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Conventional carbonization methodologies employed in the synthesis of carbon-based nanocomposites are
frequently compromised by structural imperfections, which substantially diminish electromagnetic wave
attenuation capabilities. To address this limitation, we herein propose a Flash-Joule-Heating (FJH) treatment
strategy for microstructural refinement of 2D Co/C nanocomposite. After FJH treatment, it is revealed that the
graphitization, structural ordering, and crystallinity improve remarkably. The obtained Co/C nanocomposite
shows apparently enhanced electromagnetic waves absorption (EMA), where the effective absorption bandwidth
broadens from 5 GHz to 6.12 GHz (a 22.4 % increase), compared to the untreated sample. The enhancing
mechanism is predominantly attributed to the rebalancing of dielectric loss and a transition in the magnetic loss
mechanism. This work demonstrates an effective treatment strategy for improving the microstructure and
electromagnetic response of carbon-based nanocomposite, offering valuable insights into the design of high-
performance EMA materials.

1. Introduction

With the rapid development of wireless communication, radar
detection, and electromagnetic interference shielding technologies, high
performance electromagnetic wave absorbing (EMA) materials have
attracted increasing attention in both military and civilian applications
[1-4]. To date, a wide range of absorptive materials have been explored,
including magnetic metal oxides, MXenes, and carbon-based composite.
Among them, carbon-based materials stand out due to their low density,
high electrical conductivity, rich structural tunability, and ease of
compositing with magnetic phases, making them ideal candidates for
achieving lightweight, broadband, and efficient EMA performance
[5-12]. Among carbon precursors, phthalocyanines have emerged as
promising carbon precursors due to their excellent thermal stability and
high carbon yield. When coordinated with transition metals, metal
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phthalocyanine complexes can simultaneously provide both carbon and
magnetic phases during thermal treatment, enabling the construction of
carbon-based absorbers with integrated dielectric and magnetic loss
mechanisms [13-16].

In the development of carbon-based absorbers, conventional thermal
treatment methods, including hydrothermal synthesis and tube furnace
carbonization, have been widely adopted to tailor structural and elec-
tromagnetic properties [17-19]. However, hydrothermal processes
typically occur at low temperatures and yield poorly conductive mate-
rials with limited graphitization. Tube furnace carbonization, although
capable of producing graphitic carbon, often involves prolonged treat-
ment, uncontrolled particle agglomeration, and limited defect regula-
tion [20,21]. These drawbacks hinder the construction of conductive
networks, interfacial polarization centers, and controlled defect states
which are essential for both dielectric and magnetic loss mechanisms in
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Fig. 1. (a) Schematic preparation of Co/C nanocomposite; SEM images of (b) Co-PPc, (c) Co/C-C, and (d) Co/C-F; TEM images and size distribution of (e) Co-PPc, (f)

Co/C-C, and (g) Co/C-F.

electromagnetic wave absorption [22-25]. To address these limitations,
advanced thermal strategies such as ultrahigh-temperature annealing
(>2000 °C) and arc-discharge processing have been explored for further
enhancing graphitization and optimizing microstructures. Nevertheless,
these methods are costly, energy-intensive, and still struggle to precisely
control local structure or defect distribution. In contrast,
Flash-Joule-Heating (FJH) has emerged as a highly efficient
post-synthetic approach, offering ultrafast heating rates (10%-10° K/s),
low energy consumption, and precise thermal modulation through
localized gradients. These features enable FJH to promote graphitiza-
tion, inhibit agglomeration, and introduce structural defects within
milliseconds [26]. Recent studies have applied FJH to carbon nano-
materials for supercapacitors, electrocatalysis, and electromagnetic ab-
sorption. However, most FJH applications have focused on 3D materials,
while its effect on 2D carbon architecture remains underexplored
[27-34].

In this work, we investigate the impact of FJH post-treatment on the
electromagnetic absorption properties of 2D carbon nanocomposite,

which was prepared from the cobalt polyphthalocyanine (Co-PPc) pre-
cursors [35-40]. Through systematic comparative analysis between
tube furnace carbonization alone and tube furnace carbonization fol-
lowed by FJH processing, the structural and functional advantages
conferred by FJH are elucidated. The findings provide new insights into
post-processing strategies for optimizing carbon nanostructures in
advanced electromagnetic applications.

2. Experimental section
2.1. Materials

Pyromellitic dianhydride (PMDA), CoCly-6H20, NH4Cl, (NH4)
6Mo07024-4H20, urea, and other chemical reagents were obtained from

commercial suppliers. All reagents were of analytical grade and were
used without further purification.
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Fig. 2. (a—d) HRTEM images, SAED pattern of (e) Co/C-C, (f) Co/C-F; (g) HAADF-STEM image and the elemental mappings of Co/C-F.

2.2. Synthesis of Co-PPc precursors

The Co-PPc precursor was synthesized via a modified solid-state re-
action methodology. PMDA (4.8 mmol, 1.05 g), CoCly-6H50 (2.3 mmol,
0.548 g), urea (34.1 mmol, 2.05 g), NH4Cl (9.4 mmol, 0.5 g), and (NHy4)
6M07024-4H20 (1.8 pmol, 0.00225 g) were thoroughly ground together
to ensure homogeneity. The resulting mixture was subsequently trans-
ferred into a quartz boat and heated at 220 °C for 3 h in a muffle furnace.
Following natural cooling to room temperature, the obtained powder
was washed three times with deionized water and ethanol to remove
residual impurities. The sample was then dried under vacuum condi-
tions at 70 °C for 12 h, yielding the Co-PPc precursor.

2.3. The synthesis of nanocomposite

For Co/C nanocomposite preparation, Co-PPc precursor was first
subjected to controlled carbonization at 800 °C for 3 h in a tube furnace
under an argon atmosphere, followed by FJH treatment at 2000 °C for 2
s under vacuum conditions to obtain the final product.

3. Results and discussions

The synthesis of Co/C nanocomposites follows a sequential thermal
process route (Fig. 1a). Co-PPc, representing Co-PPc precursors, is pre-
pared through solid-state reactions involving PMDA, CoCl,-6H0, urea,
NH4Cl, and (NH4) §M07024-4H50. Then Co-PPc is carbonized at 800 °C
for 3 h in an argon environment to generate Co/C-C. The resulting
material is further processed by FJH at 2000 °C for 2 s under vacuum to
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Fig. 3. (a) Raman spectra, (b) XRD patterns; The high-resolution XPS spectra of (c) C 1s, (d) Co 2p, and (e) O 1s; (f) EPR spectra.

obtain Co/C-F. Fig. 1b-e and S1 show the influence of treatment on the
morphology of Co/C nanocomposite. Co-PPc shows a distinctive scat-
tered blocky morphology, with dimensions ranging from several hun-
dred nanometers to micrometers. The particles exhibit rough surface
textures and irregular edge formations. Co/C-2 carbonized at 800 °C
displays well-defined layered sheet structures (Fig. 1c). Higher magni-
fication analysis reveals the emergence of nanoparticles distributed on
the surface with a grain size distribution of 31.76 + 11.32 nm, accom-
panied by regions of graphitization; additionally, notable aggregation is
also observed (Fig. 1f). Co/C-F exhibits enhanced graphitization with
pronounced layered sheet formation and a more uniform distribution of
particles with a refined grain size distribution of 32.92 + 9.6 nm, sug-
gesting partial mitigation of aggregation (Fig. 1d-g). Although the
average grain size remains similar, the standard deviation significantly
decreases, indicating that FJH effectively regulates the particle size
distribution, making it more uniform.

The random nanoparticles of Co/C-C and Co/C-F are shown in
Fig. 2a and b and S2. For Co/C-C, clear lattice fringes with a spacing of
0.205 nm are visible, corresponding to the (111) crystal plane of face-
centered cubic (fcc) Co. In the case of Co/C-F, the lattice fringes
become more compact and well-defined, with a reduced spacing of
0.183 nm, corresponding to the (200) plane of fcc Co. These observa-
tions confirm the presence of crystalline Co domains in both samples
which may contribute to enhanced dielectric and magnetic loss in the
composite. Co nanoparticles are encapsulated within carbon matrices in
both samples, forming Co@C core-shell structures (Fig. 2¢ and d). The
carbon shells in Co/C-C are disordered with loosely arranged layers,
while Co/C-F exhibits enhanced carbon ordering with continuous, well-
defined shells. The carbon fringes transform from fragmented, dot-like
patterns in Co/C-C to well-developed, arc-shaped structures in Co/
C-F. This enhanced structural organization suggests that the FJH
treatment promotes rapid reorganization of the carbon matrix, resulting
in more ordered interfacial structures. The selected area electron
diffraction (SAED) patterns of Co/C-C and Co/C-F reveal distinct
crystalline characteristics (Fig. 2e and f). Co/C-C exhibits continuous
ring-like diffraction patterns, indicating typical polycrystalline structure
with randomly oriented small Co grains. In contrast, Co/C-F displays a

clear spot diffraction pattern with discrete, bright diffraction spots ar-
ranged in regular lattice configurations, characteristic of single-
crystalline or large-grained structures with preferred orientation. This
transformation from ring to spot patterns demonstrates that FJH treat-
ment significantly improves the crystallinity and structural ordering of
the metallic Co phase. HAADF-STEM image reveals numerous bright
spots corresponding to uniformly distributed high-density nanoparticles
in the Co/C-F (Fig. 2g). The elemental mapping confirms that Co is
predominantly concentrated in these bright regions, while carbon and
nitrogen are homogeneously distributed throughout the matrix, estab-
lishing a continuous N-doped carbon framework. Notably, nitrogen ex-
hibits localized enrichment around Co nanoparticles, suggesting
potential Co-Ny coordination formation that may modulate the elec-
tronic structure. Oxygen displays uniform but weak distribution. In
contrast, Co/C-C shows larger Co nanoparticles with partial agglomer-
ation, less homogeneous carbon/nitrogen matrix distribution, and
stronger oxygen signals (Fig. S3).

In the Raman spectra (Fig. 3a), Co/C-C exhibits a high Ip/Ig ratio of
1.82, indicating a disordered carbon framework with dense defects and
an amorphous-dominated structure. In contrast, the sample after FJH
treatment shows a much lower Ip/Ig ratio of 0.61, suggesting reduced
defect density and improved graphitization. These results confirm that
FJH facilitates structural reordering and the formation of a more ordered
carbon network, which promotes the development of conductive path-
ways and enhances conductive loss, thereby improving electromagnetic
wave attenuation performance. It is evident from Fig. 3b that the XRD
pattern of Co-PPc can be deconvoluted into two typical n-m stacking
polymorphs corresponding to metal phthalocyanines: the uniformly
stacked a-phase (a-M-PPc) and the staggered p-phase (p-M-PPc).
Diffraction peaks observed at 20 = 17.3°, 18.5°, and 18.9° correspond to
the (200), (001), and (101) planes of p-M-PPc, while the signals at 25.8°,
29.4°, and 30.4° can be indexed to the (310), (001), and (101) planes of
a-M-PPc. In the XRD patterns of Co/C-C and Co/C-F, pronounced peaks
appear at 20 ~ 44.12° and 51.38°, which can be assigned to the (111)
and (200) planes of face-centered cubic metallic cobalt. This indicates
that partial reduction of Co species occurred during thermal treatment,
leading to the formation of crystalline metallic Co. In addition, Co/C-C
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Fig. 4. 3D RL curves of (a) Co-PPc, (b) Co/C-C, and (c) Co/C-F; corresponding 2D diagrams of (d) Co-PPc, (e) Co/C-C, and (f) Co/C-F; (g) RL histogram distribution

of Co-PPc, and (h) Comparison graph of EMW absorption performance

exhibits a broad and weak diffraction band in the 20 range of 7.8°-21.0°,
centered at approximately 12.4°, which corresponds to the (002) plane
of amorphous carbon with an interlayer spacing of ~7.13 A, signifi-
cantly larger than that of ideal graphite (3.35 A). This suggests a highly
disordered carbon stacking with a wide distribution of interlayer spac-
ings. In contrast, after FJH the (002) peak becomes noticeably narrower
and slightly shifts toward higher angles, indicating a contraction in
interlayer distance and improved stacking order. These changes suggest
that the carbon framework undergoes a transformation from a disor-
dered to a locally ordered structure upon FJH, reflecting a clear trend
toward graphitization.

X-ray Photoelectron Spectroscopy (XPS) analysis, as shown in Fig. 3
and S4, was carried out to examine the elemental distribution and

chemical bonding environments in the samples [22,35,36,41,42]. Sig-
nificant compositional changes are observed following carbonization,
while the FJH treatment does not alter the elemental species present but
instead adjusts their relative proportions. The high-resolution spectra
further reveal the evolution of bonding environments for C, N, Co, and
O. In the C 1s region, Co-PPc exhibits dominant C-N (285.5 eV) and
C=O0 (288.6 eV) peaks, along with a relatively weak C-C signal at 284.6
eV (Fig. 3c). After carbonization, the C-C component increases mark-
edly, while C-N and C=0 intensities decrease; this trend continues in
Co/C-F, where heteroatom-related peaks are further suppressed and the
C-C signal remains prominent. In the Co 2p spectra (Fig. 3d), Co-PPc
shows peaks for Co>* (780.4 eV), Co?" (781.9 eV), and a satellite at
785.0 eV. Following carbonization, a Co® peak emerges at 777.7 €V,
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accompanied by Co®* and Co?*, and a shifted satellite at 785.8 eV. In
Co/C-F, the Co® signal becomes more intense (778.6 eV), the oxidized
states persist (780.6 and 782.4 eV), and the satellite further shifts to
786.2 eV. The N 1s spectra (Fig. S4b) of Co-PPc contains three compo-
nents: pyridinic N (398.9 eV), pyrrolic N (400.2 eV), and Co-N (401.1
eV). After carbonization, the pyrrolic and Co-N components disappear,
while pyridinic N (398.4 eV) remains and graphitic N (400.8 eV)
emerges. In Co/C-F, both nitrogen species exhibit slight shifts to lower
binding energies (398.2 and 400.5 eV), indicating subtle changes in the
local electronic environment. In the O 1s spectra, Co-PPc mainly shows
C=0 (531.8 eV) and -OH (533.7 eV). After carbonization, a Co-O
component appears at 531.4 eV and the O-C/O—C peak shifts to 533.3
eV; after FJH, the Co-O peak becomes sharper and shifts to 531.2 eV,
while the O-C/O—C signal slightly decreases to 532.7 eV. Compared
with the carbonized sample, the FJH-treated material demonstrates a
more graphitized carbon framework, higher metallic cobalt content,
improved coordination uniformity, and stabilized nitrogen species.
These structural advantages are expected to enhance electrical con-
ductivity, increase dipolar polarization strength, and collectively
contribute to the electromagnetic wave absorption performance. EPR
analysis shows that the FJH-treated sample exhibits the strongest
paramagnetic signal, indicating the highest concentration of
defect-related unpaired electrons (Fig. 3f). This result, while seemingly

inconsistent with the enhanced graphitization observed in Raman and
XRD, is attributed to the formation of abundant interfacial defects such
as carbon-metal boundaries and phase boundaries introduced by the
rapid thermal shock. These interfaces promote localized charge accu-
mulation and contribute significantly to interfacial polarization under
alternating electromagnetic fields.

The EMA performance of a material is typically characterized by the
minimum reflection loss (RL) and effective absorption bandwidth (EAB).
The RL at a given frequency is defined by the following equation:

|Zin - ZO‘

RL =20 logwm
1n

€9)

where Z, is the impedance of free space (377 Q), and Z;, is the imped-
ance of the material, which can be calculated from the material’s com-
plex permittivity and permeability. The material’s complex impedance
is given by:

Zin = Zo\/g—v'tanh (joﬂfd\/prer)

=W —jn e =¢ —je’

@

€))

where i, and &, are the complex permeability and permittivity of the
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material, respectively, f is the frequency of the incident electromagnetic
wave, c is the speed of light in a vacuum, and d is the absorber thickness.
The EAB is defined as the frequency range where the RL is below a
specified threshold (usually —10 dB), indicating effective absorption of
electromagnetic waves by the material.

The EMA performance of the Co/C composite was assessed using the
coaxial ring method at a fixed filler loading of 15 wt% (Fig. S5). As
shown in Fig. 4, the absorption behavior exhibits strong dependence on
the thermal treatment strategy. Co-PPc shows negligible absorption,
with no EAB and a minimal RL of —2.33 dB at 5.0 mm (Fig. 4a-d). In
contrast, Co/C-C delivers a marked enhancement, achieving an EAB of
5.0 GHz and an RL of —34.42 dB at a reduced thickness of 1.43 mm
(Fig. 4b-e). The FJH-treated sample achieves the broadest EAB of 6.12
GHz (a 22.4 % increase compared to Co/C-C) and maintains a strong RL
of —28.10 dB at 2.15 mm (Fig. 4c—f). These results clearly demonstrate
that the application of FJH is highly effective in broadening the ab-
sorption bandwidth and enhancing overall EMA performance.

The reflection loss values of all samples were further analyzed across
a range of thicknesses (Fig. 4g). Co-PPc exhibits no effective absorption,
with all RL values remaining above —10 dB. In contrast, both Co/C-C
and Co/C-F demonstrate strong absorption within the 1.5-4.0 mm
thickness range. Co/C-C achieves RL values from —27.92 to —10.88 dB,
while Co/C-F ranges from —27.42 to —10.59 dB. Overall, the RL mag-
nitudes are comparable between the two samples. These results indicate
that FJH treatment does not significantly change the absorption in-
tensity, but contributes to broadening the effective absorption range. In
comparison to representative absorbers reported in previous studies [11,
12,43-49], Co/C-F offers a broader frequency coverage (Fig. 4h). The
EAB spans from 11.88 to 18.00 GHz, fully covering the Ku-band and
partially extending into the upper X-band. This broad working range
meets the practical demands of wideband microwave absorption and
makes Co/C-F a highly competitive material.

For further analysis, the attenuation of electromagnetic waves in
materials is primarily attributed to dielectric loss and magnetic loss
(Fig. 5 and S6). Dielectric loss mainly arises from conductive loss and
polarization mechanisms, such as dipolar and interfacial polarization.
To investigate the dielectric behavior of the Co/C materials, the complex
permittivity (e, = € — je") was measured in the frequency range of 2-18
GHz (Fig. 5a). The real part € reflects the material’s polarization ca-
pacity, while the imaginary part €” indicates dielectric loss. Co-PPc ex-
hibits the weakest dielectric properties, with ¢ around 2.4 and ¢” below
0.1 across the entire frequency range, indicating poor polarization and
loss ability. After carbonization and FJH treatment, the e, shows a
notable enhancement. When comparing, the € of Co/C-F is higher in the
low-frequency region (2.0-4.68 GHz) and in the high-frequency region
(11.68-18.00 GHz), whereas Co/C-C shows higher ¢ in the mid-
frequency region (4.68-11.68 GHz). For ¢’, Co/C-C generally exhibits
higher values than Co/C-F across 2-18 GHz, except within a narrow
frequency band from 4.80 to 7.12 GHz, where Co/C-F slightly exceeds
Co/C-C. These results indicate that FJH treatment enhances the high-
frequency polarization ability of Co/C-F, while keeping dielectric loss
moderate, which contributes to its broad and stable absorption perfor-
mance. The dielectric loss factor tan §, (tan §, = €"/¢’) reflects the ma-
terial’s dielectric loss capability. As shown in Fig. 5b, Co-PPc maintains
low and stable tan §, values across the entire frequency range, indicating
weak conductive loss. After carbonization, Co/C-C exhibits improved
dielectric loss, with values fluctuating slightly around 0.64. In contrast,
Co/C-F shows a more pronounced fluctuation around 0.51, and exceeds
Co/C—C only in the 4.80-7.12 GHz range. These results indicate that FJH
treatment suppresses overall dielectric loss while increasing its fre-
quency sensitivity. Given that dielectric loss is partially governed by
electrical conductivity, a comparison of DC conductivity was conducted,
as shown in Fig. 5¢c. With increasing pressure, all three samples exhibited
arising trend in conductivity. Co-PPc consistently maintained extremely
low conductivity, indicating an almost insulating nature. After
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carbonization, the conductivity increased significantly, reaching 2.8,
3.4, 3.8, and 4.0 S/cm at 10, 15, 20, and 25 MPa. Upon further FJH
treatment, the conductivity exhibited an additional increase, with cor-
responding values of 3.0, 3.9, 4.5, and 5.2 S/cm at the same pressures,
reflecting enhanced charge carrier mobility and improved electrical
pathways. Polarization relaxation is a key factor influencing the
dielectric loss of materials, primarily comprising interfacial polarization
and dipole polarization. According to Debye relaxation theory, the ¢ and
¢’ can be expressed as:

(¢ -2 h@r = (555 @

where & and ¢, are the static and high frequency permittivity, respec-
tively. To evaluate this behavior, Cole-Cole plots were constructed for
Co/C-C and Co/C-F, as shown in Fig. 5d and e. The Cole-Cole plots
reveal distinct polarization behaviors in Co/C-C and Co/C-F. For Co/
C-C, the distorted semicircle with an extended linear tail suggests the
coexistence of multiple dielectric relaxation processes. This pronounced
tail is indicative of overlapping dipolar and interfacial polarization
mechanisms, associated with structural defects and residual polar
groups (N, O) introduced during carbonization. In contrast, Co/C-F
exhibits a more compact and semicircular profile, resembling a near-
Debye relaxation behavior. This change reflects the suppression of
dipolar polarization due to further graphitization by FJH, which elimi-
nates polar functional groups. However, the slight deviation from an
ideal semicircle in Co/C-F can be attributed to the presence of interfa-
cial defects, as supported by the enhanced EPR response.

The complex permeability (p, = p'— ju’) characterizes magnetic
response and magnetic loss of materials. As shown in Fig. 5f, the p’ of all
three samples fluctuates slightly around 1.1. However, the imaginary
part, which reflects magnetic loss, shows a notable divergence. For Co/
C-C, " remains low and becomes negative beyond 5.6 GHz, suggesting
an absence of effective magnetic loss within the measured frequency
range. In contrast, after FJH treatment the sample exhibits only a narrow
region of negative p’ (5.96-6.60 GHz) and develops a broad peak
spanning 6.24-15.72 GHz. In the high-frequency region, the appearance
of negative j” may result from the radiation of excess magnetic energy.
When the incident electromagnetic wave interacts with the material, it
induces currents and generates an alternating magnetic field. If the in-
tensity of this induced magnetic field surpasses that of the original
applied magnetic field, a portion of the magnetic energy cannot be
effectively dissipated and instead radiates outward, leading to a nega-
tive p” [50]. This enhancement implies that FJH treatment effectively
activates or strengthens high frequency magnetic loss mechanisms. The
magnetic loss performance can be assessed by tan 8, (tan 8, = p’/|),
which reflects the efficiency of magnetic loss. As shown in Fig. 5g,
Co-PPc exhibits a low and relatively stable tan§, (—0.03 to 0.14),
indicating weak magnetic loss. After carbonization, Co/C-C shows a
further decline, with negative values dominating the 2-18 GHz range,
suggesting ineffective magnetic dissipation. In contrast, the FJH-treated
sample displays a broad and pronounced tan &, peak from 6.24 to 15.72
GHz, confirming the activation of magnetic loss mechanisms, resulted
by the formation of resonant Co nanodomains. Notably, this magnetic
peak aligns with the valley in tan &, highlighting a complementary
interplay between dielectric and magnetic losses that contributes to
more balanced and broadband electromagnetic wave absorption. As
shown in Fig. 5h, Co-PPc exhibits the lowest saturation magnetization
(M; = 0.67 emu/g) and hysteresis loop (E;, = 0.03 J), indicating minimal
hysteresis loss and reduced energy dissipation. This low M value is
associated with weak magnetic properties, as evidenced by the very low
residual magnetization (M; = 0.002 emu/g) and coercivity (H, =
0.0193 kOe), suggesting that Co-PPc is easily magnetized and demag-
netized, with limited ability to retain magnetization. Co/C-C, which
underwent the 800 °C tube furnace treatment, shows the highest M;
(6.93 emu/g) and E;, (1.69 J), reflecting the strongest hysteresis loss and
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a higher energy dissipation. The M, (0.141 emu/g) and H, (0.0648 kOe)
indicates that this sample maintains a substantial amount of magneti-
zation after the external field is removed. After undergoing FJH treat-
ment, Co/C-F exhibits an intermediate M; value (3.28 emu/g) and Ey
(0.54 J). The M; (0.044 emu/g) and H, (0.0449 kOe) of Co/C-F are also
intermediate. Therefore, Co/C-F shows a significant decrease in per-
formance compared to Co/C-C after FJH treatment. In terms of eddy
current loss (Cp), which expressed as:

Co=p' (W) *f " =2mp,ds (5)

where y, is the permeability of free space, d represents a characteristic
length of the material, & is the skin depth. The coefficient C, reflects the
eddy current loss capability of the material, and its variation trend can
be used to determine the dominant magnetic loss mechanism. From
Fig. 5i, it indicates that Cy for Co-PPc remains stable across the entire
frequency range but exhibits weak loss capability. In contrast, after
carbonization at 800 °C, Co/C-C shows multiple peaks in the 2.12-6.04
GHz range, indicating natural resonance behavior. However, C, values
for Co/C-C decrease dramatically in the high-frequency region. Further
comparison reveals that Co/C-F exhibits multiple fluctuating peaks in
the 2.72-6.24 GHz range due to natural resonance. More significantly,
Co/C-F displays a prominent broad peak accompanied by smaller peaks
in the 6.24-17.64 GHz range, which can be attributed to exchange
resonance, with eddy current contributions being negligible [51]. These
findings demonstrate that FJH treatment effectively optimizes the
magnetic loss mechanism by introducing exchange resonance at higher
frequencies, significantly enhancing the broadband electromagnetic
wave absorption performance of Co/C-F.

Fig. 6 illustrates the EMW absorption mechanism in the Co/C
nanocomposite. Multiple scattering occurs at Co/C interfaces, and het-
erogeneous carbon regions, prolonging wave propagation paths and
enhancing EMW attenuation. Conductive loss stems from charge trans-
port along the carbon network, while dipolar polarization arises from
polar groups and Co-N coordination. Interfacial polarization occurs at
boundaries between Co nanoparticles and the carbon matrix. Magnetic
loss involves hysteresis from domain motion, natural resonance from
nanoscale Co domains, and exchange resonance. In Co/C-C, dielectric
loss dominates through dipolar and interfacial polarization, while
magnetic loss remains weak due to limited Co domain motion and
limited natural resonance. After FJH treatment, Co/C-F maintains
effective dielectric loss through improved conductivity and rich in-
terfaces, despite reduced dipolar contribution. Meanwhile, magnetic
loss is significantly enhanced due to natural resonance and activated
exchange resonance, despite substantially reduced hysteresis loss. These
results indicate that FJH enables a synergistic combination of dielectric

and magnetic losses in Co/C-F, leading to broader and more stable ab-
sorption performance.

4. Conclusion

In this work, a 2D Co/C nanocomposite was synthesized from Co-PPc
precursors through tube furnace carbonization followed by FJH treat-
ment. Characterizations including TEM, XRD, Raman, and XPS confirm
that the FJH process significantly enhances graphitization, improves
carbon ordering, and promotes uniform distribution and crystallinity of
Co nanoparticles. Compared to the untreated sample, the FJH-treated
composite exhibits a 22.4 % increase in effective absorption band-
width (from 5.0 to 6.12 GHz), along with a strong reflection loss of
—28.1 dB. The enhanced electromagnetic wave absorption performance
originates from a synergistic effect of mechanisms including conductive
loss, interfacial polarization, natural resonance, and activated exchange
resonance. These results demonstrate that FJH is a rapid and efficient
strategy for tuning microstructure and optimizing broadband electro-
magnetic absorption behavior in carbon-based nanocomposites.
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