness threshold. Specifically, the
average SET values for CW, CW@PBD15, and CW@PBD25 are
recorded at 30.60 dB, 37.82 dB, and 39.13 dB, respectively. This
enhancement is predominantly attributed to the pivotal role of
conductivity in EMI shielding efficacy.19 Incorporating PBD
NPs catalyzes carbon graphitization, thereby establishing a
more refined conductive network that facilitates the efficient
movement of free carriers.

Interestingly, the reflection loss (SER) does not escalate with
enhanced conductivity (Fig. 6b). The average SER values for
CW, CW@PBD15, and CW@PBD25 are 10.05 dB, 10.16 dB, and
10.17 dB, respectively. In contrast, the average absorption loss
(SEA) values for CW@PBD15 and CW@PBD25 are 27.66 dB and
28.96 dB, which represent an increase of 34.6% and 40.9% over
CW (20.55 dB). This enhancement in SEA is primarily ascribed
to dielectric loss. The energy of the incident wave is mitigated
through conduction and polarization losses. Conduction loss
occurs as electrons dissipate energy along the thin graphite
structures, while polarization losses encompass both dipole
and interface polarization. Dipolarization arises at defect sites,
predominantly within the graphite layers. Under the influence
of alternating high-frequency electromagnetic fields, the
dipoles’ motion falls out of sync with the field, leading to a
loss of dipole polarization and the conversion of electromag-
netic energy into heat.45 Additionally, a trace amount of incor-
porated PBD can become a polarization focal point at hetero-
geneous interfaces, amplifying the polarization effect.22 Con-
currently, the porous nature of CW facilitates the elongation of
the EMW propagation path within the material, thereby indu-
cing reflection and scattering losses, which in turn attenuate
the EMW.15 The combined effect of these factors significantly
boosts the SEA of CW@PBD15 and CW@PBD25. Notably, CW@
PBD25 exhibits an SEA that constitutes 74.1% of its SET (Fig. 6c).
It is important to clarify that a higher SEA than SER does not
imply an absorption-dominant shielding mechanism. The EMI
shielding mechanism is dissected by calculating the power
coefficient.46 The reflection coefficients (R) for CW@PBD15

and CW@PBD25 are 0.9, while the absorption coefficients (A)
are 0.09, indicating that the high conductivity predominantly
drives a reflective EMI shielding mechanism, with the majority
of the EMWs being reflected at the material’s surface.33

Drawing from the findings, we delved into the potential EMI
shielding mechanism of CW@PBD25. The negative permittivity
could provide the composites with an excellent conductive
pathway. The increase in conductivity increases the conductive
loss properties of the material to EMWs.46 In addition, plasma
oscillations occur in negative permittivity materials in the
presence of electromagnetic fields. This process generates a
reverse electric field inside the material, which results in the
generation of counter-rotating EMWs to organize the propaga-
tion of EMWs.3 The negative permittivity causes the EMW to
convert into an evanescent field, thereby limiting the escape of
the EMW.47 The amplitude of the EMW grows exponentially
with frequency, and thus the electromagnetic wave is con-
sumed. Concurrently, the combination of negative permittivity
and internal defects has been demonstrated to increase the
induced current and polarization relaxation in the material.39

This can increase the absorption loss of the material. In
addition, the heterogeneous interface between the CW and
PBD NPs causes substantial polarization losses that further
attenuate the EMWs. Finally, the EMWs entering the interior of
the material undergo multiple reflections and scattering losses
in its three-dimensional network skeleton, which prolongs the
propagation path of the EMWs.21
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To visualize the EMI shielding performance of CW@PBD25,
its practical application was demonstrated (Fig. 6f and g). In a
wireless power transmission system, a high-voltage electric
field is generated around the Tesla coil when DC power is
provided, causing the light bulb to illuminate. When natural
wood is placed between the Tesla coil and the bulb, the bulb
still lights (Fig. 6f1 and Video S1, ESI†). This suggests that
natural wood cannot shield itself from EMWs. When CW is
placed above the Tesla coil and the bulb (Fig. 6f2), the bulb is
still light. The bulb goes out when the wood chip is replaced
with CW (Fig. 6f3 and Video S2 ESI†). This means that CW

exhibits EMI shielding capability. In contrast, CW@PBD25, no
matter placed above or between the Tesla coil and the bulb,
prevents the transmission of electromagnetic fields, causing
the bulb to extinguish (Fig. 6f4, 5 and Video S3, ESI†). This
observation underscores the superior EMI shielding perfor-
mance of CW@PBD25. Furthermore, a mobile phone is also
placed in an EMI shielding box to evaluate its shielding
potential in real-world scenarios. When the shielding box
is opened, the signals from the two mobile phones can
connect normally (Fig. 6g1, 2). When using CW@PBD25 to seal
the opening of the EMI shielding box, the signal of two

Fig. 6 EMI shielding performance of CW and CW@PBD. (a) EMI SET, (b) SEA and SER, (c) SEA/SET, (d) power coefficients, and (e) the EMI shielding
mechanisms of CW@PBD25. (f) Nature wood, CW, and CW@PBD25 are applied for the wireless power system generated by the Tesla coil. (g) CW@PBD25 is
used in EMI shielding applications for mobile phone communications.
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non-mobile phones cannot be successfully connected (Video
S4, ESI†). This simple demonstration confirms the viability of
employing CW@PBD25 as an EMI shielding material across
common frequency bands.

In order to realize the multi-scenario applicability of materi-
als in complex electromagnetic environments, this study pro-
poses a methodology for strengthening two complementary
mechanisms of EMI shielding and microwave absorption
through the induced design of magnetic particles. The former,
represented by CW@PBD25 metamaterials, relies on negative
permittivity and polarization properties to attenuate EMW
energy through interfacial reflection. The latter is exemplified
by CW@PBD35, which optimizes impedance matching with the
assistance of magnetic nanoparticles. EMWs are induced to
enter the interior of the material, where they undergo dielectric
relaxation and hysteresis loss. The subsequent section is dedi-
cated to the analysis of the microwave absorption properties
and the mechanisms of the CW@PBD35 composite.

3.5. High-efficiency microwave absorption properties of
CW@PBD35

Magnetic nanoparticles are often introduced into conductive
materials to endow the materials with good microwave absorp-
tion properties.48 PBD has excellent magnetism after high-
temperature carbonisation and is often used as a microwave
absorber.43 Impedance matching (|Zin/Z0|) is a critical para-
meter for effective microwave absorption. Fig. 7a depicts the
impedance matching for CW@PBD35 across thicknesses

ranging from 1.0 to 5.0 mm within the 8.2–12.4 GHz frequency.
Notably, CW@PBD35 demonstrates exceptional impedance
matching for thicknesses between 2.5 and 5.0 mm, with |Zin/
Z0| values falling within the range of 0.8 to 1.0 across the entire
X-band. This indicates that more EMWs can enter CW@PBD35,
where they are absorbed and dissipated.

The RL intensities were applied to describe the microwave
absorption properties (eqn (S11) and (S12), ESI†).25 Fig. 7b–d
displays the RLmin of CW@PBD35 within 1.0–5.0 mm in the
8.2 to 12.4 GHz range. CW@PBD35 exhibits excellent microwave
absorption capabilities. The RLmin was �49.2 dB at 11.8 GHz
and 4.5 mm. Generally, an RL value r�10 dB indicates that
Z90% of the incident EMW can be dissipated. The corres-
ponding bandwidth can be defined as effective absorption
bandwidth (EAB). The EAB of CW@PBD35 is 4.2 GHz, covering
the entire X-band. These exceptional EMW absorption charac-
teristics stem from the synergistic interaction of electromag-
netic parameters. Consequently, the magnetic loss properties of
CW@PBD35 were assessed, and its potential absorption mecha-
nism was dissected. The eddy current loss coefficient (Co)
values vary little over the test frequency range, and thus most
of the resulting magnetic loss comes from the eddy current loss
of the PBD NPs (Fig. S6b, ESI†).

The superior microwave absorption of CW@PBD35 stems
from its multi-scale synergistic dissipation mechanisms (Fig. 7e).
The PBD NPs loaded on the CW surface create abundant hetero-
geneous interfaces, inducing interfacial polarization to attenuate
EMWs.48 Simultaneously, structural defects formed during

Fig. 7 Microwave absorption performance of CW@PBD35. (a) Impedance matching, (b)–(d) 3D and 2D plots of reflection loss and reflection loss curves,
(e) schematic diagram of the microwave absorption mechanism, and (f) comparison of X-band microwave absorption performance from the aspects of
EAB and |RLmin| (ref. S3–S12, ESI†).
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graphitization act as dipolar polarization centers, generating
dipolar polarization loss under alternating electromag-
netic fields.31 The moderate conductivity enables conductive
currents that trigger ohmic loss, converting electromagnetic
energy into heat.17 Additionally, magnetic nanoparticles
enhance wave attenuation through magnetic hysteresis and
eddy current losses.19 Crucially, the porous framework of CW
extends EMW propagation paths via multi-reflection and
scattering effects, progressively dissipating incident waves
through repeated interactions.49 This coordinated ‘‘polariza-
tion relaxation–conduction loss–geometric dissipation’’ sys-
tem ensures efficient electromagnetic energy absorption and
conversion. Therefore, the excellent microwave absorption
performance of CW@PBD35 is attributed to the multiple
synergistic loss mechanism.

The performance of CW@PBD35 prepared in this work was
compared with that of recently reported advanced microwave
absorbing materials in the X-band (Fig. 7f and Table S1, ESI†).
Compared to microwave-absorbing materials reported in the
literature, CW@PBD35 exhibits high EMW absorption perfor-
mance (�49.2 dB) across a relatively broad EAB (4.2 GHz).
CW@PBD35 shows great potential to be an efficient and in-
expensive EMW absorber.

3.6. Joule heating performance of the CW@PBD25

metacomposite

In addition, CW@PBD was explored as an effective electrical
heater. Herein, the CW@PBD25 metacomposite, which exhibits
optimal conductivity, was utilized as an electric heater to assess
its Joule heating performance. The nearly linear V–I curve in

Fig. 8 Joule heating performance. (a) V–I curve, (b) temperature profiles of CW@PBD25 at different voltages, (c) infrared image of the temperature
region of CW@PBD25 at different voltages, (d) U2–T curve, (e) and (f) heating and cooling process of CW@PBD25 at 3.0 V, and (g) infrared image of the
temperature region of CW@PBD25 at 3.0 V with different times.
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Fig. 8a shows that the resistance of CW@PBD25 is extremely
low, which can ensure stability and safety during the heating
process at a low working voltage. Fig. 8b displays the time-
dependent surface temperature of CW@PBD25 with different
supplied voltages (0.5–3.0 V). As the working voltage rises, the
surface steady-state saturated temperature (Ts) improves dras-
tically, ascribed to more Joule heat power produced from the
composite material.50 At a voltage of 3.0 V, the Ts of CW@PBD25

quickly exceeds the high temperature of 255.68 1C within 60 s,
thanks to an improved graphite structure that forms a highly
conductive network. Notably, all the Ts will be reached within
60 s regardless of the high or low voltage applied, demonstrating
rapid responses for the electrical heaters. The thermodynamic
evaluation of the heating response for CW@PBD25 was con-
ducted to further investigate the mechanism for the observed
Joule heating performance. According to the energy balance
principle, the temperature of electronics would be equilibrated
when the dissipated power by Joule heating becomes equal to
the power losses via radiation, convection, and conduction.51

Specifically, the temperature could be obtained using the follow-
ing equation:

U2

R
¼ mc

dT

dt
þ hA T � T0ð Þ (5)

where U is the working voltage, R is the resistance of the heating
device, m is the mass of the composite, c is the specific heat
capacity, h is the convective heat-transfer coefficient, A is the area
of the electrical heater, T is the surface temperature of the
electrical heater, and T0 is the ambient temperature respectively.
Combining eqn (5) and considering that T(t=0) = T0, the real-time
temperature and Ts of this heater would be obtained respectively
as follows:

T ¼ T0 þ
U2

RhA
1� e� hA=mcð Þt� �

(6)

Ts ¼ T0 þ
U2

RhA
(7)

From these equations, it is clear that the square of the
resistance, convective heat-transfer coefficient resistance, and
driving voltage of the electronics govern the Ts of the device.
Moreover, Fig. 8d shows the experimental data and the linear
fitting of Ts versus U2. Note that the as-prepared CW@PBD25

exhibits an excellent linear relationship with the square of the
supplied voltage (R2 = 0.999), indicating the accuracy of the
theoretical prediction of saturation temperature at different
working voltages, by previous reports.52 Moreover, infrared (IR)
images clearly show uniform temperature distribution of
CW@PBD25 at different applied voltages, as illustrated in
Fig. 8c. Fig. 8g depicts the thermal infrared map during the
ramp-up constant-temperature-down process at CW@PBD25

with a voltage of 3.0 V. Beyond the Ts, the heating and cooling
rates are pivotal in assessing the performance of the Joule
heater. At 3.0 V, the heating rates for CW@PBA25 were
149.01 1C min�1, and the cooling rates were 153.45 1C min�1.

Both the heating rate and cooling rate of CW@PBA25 exceeded
the values reported for a carbon nanogel (234 K min�1 and
294 K min�1).53 In order to evaluate the stability and reliability
of the CW@PBD25 composite under long-term operating con-
ditions, Fig. S7 (ESI†) shows the temperature changes versus
time at a constant input voltage of 3.0 V. The Joule heating
performance demonstrated no significant change following
several heating cycles. Meanwhile, the CW@PBD25 composite
exhibits an excellent stable temperature of about 255 1C within
900 s after voltage input. This demonstrates the stability and
reliability of CW@PBD25 composites when it comes to cycling
and long-term use. A comparison of various Joule heaters
reported in the literature is provided in Table S2 (ESI†). The
Joule heating performance of CW@PBD25 Joule heaters sur-
passes that of many previously reported Joule heaters, including
those based on CW and its composites, carbon nanotubes, silver
nanowire composites, MXene composites, and metal particle
composites. A CW@PBD25 Joule heater can achieve a high Joule
heating temperature (255 1C) at 3.0 V. Therefore, its outstanding
performance bodes well for its great application prospects.

4. Conclusion

In conclusion, the CW@PBD metacomposites were successfully
synthesized with varying PBD NP contents by high-temperature
carbonization. Metacomposites have a thinner and more com-
plete graphite structure, which allows them to undergo plasma
oscillations in the X-band, resulting in a negative permittivity
behavior. The Drude model provides a full explanation of this
behavior. The SET of the CW@PBD25 metacomposite is 39.1 dB,
while the SEA demonstrates a 40.9% increase. In addition, the
impedance matching performance of CW@PBD35 has been
optimised by increasing the content of PBD magnetic nano-
particles. The microwave absorption capability of CW@PBD35

is enhanced by the synergistic effect of multiple loss mechan-
isms, resulting in an RLmin = �49.2 dB and the EAB covers
the X-band. CW@PBD25 has excellent Joule heating properties
(Ts = 255 1C at 3.0 V). This work provides new insights into the
design of materials with negative dielectric constants and EMI
shielding materials.
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