Sustainable Carbon
Materials https://doi.org/10.48130/scm-0026-0026

Original Research

Sustainable carbon-based composites with integrated
toughening and electromagnetic interference shielding
performance enabled by Flash-Joule-heating

Jianlong Chen', Junchao Ren', Mengde Huang', Chengyu Yu', Shijing Song', Yuanyuan Xu', Guangbing Zhao', Hao Nie',
Hanwu Lei?, Deli Zhang®* and Qingfa Zhang"

Received: 1 May 2026 Abstract

Revised: 4 June 2026 Reflection-dominant electromagnetic interference (EMI) shielding materials often suffer from
secondary radiation and limited multifunctional integration, highlighting the urgent need for
absorption-dominant shielding materials that also possess robust mechanical performance.
Published online: 28 August 2026 In this study, a hierarchical layer-by-layer (LBL) PLA/PBAT architecture was developed by
integrating Flash-Joule-heated biochar (FJH-BC) with APTES-mediated interfacial regulation
to synergistically achieve anisotropic conductive network formation, directional impedance

Accepted: 26 June 2026

matching, and interfacial toughening. Driven by the synergistic effects of carbon structure
optimization and hierarchical assembly, the resulting composite exhibited an outstanding
EMI shielding effectiveness of 36.7 dB, featuring an 84% absorption-dominant contribution.
Furthermore, the optimized composite achieved a fracture toughness of 2.68 MJ m=3 (a 173%
increase) and a tensile strength of 25.5 MPa (an 81% increase), together with an electrical
conductivity of 12.8 S cm~". Mechanistic analysis revealed that the LBL architecture facilitated
repeated interfacial scattering and prolonged electromagnetic propagation pathways, while
the FJH-treated biochar and APTES-mediated interfacial regulation collectively enhanced
carrier transport, impedance matching, and stress dissipation. This work establishes a robust
structural design strategy for the development of biochar-based sustainable multifunctional
composites, achieving the simultaneous optimization of electromagnetic protection and
mechanical reinforcement.
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Introduction structural stability!''-131. However, simultaneously realizing efficient

With the rapid expansion of wireless communication technologies,
portable electronics, and integrated high-frequency systems, elec-
tromagnetic interference (EMI) has emerged as a critical issue that
threatens device reliability, signal integrity, and information
security?. Conventional EMI shielding materials typically rely on
highly conductive networks to attenuate incident electromagnetic
waves through reflection®. Although such reflection-dominant
shielding can provide high shielding effectiveness, excessive reflected
waves may generate secondary radiation and compromise elec-
tromagnetic stealth, thereby limiting their suitability for advanced
electromagnetic protection applications’~). In contrast, absorption-
dominant shielding, which promotes electromagnetic wave pene-
tration and internal energy dissipation through conductive loss,
dielectric polarization, and multiple scattering, has attracted increasing
attention as a promising strategy for mitigating secondary radiation
while achieving efficient electromagnetic attenuation'®l. Accordingly,
the rational design of materials capable of balancing conductivity,
impedance matching, and internal dissipation has become a central
focus in the development of next-generation EMI shielding systems!®.,
Driven by the increasing demand for lightweight, flexible, and
multifunctional electromagnetic protection materials, polymer-
based conductive composites have emerged as attractive alterna-
tives to conventional metallic shields owing to their low density,
structural versatility, and excellent processability®). By incorporat-
ing conductive or dielectric fillers into polymer matrices, multiple
electromagnetic attenuation mechanisms, including charge trans-
port, interfacial polarization, dipolar relaxation, and multiple scatter-
ing, can be effectively activated while preserving the advantages of
lightweight structural designl8l. Nevertheless, achieving efficient
absorption-dominant EMI shielding in polymer composites remains
a significant challenge, as high shielding performance typically relies
on the formation of continuous conductive networks through
increased filler loading, which often leads to filler aggregation,
disrupted phase continuity, weakened interfacial compatibility, and
severe impedance mismatchl'?, More importantly, the incorpora-
tion of rigid conductive fillers frequently compromises mechanical
integrity, resulting in an inherent trade-off between electromag-
netic functionality and structural toughness. In this regard, PLA/
PBAT blends have attracted considerable attention as sustainable
matrices for multifunctional composites because they integrate the
high stiffness and renewability of PLA with the excellent ductility
and toughness of PBAT, thereby providing a balanced mechanical
framework for conductive filler incorporation while maintaining

absorption-dominant EMI shielding and enhanced fracture tough-
ness in PLA/PBAT composites remains challenging, as conductive
network construction, interfacial interaction, and stress-transfer effi-
ciency are often difficult to optimize synergisticallyl'4l. Although
recent studies have demonstrated EMI shielding effectiveness
values exceeding 20 dB in biochar-based polymer composites, such
improvements are frequently accompanied by limited mechanical
reinforcement due to filler aggregation and inefficient stress
transfer'5-171, Furthermore, while higher filler loadings can further
enhance shielding effectiveness, they often exacerbate the deterio-
ration of mechanical properties, thereby restricting practical appli-
cations. Consequently, the development of sustainable composite
systems capable of concurrently achieving high-performance EMI
shielding and mechanical reinforcement remains highly desirable,
highlighting the need for sustainable conductive fillers and interfa-
cial engineering strategies that can simultaneously regulate electro-
magnetic attenuation pathways, optimize impedance matching,
and strengthen mechanical performance.

Biochar-derived conductive fillers have attracted considerable
attention for sustainable EMI shielding applications because of their
low cost, renewability, and tunable carbon structurel'”.8l, Their
partially graphitized framework, abundant defects, and porous
architecture can facilitate conductive loss, interfacial polarization,
and multiple scattering, providing opportunities for electromag-
netic attenuation!'?. However, pristine biochar generally exhibits
limited graphitization, poor electrical conductivity, and weak
filler-matrix interactions, restricting its effectiveness in simulta-
neously achieving efficient EMI shielding and mechanical
reinforcement20.21], Flash Joule heating (FJH) has recently emerged
as an effective strategy for reconstructing the carbon framework
through ultrafast high-temperature treatment, leading to enhanced
conductivity and surface activityl22-27], Nevertheless, the practical
utilization of FJH-modified biochar remains constrained by insuffi-
cient dispersion and interfacial compatibility in polymer matrices(28l,
Surface modification therefore provides a practical approach to
improving filler-matrix interactions and structural stability. Among
various surface modifiers, APTES is particularly attractive because it
can improve filler dispersion and interfacial adhesion through
silane-mediated interactions(29,

To address this gap, sophisticated spatial organization of func-
tional fillers has emerged as a powerful design paradigm for simulta-
neously regulating electromagnetic attenuation pathways and
mechanical performance. For instance, multi-layered bi-gradient
structures have demonstrated that engineered distribution
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gradients can promote electromagnetic wave penetration and inter-
nal dissipation, thereby enabling absorption-dominant shielding
behavior39l, Likewise, bio-inspired hierarchical architectures, exem-
plified by lotus seedpod-inspired core-shell configurations, have
revealed the potential of heterogeneous conductive networks to
balance shielding effectiveness with structural flexibility®'. In paral-
lel, conductive interlayers and multi-dimensional hybrid networks
have provided additional routes to couple carrier transport with
interfacial load transfer, enabling concurrent electromagnetic and
mechanical reinforcement(®321, Building upon these advances, layer-
by-layer (LBL) assembly emerges as a distinctive structural motif for
orchestrating programmabile filler distribution and anisotropic con-
ductive network formation, while enabling directional impedance
regulation, repeated interfacial scattering, and prolonged electro-
magnetic propagation for enhanced energy dissipation33:34., Simul-
taneously, the layered interfaces can mediate crack deflection, stress
redistribution, and interfacial toughening, allowing electromag-
netic attenuation and mechanical reinforcement to be coupled
through a unified structure-controlled mechanism. Nevertheless,
the synergistic integration of FJH-treated biochar, APTES-assisted
interfacial regulation, and LBL architecture within sustainable
PLA/PBAT composites remains largely unexplored. In the proposed
design, FJH-mBC is expected to enhance electrical conductivity and
interfacial interactions through carbon framework reconstruction
and APTES-assisted surface regulation. The reconstructed carbon
framework may facilitate conductive network formation, while the
presence of FJH-mBC may also provide potential heterogeneous
nucleation sites and promote interfacial stress transfer. Combined
with the LBL architecture, these features may provide a promising
strategy for simultaneously improving EMI shielding effectiveness
and mechanical performance. In this study, a hierarchical LBL poly-
lactide architecture integrating FJH-treated biochar with APTES

interfacial regulation is proposed as a coupled structural strategy
to establish anisotropic conductive pathways, regulate directional
impedance matching, and reinforce interfacial toughening, thereby
enabling synergistic absorption-dominant shielding and enhanced
fracture toughness in multifunctional sustainable composites.

Materials and methods

Materials

Poly (lactic acid) (PLA, grade 3001D) was supplied by NatureWorks
(Minnetonka, MN, USA). Poly (butylene adipate-co-terephthalate)
(PBAT) was purchased from BASF (Ludwigshafen, Germany). Bamboo
powder was collected from a rural area in Anhui Province, China.
3-aminopropyltriethoxysilane (APTES, purity 99.0%) and acetic acid
(AcOH, purity 99.8%) were purchased from Shanghai Aladdin
Biochemical Technology Co., Ltd (Shanghai, China). Trichloromethane
(CHCl;, purity 99.0%) was supplied by Wuxi Zhanwang Chemical
Reagent Co., Ltd. (Wuxi, China). Ethanol was supplied by Tianjin
Bohuatong Chemical Products Sales Co. Ltd (Tianjin, China). All
chemicals were used as received without further purification.

Preparation of biochar

As shown in Fig. 1a, bamboo powder was first dried at 80 °C for 12 h
and then pyrolyzed in a tubular furnace under a nitrogen atmosphere.
The temperature was raised to 500 °C at 10 °C min~' and maintained
for 30 min, followed by further heating to 1,000 °C and holding for 2 h.
After natural cooling to room temperature under nitrogen, the
obtained biochar was denoted as BC1000. The BC1000 was then
ground and sieved through a 200-mesh sieve. Approximately 0.13 g of
the sieved powder was loaded into a quartz reaction tube with
graphite electrodes at both ends and subjected to FJH treatment

Fig. 1 Fabrication process of FJH-mBC. (a) Schematic illustration of the synthesis route; (b) Joule heating temperature profile with inset photograph; (c)

morphology and dispersion comparison; and (d) SEM images of FJH-mBC.
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(Yidian Technology, China) at 160 V for 0.3 s. This batch size was
selected to ensure stable electrical discharge and reproducible pro-
cessing under laboratory-scale conditions. The transient temperature
during the FJH process was approximately 3,000 K (Fig. 1b). After
natural cooling to room temperature, the product was ground, sieved,
and designated as FJH-BC. For surface modification, 2 wt.% APTES was
added to an ethanol/water mixture (95:5, v/v), and the pH was
adjusted to 3-4 using acetic acid. FJH-BC was introduced into the
solution, followed by magnetic stirring at room temperature for 6 h
and ultrasonication for 30 min (Fig. 1a). The product was then collected
by centrifugation (10,000 rpm, 5 min), washed twice with ethanol,
and dried at 80 °C for 12 h to obtain the modified FJH-BC, denoted as
FJH-mBC.

Preparation of PLB/FJH-mBC composites

PLA and PBAT pellets were dried at 50 °C for 12 h prior to processing.
PLA films were prepared by hot pressing PLA pellets using a vacuum
hot press (SY-6210-BZ-30T, Shiyan Precision Instruments Co., Ltd.,
China) at 185 °C under 1.5 MPa for 2 min, followed by pressing at 5 MPa
for 3 min. PBAT films were prepared by hot pressing PBAT pellets at
145 °C under 1.5 MPa for 3 min, followed by pressing at 5 MPa for
5 min. A layered PLA/PBAT matrix (PLB) was constructed via stepwise
LBL assembly. The PLA/PBAT mass ratio was fixed at 6:4, and the overall
composition of the PLB matrix was maintained by controlling the mass
of each individual film layer. PLA and PBAT films were alternately
stacked in a PLA/PBAT/PLA/PBAT/PLA sequence to form a five-layer
structure, which was preheated at 165 °C under 1.5 MPa for 3 min,
hot-pressed at 5 MPa for 5 min, and cold-pressed for 30 min to obtain
the PLB matrix. As a control, PLA and PBAT at the same mass ratio were
dissolved in chloroform and subjected to slow solvent evaporation and
vacuum drying; the resulting non-layered PLB sample was denoted as
PLA/PBAT. For composite fabrication, BC1000, FJH-BC, or FJH-mBC was
dispersed in ethanol to form a suspension at 5 mg mL™". The suspen-
sion was uniformly coated onto PBAT film surfaces, and a uniform
PBAT-BC layer with a filler content of 10 wt.% was obtained through
multiple coating-drying cycles by controlling the coating amount.
The coated films were then assembled following the same PLA/PBAT
alternating sequence to construct a symmetric layered structure in
which biochar was distributed at the interfacial regions between PLA
and PBAT layers. The assembled structure was subjected to vacuum
hot pressing at 165 °C under 1.5 MPa for 3 min, followed by pressing at
5 MPa for 5 min and cold pressing for 30 min, yielding PLB/BC,
PLB/FJH-BC, and PLB/FJH-mBC composites.

Characterization and property evaluation

FTIR was employed to analyze the surface functional groups of biochar
and the chemical structures of composite samples. For biochar cha-
racterization, spectra were recorded on a Nicolet 6700 spectrometer
(Thermo Nicolet, USA) using the KBr pellet method over the wave-
number range of 4,000-400 cm~', with a resolution of 4 cm™ and
64 scans per sample. For composite characterization, spectra were
collected on the same instrument equipped with an ATR accessory in
the range of 4,000-500 cm™" at a resolution of 4 cm™" with 32 scans per
measurement, and were used to evaluate chemical structure and
interfacial interactions. XRD was used to analyze the crystalline
structures of biochar and composite samples using a SmartLab SE
diffractometer (Rigaku, Japan) equipped with Cu Ka radiation (1 =
0.154 nm) at a scanning rate of 5° min~'. Diffraction patterns were
recorded over a 26 range of 5°-80° for biochar and 5°-50° for com-
posite samples to evaluate crystalline structure and phase compo-
sition. Raman spectroscopy was employed to analyze the graphitic

structure and defect characteristics of biochar using a Raman spec-
trometer (LabRAM HR Evolution, Horiba-Jobin Yvon, France) with a
532 nm excitation laser. Raman spectra were collected over a Raman
shift range of 800-3,000 cm~'. X-ray photoelectron spectroscopy
(XPS) was used to analyze the surface elemental composition and
chemical states of the biochar using a K-Alpha spectrometer (Thermo
Scientific, USA) equipped with a monochromatic Al Ka X-ray source
(hv = 1,486.6 eV). Survey spectra were recorded over a binding energy
range of 0-1,350 eV with a pass energy of 100 eV, while high-
resolution spectra were acquired at a pass energy of 50 eV. Charge
neutralization was applied, and all binding energies were calibrated
using the C1s peak at 284.8 eV. Scanning electron microscopy (SEM)
was used to examine the morphology of biochar and the fractured
surfaces of composites using a scanning electron microscope (Quanta
250, USA). Observations were conducted at an accelerating voltage of
10 kV after gold sputter coating. TGA was conducted to evaluate the
thermal stability and decomposition behavior of composite samples
using a TG 209 F1 instrument (NETZSCH-Gerdtebau GmbH, Germany).
Measurements were conducted from room temperature to 800 °C at a
heating rate of 10 °C min~" under a nitrogen atmosphere. Derivative
thermogravimetric (DTG) curves were obtained from the first deriva-
tive of weight loss with respect to temperature. DSC was employed
to analyze the thermal transition behavior of composite samples using
a DSC 214 Polyma instrument (Netzsch Group, Germany) under a
nitrogen flow of 50 mL min~'. Measurements were conducted at a
heating/cooling rate of 10 °C min~' using a heat-cool-heat program.
Samples were first heated from room temperature to 180 °C and held
for 3 min to eliminate thermal history, then cooled to —50 °C to record
the crystallization temperature (Tc), followed by a second heating scan
from —50 to 200 °C to determine the glass transition temperature (Tg)
and melting temperature (Tm). Electrical conductivity was measured
using a four-point probe instrument (RTS-8, China). Infrared thermal
imaging was used to record the surface temperature distribution of the
composite samples under applied voltage using an infrared thermal
imaging camera (E4, FLIR Systems, USA). The EMI shielding perfor-
mance of the composite samples was measured using a vector
network analyzer (Agilent N5232A, USA) in the X-band (8.2-12.4 GHz).
Composite specimens were machined to the required waveguide
dimensions and inserted into the test fixture for measurement. The
total shielding effectiveness (SE;), reflection loss (SEg), and absorption
loss (SE,) were determined according to the following Egs (1)-(6):

R=|S1P M
T=[Syuf )
A=1-R-T (3)
SEr = IOIg(%) 4)
SEp = 101 — 5
R = g(ﬁ) )
SE, = 101g(¥) (6)

where, R, T, and A represent the reflection, transmission, and absorp-
tion coefficients, respectively, and the multiple reflection term (SE,)
was neglected when SE; > 15 dB. The mechanical properties of the
composite samples were measured using a universal testing machine
(UTM4104X, Sunstest Co., Ltd, China) equipped with a 500 N load cell.
Tensile tests were conducted at a crosshead speed of 20 mm min™'
using specimens with a gauge length of 30 mm. Five specimens were
tested for each sample, and the tensile strength, elongation at break,
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Young's modulus, and fracture toughness were obtained from the
stress—strain curves.

Results and discussion

Structural characterization of FJH-mBC

The structural evolution of FJH-mBC was first investigated based on
the FJH process and the resulting morphological characteristics, as
shown in Fig. 1b-d. A rapid temperature rise to ~3,000 K within a short
duration is observed in Fig. 1b under the applied voltage, reflecting an
ultrafast heating process that drives carbon reconstruction and con-
ductive network formation. The dispersion behavior of the samples in
ethanol is presented in Fig. 1c. BC1000 shows pronounced sedimen-
tation, indicating poor dispersion stability. In contrast, FJH-BC exhibits
improved dispersion, while FJH-mBC forms a uniform and stable
suspension without noticeable aggregation. This behavior indicates
enhanced interfacial affinity between the modified carbon surface and
ethanol, which is favorable for subsequent processing. The SEM image
(Fig. 1d) shows a rough and interconnected morphology with irregular
surface features, indicating a high surface complexity that is favorable
for interfacial contact. To further elucidate the evolution of surface
functionalities, FTIR spectra were analyzed (Fig. 2a). All samples share
similar spectral features, including a broad band at ~3,429 cm™’
attributed to O-H stretching vibrations, peaks at 2,926 and 2,853 cm™
corresponding to aliphatic C-H stretching, and bands at 1,633, 1,461,
and 1,383 cm™ associated with carbon framework vibrations. After FJH
treatment, the intensity of the O-H band decreases, suggesting partial
removal of oxygen-containing functionalities under ultrafast high-
temperature conditions. Compared with FJH-BC, FJH-mBC shows a
slight enhancement in the 1,000-1,200 cm~" region, which is attri-
buted to the introduction of Si-O-related structures after APTES
modification. Meanwhile, the overall spectral features exhibit minimal
variation, indicating that the modification predominantly alters surface
chemistry while preserving the carbon framework. The XRD patterns
(Fig. 2b) show that all samples exhibit a broad peak at 26 =26.7°,
corresponding to the (002) plane of partially ordered carbon, indi-
cating a predominantly disordered carbon structure. After FJH treat-
ment, this peak becomes slightly sharper, suggesting a modest
increase in structural ordering. In addition, several sharp diffraction
peaks appear at approximately 35.7°, 41.5°, 60.0°, 71.8°, and 75.6°,
which can be tentatively indexed to the (111), (200), (220), (311), and
(222) planes of cubic Si-containing phases (e.g., f-SiC, PDF No. 29-
1129)5%, primarily originating from the intrinsic silicon species in
bamboo. After APTES modification, no new diffraction peaks are
observed, indicating that the surface functionalization does not alter
the bulk crystalline structure of FJH-BC. The Raman spectra of the
samples are shown in Fig. 2c. All samples exhibit two characteristic
bands at around 1,340 cm™" (D band) and 1,580 cm™ (G band), which
are associated with disordered carbon structures and graphitic
domains, respectively. Compared with BC, the D and G bands of FJH-
BC become more distinct, with increased intensity and reduced peak
broadening. A similar feature is observed for FJH-mBC, where the two
bands are more clearly resolved. The calculated ID/IG values were 0.94,
1.03, and 1.44 for BC, FJH-BC, and FJH-mBC, respectively, indicating
carbon framework reconstruction during FJH treatment, while the
enhanced conductivity was likely related to conductive domain
reconstruction and the removal of insulating species. The surface
chemical composition was further analyzed by XPS (Fig. 2d-g). The
survey spectra (Fig. 2d) show that BC mainly contains C, O, and Si
elements, while an additional N signal appears in FJH-mBC, indicat-
ing the introduction of nitrogen-containing functional groups. The

high-resolution C1s spectra (Fig. 2e) can be deconvoluted into
components corresponding to C-C/C=C and C-O bonds. Compared
with BC, FJH-BC shows a reduced contribution of oxygen-containing
groups, suggesting partial removal of surface functionalities. FJH-mBC
exhibits an additional C-N component, which is attributed to APTES-
derived species. The O1s spectra (Fig. 2f) exhibit contributions from
C-0, C=0, and -OH groups. Compared with BC, FJH-BC shows a
reduced contribution of the —-OH component, suggesting partial
removal of hydroxyl groups. In contrast, FJH-mBC exhibits an increased
relative intensity of the —-OH-related component, which is attributed to
the introduction of surface functional groups during APTES modifi-
cation. The N1s signal (Fig. 2g) is negligible for BC and FJH-BC but
becomes evident in FJH-mBC, further supporting the successful
introduction of nitrogen-containing functional groups. The high-
resolution Si2p spectra (Supplementary Fig. S1) reveal the coexistence
of Si-O-Si, Si-O-C, and Si-C species. The increased Si-O-Si and
Si-O-C contributions after APTES modification confirm successful
silane grafting, which is expected to improve interfacial compatibility
between FJH-mBC and the PLA/PBAT matrix. Based on the above
structural and chemical analyses, a schematic illustration of the pro-
posed interfacial interactions between silane-derived species and the
carbon surface is presented in Fig. 2h. Upon hydrolysis, APTES was
converted into silanol species, which could interact with the carbon
surface through multiple pathways. Si-O-C bonding was considered
to anchor silane molecules onto the carbon surface, while hydrogen
bonding between surface hydroxyl groups and silanol species may
further contribute to interfacial affinity®. In addition, electrostatic
interactions between polar groups and the carbon surface were also
involved. Meanwhile, 7— stacking interactions between the carbon
framework and organic moieties may have occurred®?’, These interac-
tions collectively enhanced interfacial compatibility and facilitated a
uniform dispersion of the modified biochar.

Structural characterization of PLB composites

As illustrated in Fig. 3a, a layer-by-layer (LBL) assembly strategy was
employed to construct PLA/PBAT composites with a controlled inter-
facial architecture. In this design, FJH-mBC was selectively introduced
as an interfacial functional layer between PLA and PBAT films, forming
a sandwich-like multilayer structure. Such a design enables regulated
interfacial interactions and improved interlayer connectivity. The FTIR
spectra (Fig. 3b) exhibit similar characteristic absorption bands for
all samples. The peak at 1,748 cm™ is assigned to C=0 stretching of
ester groups, originating from both PLA and PBAT. Bands in the
1,000-1,200 cm~" region are attributed to C-O-C vibrations, primarily
associated with PLA, whereas the bands at 1,456 and 1,383 ¢cm™'
correspond to CH, bending vibrations, mainly arising from PBAT
segments. Overall, the spectral features remain largely unchanged,
indicating that the polymer structure is preserved. The slight variations
in band intensity are nevertheless observed, with more pronoun-
ced changes in PLB/FJH-mBC, particularly around 1,000-1,200 and
1,400 cm™', whereas PLB/FJH-BC shows weaker variations. This diffe-
rence suggests relatively stronger interfacial interactions in PLB/FJH-
mBC. The XRD patterns of the PLB composites are shown in Fig. 3c. The
diffraction peaks at 14.8°, 16.7°, 19.0°, and 22.4° are assigned to the
(110), (110)/(200), (203), and (210) planes of PLAB”), while those at 23.1°
and 24.9° correspond to the (110) and (020) planes of PBAT®. Upon
the incorporation of biochar, the characteristic diffraction peaks exhibit
a marked increase in intensity. Additional peaks at 12.4°, 29.1°, 31.2°,
and 35.6° are observed and are tentatively attributed to crystalline
inorganic phases derived from the biochar. The feature at 35.6° may be
associated with a (111) reflection of Si-containing or mineral-derived
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Fig. 2 Structural characterization and interaction mechanism of FJH-mBC. (a) FTIR spectra; (b) XRD patterns; (c) Raman spectra; (d) XPS survey spectra and
corresponding high-resolution spectra of (e) C1s, (f) O1s, and (g) N1s; and (h) schematic illustration of interfacial interactions.

phases. These results indicate that the polymer crystalline framework is
preserved while additional crystalline features are introduced. Based
on the above structural analyses, a schematic illustration of the inter-
facial interactions within the PLB composites is presented in Fig. 3d. In
the LBL architecture, FJH-mBC was located at the interface between
PLA and PBAT layers, forming a continuous interfacial region. As
illustrated, Si-O-C linkages were considered to anchor the modified
biochar onto the polymer interface, while hydrogen bonding inter-
actions occurred between surface functional groups and the polar
segments of PLA and PBAT chains®. The presence of these

interactions enhanced interfacial adhesion, and the layered configu-
ration further improved interfacial contact, thereby facilitating stress
transfer across adjacent layers®3]. These combined effects contributed
to improved interfacial compatibility within the composite system.

Mechanical properties

The mechanical properties of the PLB composites were evaluated to
further assess the effectiveness of the interfacial design, as shown
in Fig. 4. The stress—strain curves are presented in Fig. 4a, where
PLA/PBAT exhibits relatively low strength and limited elongation at
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Fig. 3 Fabrication, structural characterization, and interfacial interactions of PLB composites. (a) Schematic illustration of the preparation process; (b) FTIR
spectra; (c) XRD patterns; and (d) schematic illustration of interfacial interactions.

break. With the incorporation of biochar, both tensile strength and
elongation are improved to varying extents. Among all samples,
PLB/FJH-mBC achieves the highest elongation at break while main-
taining a high tensile strength, reflecting a simultaneous enhancement
in strength and ductility. In contrast, PLB/BC undergoes earlier fracture
with lower elongation, whereas PLB/FJH-BC exhibits an intermediate
improvement. For comparison, a conventionally solution-cast PLA/
PBAT/FJH-mBC blend exhibits lower tensile strength and elongation
than PLB/FJH-mBC, indicating that the superior mechanical perfor-
mance cannot be achieved by filler incorporation alone. According to
Fig. 4b, the tensile strength increases progressively with the incor-
poration and modification of biochar, and PLB/FJH-mBC exhibits
the best performance among all samples. Specifically, the tensile
strength of PLA/PBAT, PLB/BC, PLB/FJH-BC, and PLB/FJH-mBC is 14.1,
18.4, 20.8, and 25.5 MPa, respectively. Compared with PLA/PBAT, the
tensile strength of PLB/FJH-mBC is increased by approximately 81%.
The improvement in tensile strength can be associated with enhanced
interfacial interactions and improved dispersion of the modified
biochar within the polymer matrix. In contrast, the relatively lower
strength of PLB/BC suggests less effective interfacial interaction, while
PLB/FJH-BC shows an intermediate improvement. The tensile modulus
(Fig. 4c) also exhibits a gradual increasing trend with the incorporation
of biochar, and PLB/FJH-mBC shows the highest stiffness among all
samples. Specifically, the tensile modulus of PLA/PBAT, PLB/BC,
PLB/FJH-BC, and PLB/FJH-mBC is 195.4, 218.4, 242.6, and 285.2 MPa,
respectively. Compared with PLA/PBAT, the modulus of PLB/FJH-mBC
is increased by approximately 46%. This result suggests that the

introduction of biochar, particularly FJH-mBC, enhances the rigidity of
the composite. The elongation at break (Fig. 4d) shows a significant
improvement after the incorporation of biochar. PLA/PBAT exhibits
a relatively low elongation of 11.5%, whereas PLB/FJH-mBC reaches
24.7%, corresponding to an increase of approximately 115%. PLB/BC
and PLB/FJH-BC exhibit intermediate values of 14.5% and 17.4%,
respectively. This behavior indicates that the modified biochar not only
reinforces the matrix but also improves ductility, suggesting a more
effective stress distribution within the composite system. As summa-
rized in Fig. 4e, the toughness follows a similar trend to the elongation
at break. The toughness increases from 0.98 MJ m~3 for PLA/PBAT to
1.43 MJ m~3 and 2.07 MJ m~3 for PLB/BC and PLB/FJH-BC, respectively,
and further reaches 2.68 MJ m~3 for PLB/FJH-mBC. This corresponds
to an increase of approximately 173% compared with PLA/PBAT.
The substantial enhancement in toughness reflects the synergistic
improvement in both strength and ductility, which is more pro-
nounced in PLB/FJH-mBC. Overall, PLB/FJH-mBC achieves the most
balanced enhancement in strength, stiffness, and ductility among
all samples. As shown in Fig. 4f, compared with previously reported
PLA/PBAT-based composites, PLB/FJH-mBC exhibits higher improve-
ment ratios in both tensile strength and elongation at break!"'=—%4,
This result indicates that the incorporation of FJH-mBC, together with
the LBL interfacial design, enables a more efficient synergy between
strength and ductility, which is rarely achieved in conventional PLA/
PBAT-based systems. The fracture morphologies (Fig. 4g) show a
transition from a smooth, brittle surface in PLA/PBAT to increasingly
rough and tortuous surfaces with biochar incorporation. PLB/FJH-mBC
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Fig. 4 Mechanical performance and toughening mechanism of PLB composites. (a) Stress-strain curves; (b) tensile strength; (c) tensile modulus;
(d) elongation at break; (e) toughness; (f) comparison with reported materials; (g) fracture photographs; (h) SEM images; and (i) schematic illustration of

the toughening mechanism.

exhibits the most pronounced roughness and plastic deformation
features, indicating enhanced energy dissipation during fracture. To
further examine the fracture features, SEM images of PLB/FJH-mBC
are presented in Fig. 4h. The cross-sectional morphology reveals a
well-defined layered structure, as highlighted by the dashed lines,
indicating the successful construction of the LBL architecture. At
higher magnification, FJH-mBC is clearly located at the interface
between PLA and PBAT phases, forming a continuous interfacial region
without evident agglomeration. Notably, interconnected and bridging-
like features are observed across adjacent layers, together with pro-
nounced plastic deformation and fibrillar structures. These characte-
ristics suggest that crack propagation is effectively deflected and
constrained along a tortuous path, which is favorable for energy
dissipation during fracture. Based on the above mechanical and
morphological analyses, a schematic illustration of the strengthening
and toughening mechanism is presented in Fig. 4i. This interfacial

architecture positioned FJH-mBC between PLA and PBAT layers,
forming a continuous interfacial region. The interfacial design enabled
efficient stress redistribution across adjacent layers and enhanced
interlayer connectivity®®3. Under tensile loading, the applied stress was
redistributed through the interfacial region, which delayed crack
initiation. As deformation proceeded, the layered structure promoted
crack deflection and bridging along a tortuous propagation path!*,
Meanwhile, localized deformation and interfacial interactions contri-
buted to stress relaxation and energy dissipation*”!. These combined
effects resulted in the simultaneous enhancement of strength,
stiffness, and ductility observed in PLB/FJH-mBC.

Thermal and energy conversion properties

Thermal stability is a critical prerequisite for the reliable electro-thermal
operation and practical application of functional composites. The
thermal degradation behaviors and energy conversion properties of
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the composites are presented in Fig. 5. The thermogravimetric (TG)
curves (Fig. 5a) reveal a primary continuous weight loss stage between
approximately 260 and 440 °C, corresponding to the thermal decom-
position of the PLA/PBAT matrix. A slight mass loss below 200 °C is
attributed to the evaporation of absorbed moisture and residual
volatile species. Correspondingly, the DTG curves (Fig. 5b) exhibit two
characteristic degradation peaks associated with the decomposition
of the PLA-rich and PBAT-rich phases. Compared with PLB, the first
degradation peak shifts from approximately 297 to 343 °C after the
incorporation of FJH-mBC, indicating a delayed thermal degradation
process and enhanced thermal stability of the composite. To further
elucidate the influence of the hierarchical carbon network on the
phase transition behaviors, differential scanning calorimetry (DSC) was
conducted. The cooling curves (Fig. 5¢) reveal that the incorporation of
biochar significantly alters the crystallization process of the polymer
matrix. For pure PLB, only a single crystallization peak is observed,
which can be attributed to the overlapping crystallization processes
of the PLA and PBAT phases. With the incorporation of biochar, the
crystallization behavior becomes more distinguishable. For PLB/FJH-
mBC, two distinct crystallization peaks (Tc; and Tc,) are observed,
indicating that FJH-mBC acts as an efficient heterogeneous nucleating

agent and promotes crystallization by providing abundant nucleation
sites, resulting in a more differentiated crystallization behavior of the
polymer phasest*. Correspondingly, the heating curves (Fig. 5d)
demonstrate a high degree of consistency across all samples. The glass
transition temperature (Tg, ~60 °C), melting temperature (Tm, ~167 °C),
and the overall endothermic peak profiles remain largely invariant
regardless of the biochar incorporation. This uniform thermal behavior
indicates that the introduction of the hierarchical carbon network
does not disrupt the inherent crystalline domains or severely restrict
the segmental mobility of the PLA/PBAT matrix. Consequently, the
incorporation of FJH-mBC and the LBL architecture does not signifi-
cantly alter the intrinsic thermal transition behavior of the PLA/PBAT
matrix while enabling the formation of an electrically conductive
network. To evaluate the electrothermal performance of the com-
posites, the Joule heating behavior of PLB/FJH-mBC was further
investigated. As shown in Fig. 5e, the surface temperature increased
rapidly with increasing applied voltage and gradually reached a stable
equilibrium state, demonstrating a voltage-dependent electrothermal
response. The equilibrium temperature increased from approximately
25 to 58 °C as the applied voltage increased from 3 to 9 V. Furthermore,
the equilibrium surface temperature exhibited an approximately linear

Fig. 5 Thermal and electrothermal properties of PLB composites. (@) TG curves; (b) DTG curves; (c) DSC cooling curves; (d) DSC heating curves; (e)
temperature evolution curves under different applied voltages; (f) linear fitting of surface temperature vs U% (g) electrothermal cycling stability; (h) IR

image; and (i) schematic illustration of the Joule heating mechanism.
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relationship with U? (Fig. 5f), which is consistent with the Joule heating
mechanism and indicates efficient electrothermal energy conversion
within the conductive network. To evaluate the stability of the elec-
trothermal performance, cyclic ON/OFF measurements were con-
ducted under an applied voltage of 9 V. As shown in Fig. 5g, the
maximum temperature remained nearly unchanged during five con-
secutive heating-cooling cycles, indicating excellent electrothermal
cycling stability and robust conductive network integrity. The infrared
(IR) thermal image shown in Fig. 5h further demonstrates a highly
uniform temperature distribution across the entire sample surface
without obvious local hot spots. This thermal uniformity can be
attributed to the homogeneous distribution of FJH-mBC and the for-
mation of a continuous conductive pathway within the LBL architec-
ture. The corresponding electrothermal conversion mechanism is
schematically illustrated in Fig. 5i. Upon application of an external
electric field, electrons are transported through the interconnected
conductive pathways constructed by FJH-mBC within the layered
structure. Electrical energy is subsequently converted into thermal
energy through the Joule effect, while the generated heat is uniformly
dissipated throughout the adjacent PLA/PBAT matrix. The synergistic

combination of the conductive network and layered architecture
therefore enables efficient electrothermal conversion and stable
thermal output.

EMI shielding performance

As shown in Fig. 6a, the insulating nature of PLA/PBAT and PLB was
effectively overcome upon biochar incorporation, leading to a pro-
nounced increase in conductivity due to the formation of percolated
conductive pathways. Specifically, the electrical conductivity values for
PLB/BC, PLB/FJH-BC, and PLB/FJH-mBC were 1.7, 8.5, and 12.8 S cm™,
respectively. This enhancement was ascribed to the high graphitization
degree of FJH-mBC and the well-defined, continuous 3D conductive
network enabled by the LBL architecture, which underpinned the
improved EMI shielding performance. As shown in Fig. 6b, the EMI
shielding performance was evaluated in the X-band (8.2-12.4 GHz).
The SE; scales positively with conductivity, consistent with the
enhanced charge transport. The average SE; increases from 19.28 dB
(PLB/BC) to 31.48 dB (PLB/FJH-BC) and 36.7 dB (PLB/FJH-mBC), with the
latter significantly exceeding the 20 dB threshold for commercial

Fig. 6 Electrical conductivity, EMI shielding performance, and mechanism of PLB composites. (a) Conductivity; (b) EMI SE of different samples; (c) SE
components of the optimal sample; (d) SE decomposition; (e) contribution to total SE; (f) power coefficients; (g) EMI shielding demonstration; and

(h) shielding mechanism illustration.
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applications”’). For comparison, a conventionally solution-cast PLA/
PBAT/FJH-mBC blend containing the same filler loading (10 wt.%)
exhibited an average SE; of only 7.5 dB, highlighting the critical role of
the LBL architecture in constructing efficient conductive pathways
for electromagnetic attenuation. In addition, the SE; remains nearly
frequency-independent across the X-band, indicating stable and
reliable shielding enabled by the LBL architecture. To elucidate the
attenuation mechanism, the SE; was decomposed into SEg and SE,. As
shown in Fig. 6¢, for PLB/FJH-mBC, SE, (30.8 dB) markedly exceeds
SEg (5.9 dB), indicating absorption-dominated shielding. This behavior
is consistent across all samples (Fig. 6d), where SE, increases from
14.4 dB (PLB/BC) to 30.8 dB (PLB/FJH-mBC), while SE; remains low and
nearly invariant (4.9-5.9 dB). These results confirm that the enhanced
shielding performance primarily arises from improved energy dissi-
pation within the optimized hierarchical carbon network. Although
partial surface reflection still exists, absorption remains the dominant
contribution to the overall shielding effectiveness. The quantitative
contribution of each shielding component was further elucidated in
Fig. 6e. The contribution of SE, increases from 75% (PLB/BC) to 84%
(PLB/FJH-mBC), while SE decreases from 25% to 16%, confirming the
evolution toward absorption-dominated shielding with hierarchical
network optimization. This behavior is corroborated by the power
coefficients (Fig. 6f). For PLB/FJH-mBC, the transmission coefficient (T)
is suppressed to 2.1 x 1074, indicating near-complete attenuation of
incident waves. Despite a relatively high reflection coefficient (R =
0.74), the negligible T confirms that the electromagnetic waves
entering the composite are effectively confined and dissipated within
the internal structure via the synergistic effects of the LBL architecture
and FJH-mBC. This is consistent with the absorption-dominated
shielding behavior indicated by the SE, and SEg analysis. A macro-
scopic circuit test was performed to demonstrate practical shielding
capability (Fig. 6g). While the indicator bulb remained brightly
illuminated when a pure PLB film was employed, it was immediately
extinguished upon the insertion of the PLB/FJH-mBC composite, con-
firming the exceptional reliability of the material in blocking electro-
magnetic radiation. The underlying electromagnetic attenuation
mechanism was schematically illustrated in Fig. 6h. Upon reaching the
air-composite interface, a fraction of the incident electromagnetic
waves was reflected due to the impedance mismatch. The remaining
waves penetrated into the labyrinth-like LBL architecture, where an
interconnected conductive network formed by the highly graphitized
FJH-mBC enabled the efficient conversion of electromagnetic energy
into thermal energy via intense conduction loss. Simultaneously, the
alternating layered configuration and abundant heterogeneous
interfaces facilitated multiple internal reflections and interfacial pola-
rization. Consequently, the incident energy was synergistically dissi-
pated through conduction loss, polarization relaxation, and multiple
scattering, endowing the PLB/FJH-mBC composite with superior EMI
shielding performance.

Conclusions

In this study, FJH-mBC was synthesized from bamboo biochar via FJH
and APTES modification, and subsequently incorporated into a PLA/
PBAT matrix through LBL assembly to construct hierarchical PLB/FJH-
mBC composites. The anisotropic conductive network formation and
interfacial regulation mechanisms were elucidated, revealing that the
well-defined LBL architecture and highly graphitized biochar jointly
facilitated carrier transport, enhanced interfacial stress transfer, and
optimized impedance matching. As a result, the optimized composite
achieved a remarkable fracture toughness of 2.68 MJ m~3 and a tensile

strength of 25.5 MPa, corresponding to increases of 173% and 81%
relative to the pure PLA/PBAT matrix. In addition, the composite
delivered an electrical conductivity of 12.8 S cm™" and an EMI shielding
effectiveness of 36.7 dB (84% absorption), confirming its absorption-
dominant attenuation behavior. These combined enhancements
effectively address key challenges in sustainable shielding materials,
including the stiffness—toughness trade-off and excessive secondary
electromagnetic radiation, positioning biochar-based LBL architectures
as efficient and sustainable platforms for multifunctional composites.
The PLB/FJH-mBC composites, featuring excellent mechanical, EMI
shielding, and Joule-heating performance, hold strong potential for
advanced functional-material technologies and sustainable structural
applications.
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