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ABSTRACT

There is a need for scalable technologies to reduce electromagnetic pollution with
materials of low density and low carbon footprint. Unfortunately, environmental
adaptability, economic feasibility and lightweight are factors that are still far from
optimal in most electromagnetic shielding materials. Herein, we address these
challenges with polybutylene succinate (PBS) reinforced with bamboo fibers
functionalized with Fe3;O4 nanoparticles (Fe3O4-NPs) and polypyrrole (PPy). Such
hybrid system was compatibilized via polydopamine (PDA) coupling, demonstrating
magnetic, dielectric and interfacial polarization losses as well as distributed reflection,
yielding a shielding effectiveness of ~36.9 dB. Simultaneously, the composite
displayed gains in tensile strength and modulus (by 18 and 38%, respectively)
combined with improved flexural strength and modulus (by 33% and 15%,
respectively). Overall, this work demonstrates a new pathway toward low cost and

lightweight bio-based materials for high-performance electromagnetic shielding.

Keywords: cellulosic fibers, biocomposites, absorption-type electromagnetic shielding,

surface functionalization, polydopamine coupling

1. Introduction
The rapid growth of intelligent technologies and the widespread use of electronic
devices have improved communication and quality of life. However, this is at the

expense of pollution emissions that are inadvertently generated as electromagnetic
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waves (EMW) (Markham, 1999; Wanasinghe, Aslani, Ma, & Habibi, 2020). Moreover,
the interactions between electronic devices and natural sources (lighting and solar flares)
typically produce electromagnetic interference (EMI), which not only cause
disturbances in the function of the electronic devices and electrical circuits, but result
in health hazards (Jiang et al., 2019; Kraz & Wallash, 2000; Singh, Shishkin, Koppel,
& Gupta, 2018). Associated risks include negative impacts in electrical transmission
lines, electric motors, radars, microwaves, household electric appliances and
telecommunication networks (Karteri, Altun, & Gunes, 2017; Madhu, Gurusiddesh,
Kiran, Shruthi, & Jayanna, 2016; Shen, Zhai, & Zheng, 2014; Wen et al., 2014). Overall,
there is an increased demand for materials that offer protection against EML.

Metallic materials have gained popularity to shield EMI (Menon, Madras, & Bose,
2017; Zhang et al., 2019). However, apart from their poor environmental adaptability,
high density and costly processing, they generally cause secondary electromagnetic-
radiation (ER) pollution, via reflection, which undermines their adoption. Hence,
several efforts have been devoted to developing environmental protection and
lightweight absorption-type EMI shielding materials. For instance, low-density and
eco-friendly biopolymer composites based on carbon materials (including carbon black,
carbon fibers/nanofibers/nanotubes and graphene) or, alternatively, metallic
nanowires/nanoparticles (Ag, Cu, Ni and Fe) have received great attention in next-
generation EMI absorbing materials given that they can potentially meet the stringent
requirements of protection against secondary reflected ER pollution (Chauhan,

Abraham, & Choudhary, 2016; Ji et al., 2018; Ju et al., 2020; Khodiri, Al-Ashry, & El-
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Shamy, 2020; Lecocq et al., 2020; Li et al., 2017; Liang, Ruan, Zhang, & Gu, 2020;
Lin et al., 2016; Rengaswamy et al., 2018; Wang et al., 2018; Wu, Chen, Zhao, Liu, &
Zhang, 2016; Yu, Dai, Yuan, Zou, & Liu, 2020; Zeng et al., 2017; Zhao, Fu, Chen,
Zhong, & Wang, 2016).

To produce biopolymer-based composites with high EMI shielding effectiveness
(SE), one of the most dependable solutions involve the addition of conductive and/or
absorbing fillers. Unfortunately, fillers with poor dispersibility aggregate at high
loadings, causing deterioration in mechanical performance. Hence, there is a need to
address the trade-off between mechanical strength and EMI SE in polymer-based
composites.

Cellulosic fiber-reinforced composites are desirable for their eco-friendliness, low
density, lightweight and easy processing; thus, they have emerged as preferred choices
in structural materials (Claramunt, Fernandez-Carrasco, Ventura, & Ardanuy, 2016;
Dahy, 2019; Gopinath, Poopathi, & Saravanakumar, 2019; Nurul Fazita et al., 2016).
For EMI shielding, natural cellulosic fiber-reinforced polymer composites include
coatings with well dispersed conductive and/or absorbing fillers; meanwhile, the
desired mechanical and EMI shielding properties can be realized by proper
reinforcement (Patterson & Sodano, 2016). Fibers randomly oriented in polymer
matrices can form an interconnected network to generate distributed reflecting surfaces
and restrain penetration of EMW into the substrate. Among the natural cellulosic fibers
available, those from fast growing bamboo stand out for their low-cost, recyclability,

mechanical strength and availability (Liu, Song, Anderson, Chang, & Hua, 2012; Tang,
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Tian, & Hsu, 2015; Xu, Shamey, & Hinks, 2010). The -OH groups in the main
constituents of the fibers, cellulose and hemicelluloses, orient along the direction the
EMW oscillation, resulting in dipole relaxation and energy sinking. Furthermore,
adsorption and multireflection generated from the fiber-based network synergistically
act via dipole relaxation, further enhancing the EMI SE of the composite. To develop
high-performance absorption-type shielding materials, suitable impedance matching
and attenuation with appropriate permittivity and permeability are of essence.
Considering that most electromagnetic materials display a dielectric constant that is
much larger than the permeability, increasing the latter property and/or decreasing the
dielectric constant are deemed as useful routes to achieve suitable impedance matching
(e.g., for satisfactory EMW absorption). For surface functionalization of bamboo fibers,
in-situ deposition of Fe;O4 nanoparticles (Fe3sOs-NPs) have gained recognition, given
that it enhances EMI SE by virtue of valuable magnetic-loss-activated performance
(Wang et al., 2011). Moreover, the excellent dielectric loss-activated capacity of
polypyrrole (PPy) adds to EMI shielding (Geetha, Satheesh Kumar, Rao, Vijayan, &
Trivedi, 2009; Zhan et al., 2018). Unfortunately, the anchoring strength between
functional coatings and fibers remains challenging, causing losses during processing
(for instance, during washing and manufacturing).

Recently, composites with good interfacial adhesion have been achieved by
following the example of wet addition of mussel byssus. For instance, 3,4-dihydroxy-
phenylalanine and lysine amino acids secreted by related organisms have shown high

chemical reactivity, contributing to a superior adhesion (and cross-linking) ability (Lee,
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Scherer, & Messersmith, 2006; Ye, Zhou, & Liu, 2011). Moreover, dopamine, a small
catecholamine, can oxidatively self-polymerize in mild alkaline conditions into
polydopamine (PDA). Hence, PDA coatings have been shown for interfacial
modification of various materials (nanoparticles, nanowires, nanotubes, microbeads,
and organisms, for instance) (He et al., 2017; He et al., 2019; Mumtaz et al., 2017;
Sadjadi, Lazzara, Malmir, & Heravi, 2018; Yan et al., 2020; Zeng et al., 2017).
Moreover, the catechol moiety in PDA coatings can directly immobilize metal ions on
a variety of substrates, e.g., for secondary reactions via chelation (Huang et al., 2016;
Yan et al., 2013; Ye et al., 2011). Thus, mussel-inspired adhesion further our efforts for
interfacial modification and represents a simple and feasible route to achieve natural
fiber-reinforced polymer composites (Cheng, Chen, Wang, & Shie, 2016; Kalinke et al.,
2020; Liu et al., 2020; Wang, Zhang, Chen, Zhang, & Fang, 2017; Zhang et al., 2017).

In EMI shielding applications, Liu and Liao (2020) designed an absorbing shielding
nanocomposite by introducing Fe304-NPs and PPy coatings onto collagen fibers.
Furthermore, Li ef al. (2020) proposed a 3D graphene aerogel synthesized with Fe3O4-
NPs and PPy that was effective against electromagnetic pollution. Despite the recent
progress, there is still a need for simple, bionic strategy to achieve absorption-type
natural cellulosic fiber-reinforced composites, for instance, functionalized with Fe3Oas-
NPs and PPy. In this study, we introduce a green and lightweight EMW shielding
biocomposite using bio-based polybutylene succinate (PBS) and bamboo fibers
functionalized by PDA-based surface coatings, forming an interconnected network

within the matrix. In the process of fiber functionalization, magnetic-loss-activated



151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

Fe304-NPs and dielectric loss-activated PPy were successively deposited on the
surfaces of the bamboo fibers. The complex coatings were investigated by SEM, FT-
IR, XPS and XRD. The performance of the functionalized fibers was assessed in terms
of the magnetic and dielectric losses, interfacial polarization loss and distributed
reflection, all of which were related to the fiber-based network and its ability to
dissipate EMW energy. The absorption-type shielding biocomposites were fabricated
through a simple hot-pressing procedure. The magnetic behavior, electrical and EMI
shielding performance, mechanical strength and interfacial interactions were examined.
The results confirmed that the obtained PBS-based biocomposites possess an excellent
irradiation absorption. Such performance is explained to be the result of dielectric and
magnetic losses, impedance matching, interface polarization as well as electron
migration produced by the interconnected conductive network. The results, coupled
with the lightweight, low-cost and green processing, indicate the promise of the

introduced material for large-scale applications in EMI shielding.

2. Materials and methods

2.1 Materials

PBS with a flow index, density and crystallinity of 2.0 g/10 min, 1.24 g/cm?® and 32%,
respectively, was purchased from Showa Highpolymer Co. Ltd. (Tokyo, Japan). Natural
cellulosic fibers isolated from Phyllostachys edulis (moso bamboo) clum, namely
bamboo fibers, with a mixed particle size of 40 - 60 mesh were supplied by Anhui

Sentai WPC New Material Co. Ltd. (Anhui, China). Dopamine hydrochloride (assay >
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98.5%), tris(hydroxymethyl aminomethane) (tris), sodium hydroxide (NaOH), ferrous
dichloride tetrahydrate (FeCl>-4H>O) and ferric chloride hexahydrate (FeCls-6H20)
were acquired from Aladdin (Beijing, China). All of the other analytical chemicals were
sourced from Aladdin (Beijing, China).
2.2 Surface modification of bamboo fibers and fabrication of fiber-reinforced
PBS biocomposites

Bamboo fibers were functionalized with Fe3O4-NPs and PPy based on PDA coupling,
more details of the experimental procedure can be found in Note S1. The fabrication of
fiber-reinforced PBS biocomposites was realized through a hot-pressing process, more
details of the fabrication can be found in Note S2.

2.3 Characterization

Scanning electron microscopy (SEM, Hitachi SU8010) was carried out under an
accelerating voltage of 10 kV to observe the surface morphologies of bamboo fibers as
well as the fractured surface morphology of the biocomposites. An energy dispersive
spectrometer (EDS) (JSM-7800F, Japan) was also used to detect C, O and Fe. All the
samples were coated with an Au layer before observation.

Fourier transform infrared (FTIR, Nicolet, Madison, WI) spectroscopy was
performed in the 500 - 4000 cm ™! range following a total of 40 scans to measure the
surface functional groups of bamboo fibers. X-ray photoelectron spectroscopy (XPS,
ESCALAB250) was performed with a monochromatic Al Ka (Ao = 1486.7 eV) X-ray
source to examine the chemical/elemental states of bamboo fibers. X-ray diffraction

(XRD, Bruker D8) measurements were performed in the 20 range from 5° to 40° at a
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testing speed of 20 = 5°/min and the results were used to follow the crystallization of
bamboo fibers.

A vibrating sample magnetometer (Squid VSM, Quantum Design, San Diego, CA,
USA) was used to measure the magnetic properties of bamboo fibers in the range of -
10,000 to 10,000 Oe. A four-point probe instrument (ST2253, Jingge Electronics
(Suzhou) Co., Ltd., China) was used to measure the electrical conductivity of bamboo
fibers at ambient temperature.

A universal testing machine (Kexin Instrument Equipment Co. Ltd., Changchun,
China) was used to measure the tensile and flexural properties of the biocomposites at
ambient temperature. A cantilever beam impact tester (Hebe Precision Testing Machine
Co. Ltd., Chengde, China) was used to measure the impact resistance of the
biocomposites at ambient temperature. More details of the measurements can be found
in Note S3. A thermomechanical analyzer (DMA, NETZSCH, Selb, Germany) was
used to measure the dynamic mechanical properties of the biocomposites (35 x 10 x 4
mm?), at a temperature range between -60 and 40 °C (heating rate of 3 °C /min and
scanning frequency of 1 Hz).

A vector network analyzer (Agilent, PNA-N5244A, USA) was used to evaluate the
electromagnetic wave absorption and EMI performance of fiber-reinforced PBS
biocomposites. The reflection loss (RL) value was measured on the basis of the arch
method, in the frequency range between 2 and 18 GHz, by using 180 x 180 x 4 mm?
samples. The EMI shielding effectiveness of the biocomposites was measured using a

coaxial-line in the frequency range of 2 - 18 GHz. Samples were cut into cylinder (Dou
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= 7.00 mm, ®j, = 3.04 mm, thickness = 2 mm). The reflected power (R), transmitted
power (T), and absorbed power (A) coefficients were obtained from the scattering

parameters (S11 and Sz1).

3. Results and discussion

3.1  Fiber Characterization

Fe304-NPs (used to introduce magnetic losses) and PPy (which introduce dielectric
losses) were surface-coupled on bamboo fibers that were modified with PDA, Fig. 1a.
In this process, PDA was used following the principle of adhesion in mussels. By
contrast to the untreated bamboo fibers (Fig. S2a), the oxidative, self-polymerization
of dopamine on the fibers formed a thin and rough surface (PDA coupled with BF,
PDA-BF, Fig. S2b). The catechol moiety of PDA endowed coatings with ligand
capabilities, e.g., to directly immobilize Fe3O4-NPs through chelation and hence to
build a magnetic-loss-activated interlayer on the surfaces of the PDA-treated fibers.
EDS mapping images of MBF4 (Fig. S2g - i) indicated the distribution of C, O and Fe
on the fibers, suggesting the successful dispersion and in-situ formation and deposition
of Fe304-NPs on the surfaces of the fibers.

The unreacted Fe*! in the interlayer served as an initiator of in-situ polymerization
of pyrrole, e.g., to establish a top layer in sandwich-like coatings. An apparent increase
in coating thickness and roughness was observed with the addition of Fe3O4-NPs, as
shown in Fig. S2¢, d, e, f and j. The possible mechanism of co-deposition of PDA-

Fe3;04-PPy on the fiber surface is shown schematically in Fig. 1b.

10
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Fig. 1. (a) Schematic illustration of the in-situ interfacial synthesis of coatings on bamboo fibers;
and (b) main chemical reactions involved in the synthesis of PDA-Fe;O4-PPy coatings

The FTIR spectra, together with XPS data and XRD analysis, demonstrate the
successful surface modification of bamboo fibers. More detailed discussion of FTIR,
XRD and XPS analysis of bamboo fibers can be found in reference to Fig. S3, S4 and

S5, respectively.
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3.2 Electromagnetic performance

The magnetic performance of bamboo fibers was measured in the range of -10,000
to 10,000 Oe. As seen in Fig. 2a, the untreated fibers demonstrated the typical non-
ferromagnetic property. After introducing Fe;O4-NPs on the fibers, a magnetic behavior
was realized, with saturation magnetization (M) values of 2.1, 2.7, 3.4, 3.7 and 3.9
emp/g for MBF1, MBF2, MBF3, MBF4, MBFS5, respectively (Table 1). The
significantly enhanced magnetism observed by the increased Fe3Os-NPs loading on the
fibers is ascribed to the higher number density of metal particles (Fig. S6). Additionally,
the coercivity (H.) values of magnetic fibers increased with Fe304-NPs loading. The

initial permeability (u;), was calculated according to equation 1(Zhan et al., 2018):

= () 0
where a and b are the constants of materials, x is the proportionality coefficient, 4 is the
elastic strain parameter, and ¢ is the magnetostriction constant. According to the above
equation, an enhanced permeability results from an increased My or decreased H.. The
H. of the magnetic fibers was moderately enhanced with the addition of Fe3O4-NPs.
However, the increasing amplitude of H., going from MBF1 to MBF5 (20.8%), is much
lower than that of My (85.7%); hence, the latter factor was a dominant contribution to
the permeability. Consequently, the enhanced magnetic effect is beneficial to improve
the permeability of the prepared biocomposites, leading to an enhanced performance in
microwave absorption.

Fig. 2b shows the changes in conductivity of the modified fibers with the increased

Fe304-NPs loading. Obviously, the introduced modification endowed conductivity in

12
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the modified fibers. The electrical conductivity of MBF1, MBF2, MBF3, MBF4, and
MBF5 reached 0.311, 0.314, 0.317, 0.325 and 0.331 S/cm, respectively. The
conductivity was increased with the addition of Fe3O4-NPs, which related to the
increased deposition of Fe304-NPs and PPy. The as-prepared conductive fibers were
pressed into a thin film, which let to LED lightning when connected with a wire in a

current circuit (Fig. 2¢), illustrating electron conductivity.

(b) (c)

Tow| 1

o 0.004 %

—
Magnetization (emu-g) &
o b ho=moe s

-0.05 T T T
.100‘00 .5(‘_;00 6 50‘00 WUbUO BF MBF1 MBF2 MBF3 MBF4 MBF5
Magnetic field (Oe)

Fig. 2. (a) Magnetic hysteresis loops of untreated bamboo fibers (BF) and modified bamboo fibers
(MBF1-MBF5); (b) changes in electrical conductivity of untreated bamboo fibers (BF) and
modified bamboo fibers (MBF1-MBF5); and (c¢) digital photo of a circular thin film made with
modified (MBF4) fibers as part of a circuit.

Table 1. Magnetic parameters of modified bamboo fibers (MBF1-MBFS).

Magnetic parameters
Sample
M (emp/g) H. (Oe)

MBF1 2.1 143.7
MBF2 2.7 150.2
MBF3 34 161.4
MBF4 3.7 168.3
MBF5 3.9 173.6

3.3 Mechanical properties of fiber-reinforced PBS biocomposites
The static mechanical properties of PBS biocomposites reinforced with bamboo

fibers were measured, including tensile strength and modulus, as well as flexural

13
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strength and modulus along with impact strength, Fig. 3. Compared with PBS
biocomposites produced with untreated fibers (BF), the tensile strength, tensile
modulus, flexural strength and flexural modulus of the biocomposites containing PDA-
treated fibers (PDA-BF) were significantly enhanced (by 18.3%, 8.1%, 7.1% and 5.5%,
respectively). This is due to the enhanced interfacial interaction between PDA and PBS
chains, which promoted stress transfer at the interface and supported external loading
without interfacial phase separation. A more extensive improvement in tensile and
flexural properties of the biocomposites was achieved with further introduction of
Fe;04-NPs and PPy on the PDA-modified bamboo fibers. This improvement likely
resulted from the increased surface roughness provided by the chelated Fe3O4-NPs and
PPy, which led to a greater specific surface area, and stronger interfacial adhesion
(better interfacial interlocking between the fibers and the PBS matrix). When used in
excess, Fe30s4-NPs agglomeration occurred; in such condition, the interfacial
interaction between fibers and the PBS matrix was negatively affected (sample EMSS).
Weakened interfacial adhesion resulted in a reduction of the static mechanical
properties. Owing to the rigidity of PDA, Fe304-NPs and PPy, such biocomposite
showed a reduced impact strength. An optimal performance was assigned to the EMS4
composite: compared to the biocomposites reinforced by the untreated fibers, the tensile
strength, tensile modulus, flexural strength and flexural modulus were improved by 18,

38, 33 and 15%, respectively.
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Fig. 3. Static mechanical properties of PBS-based biocomposites produced with untreated bamboo
fibers (BF), PDA-treated fibers (PDA-BF) and PDA-treated fibers modified with Fe;O4-NPs and
PPy at increased nanoparticle loading (EMS1-EMSS5): Static mechanical properties of PBS-based

biocomposites: (a) tensile strength; (b) tensile modulus; (c) flexural strength; (d) flexural modulus;
and (e) impact strength.

3.4 Dynamic mechanical properties of fiber-reinforced PBS biocomposites

The dynamic mechanical properties of the fiber-reinforced PBS biocomposites,
including storage modulus, the loss modulus and the loss factor are crucial to estimate
the interfacial interaction of the as-obtained biocomposites. These properties were
determined under oscillatory dynamic loading with an increased temperature, from -60
°C to 40 °C. Based on the thermoplastic characteristics of PBS, the storage modulus of
all the PBS-based biocomposites was reduced with heating (Fig. 4a) (Chen, Cheng,
Huang, Zou, & Zhao, 2017). Compared with the untreated fiber/PBS biocomposite
(BF), an evident increase in storage modulus was observed in the case of those that
reinforced by PDA-treated fibers (PDA-BF). Theoretically, the storage modulus tracks

with the energy storage capacity and reflects the interfacial bonding in biocomposites;
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these factors are principally connected with the stiffness of the material. The improved
storage modulus of the biocomposites was attributed to the enhanced interfacial
interaction between the PDA-treated fibers and the PBS matrix as well as the toughness
of rigid PDA coupled on the fibers. As expected, the introduction of Fe;O4-NPs and
PPy further improved the interfacial interaction of the as-prepared biocomposites,
leading to a further increase in storage modulus. However, as discussed in the case of
the static mechanical properties, an excess of Fe3;O4-NPs (EMS5 sample) impaired the
interfacial adhesion, resulting in a dramatical reduction in the storage modulus at the
given temperature range.

Compared with the untreated fiber-reinforced PBS biocomposites (BF), an improved
loss modulus was observed in PBS-based biocomposites containing PDA-modifed
fibers treated with Fe3O4-NPs and PPy (EMS) (Fig. 4b). In addition, the loss modulus
of the biocomposites moderately increased with the Fe3O4-NPs addition. This is due to
the enhanced interfacial adhesion between the modified fibers and the PBS matrix,
which caused more elastic energy conversion to thermal energy. Excess Fe;O4-NPs
(EMSS5) weakened the interfacial interaction of the biocomposites, which led to a
decreased loss modulus. In general, the peak of the loss modulus, ascribed to the glass
transition temperature (7g), is a vital indicator of the interfacial adhesion of materials,
which relates to the dissipation of energy in the biocomposites. Compared with the
untreated fiber/PBS biocomposites (BF), a significant increase in 7g was noted for the
PDA-treated fiber/PBS biocomposites (PDA-BF). The improved interfacial interaction

given by PDA-treatment effectively restricted the movement of PBS chains, which

16



345  resulted in an increased PBS matric viscosity, thus leading to an enhanced 7g (Wang,
346  Zhang, Zhang, Guo, & Wang, 2013). As expected, better interfacial interaction was
347  achieved upon further treatment with Fe304-NPs and PPy (EMS1 to EMS4): the greater
348 interfacial enhancement resulted in less energy dissipation and hinders the internal

349  friction produced by the inner molecular motion, leading to a higher 7g.

(a) (b) (c)
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350
351  Fig. 4. DMA profiles of PBS-based biocomposites produced with untreated bamboo fibers (BF),

352  PDA-treated fibers (PDA-BF) and PDA-treated fibers modified with Fe3;O4-NPs and PPy at
353  increased nanoparticle loading (EMS1-EMS5): (a) storage modulus; (b) loss modulus; and (c) loss
354  factor.

355

356 The loss factor of the biocomposites is shown in Fig. 4c, which relates to the degree
357  of intermolecular mobility in the biocomposites. Generally, the enhanced interfacial
358  adhesion of materials contributes to a reduced macromolecular mobility, which results
359 in a low loss factor (Kubat, Rigdahl, & Welander, 1990; Samal, Mohanty, & Nayak,
360 2009). PDA-treatment effectively enhanced the interfacial interaction between the
361  fibers and the PBS matrix: the improved interfacial interaction against molecular
362  slipping, led to a reduced loss factor. In addition, greater interfacial adhesion between
363 the fibers and the PBS matrix was obtained with further treatment (Fe3O4-NPs and PPy)

364 in the samples. This result indicates that a stronger interfacial adhesion was realized in
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the as-obtained biocomposites, which contributed to the better stress transfer and load-
bearing ability. A weakened interfacial adhesion was generated from excess Fe;O4-NPs
(EMSS), leading to an increased loss factor. Overall, the optimal interfacial interaction

was achieved in the biocomposite denoted as EMS4.

3.5 Morphology of fractured fiber-reinforced PBS biocomposites

The morphology of the fractured area in samples with various fiber-reinforced PBS
biocomposites are shown in Fig. 5. An apparent phase separation between the untreated
fibers and the PBS matrix was observed. Abundant and irregular grooves and voids,
caused by the fiber pull-out, were distributed in the fractured surface, Fig. 5ai1. This is
due to polar fibers tending to aggregate in their natural state; furthermore, the interfacial
compatibility between the fibers and the nonpolar PBS matrix is poor; hence, weak
interfacial adhesion caused the fibers to easily pull out from the PBS matrix under load,
Fig. Sa. After PDA-treatment, the interfacial bonding between the modified fibers and
PBS matrix was significantly improved: the enhanced interfacial interaction efficiently
facilitated stress transfer and resisted external loading. In addition, the rough fiber
surface generated from the PDA treatment promoted tighter interfacial interlocking
between the fibers and the PBS matrix, effectively preventing fiber pull-out (Fig. 5b
and Fig. 5b1). As seen in Fig. Sc, treatment with Fe3O04-NPs and PPy, produced better
interfacial bonding in the biocomposites, leading to a better stress transfer, which
effectively avoided interfacial damage. Distinctly, the interfacial interaction of the

biocomposites gradually improved with increased Fe3O4-NPs addition (Fig. 5c1 - 5c¢4),
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387  which is due to the tougher interfacial interlocking created from the increased surface
388  roughness. The corresponding elemental mapping of C, O and Fe in MBF4 are shown
389 in Fig. 5¢s- 5¢7, confirming the successful immobilization of Fe304-NPs on the fibers.
390 However, when used in excess, Fe3O4-NPs aggregated, impairing interfacial adhesion

391  and producing phase separation (EMSS5, Fig. Scs).

(a) BF

___Tensile
i force

392
393  Fig. 5. (a) Schematic illustration of the interfacial adhesion of BF biocomposites. (a;) SEM

394  micrographs of BF biocomposites; (b) schematic illustration of the interfacial adhesion of PDA-BF
395  biocomposites; (bi) SEM micrographs of PDA-BF biocomposites; (¢) schematic illustration of
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interfacial adhesion of EMS4 biocomposites; (¢ci) SEM micrographs of EMS1 biocomposites; (c2)
SEM micrographs of EMS2 biocomposites; (c3) SEM micrographs of EMS3 biocomposites; (c4)
SEM micrographs of EMS4 biocomposites; (¢s) EDX elemental (C) mapping of EMS4; (c¢) EDX
elemental (O) mapping of EMS4; (c7) EDX elemental (Fe) mapping of EMS4; and (cs) SEM
micrographs of EMSS5 biocomposites.

In brief, the mussel-inspired surface modification of bamboo fibers was shown as a
promising route to obtain strong fiber-reinforced composites. The surface modification
endowed functionality and improved interfacial interaction between the fibers and the

polymer matrix.

3.6 Electromagnetic wave absorption of fiber-reinforced PBS biocomposites

The principle of electromagnetic absorption by the bamboo fiber-reinforced PBS
biocomposites is schematically illustrated in Fig. 6a. In this system, functionalized
bamboo fibers served as a 3D reticulated scaffold for multireflection and scattering;
meanwhile, Fe304-NPs and PPy contributed to magnetic and dielectric losses,
respectively, to optimize impedance matching. Besides, the heterogeneous interface of
the modified fibers provided interfacial polarization. Hence, the mechanism of EMW
attenuation by the PBS-based biocomposites was primarily attributed to the magnetic,
dielectric and interfacial polarization losses, as well as the multireflection and scattering.

According to the proposed mechanism of EMW attenuation, impedance matching, is
reflected by the relative dielectric constant (g, = &’ — je'’) and the relative magnetic
permeability (u- = u' — ju'). Here, r presents the relative dielectric constant and the
relative magnetic permeability play a key role in EMW attenuation. Based on the
electromagnetic energy-conversion principle, the real part of the complex permittivity

(¢") and permeability (u') represent the storage capability of the electric and magnetic
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energy, respectively, which reveal the extend of polarization and the generated dipoles
in the absorber. The imaginary part of ¢ and u"' refers to the loss capability of the
electric and magnetic energy, respectively, produced from the dipole-orientation
polarization under an electromagnetic field (Lii et al., 2015). As shown in Fig. 6b and
6¢, both ¢’ and &"” were positively enhanced with Fe3O04-NPs loading, resulting from the
better impedance matching as well as the stronger capability of electromagnetic
attenuation generated from the improved conductivity of the reinforced fibers, which
induced dielectric losses. The decreasing &’ was observed with frequency in all the PBS-
based biocomposites (Fig. 6b), which was ascribed to the more extensive lagging of
the dipole-polarization response with respect to the electric-field change at higher
frequencies (Wang et al., 2012). Noteworthily, the dielectric loss tangent (tan J. = &"/e")
was significative to estimate the EMW loss ability of the absorber (Quan et al., 2017).
As the addition of Fe3O4-NPs increased, an increased tan J. was realized (Fig. 6f). This
observation suggests that better EMW attenuation occurs in biocomposites with higher
Fe304-NPs loading. In addition, the remanent Fe** in Fe;04-NPs coatings therewith
increased with the increased Fe3O4-NPs addition, inducing more PPy deposited on the
fibers, which, synergistically resulted in the enhanced capability of converting EMW
to energy in other forms. Moreover, the electron migrating and hopping produced from
the interconnected conducive network also contributed to the greater dielectric loss.
Changes in u" and i’ of the fiber-reinforced PBS biocomposites are shown in Fig. 6d
and 6e. Interestingly, both ¢" and "' of the biocomposites reinforced by the fibers treated

with a high Fe;04-NPs loading were distinctly higher. This result is attributed to the
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better impedance matching generated from the addition of Fe3O4-NPs.

Further explanations can be rationalized following equations 2 and 3 (Yan et al., 2011):
Wo=1+ (%) coso )
u' =1+ (5)sino 3)
where M is the magnetization, H is the intensity of the external magnetic field, and o is
the phase lag angle. The enhanced M; of the functionalized bamboo fibers is the reason
for the improved permeability of biocomposites under the same external magnetic field.
Moreover, the magnetic loss tangent (tan d, = 1"/ u') also offered important evidence to
evaluate the capacity of EMW loss. Obviously, the tan d,, of the biocomposites increased
with Fe3O4-NPs addition (Fig. 6g), implying a greater EMW attenuation. Notably,
EMS4 and EMSS revealed close values of tan J. and tan J,, indicating that impedance
matching was reached in the as obtained biocomposites.

RL is adopted to evaluate the EMW absorbing performance of the as-prepared fiber-
reinforced PBS biocomposites. As can be seen in Fig. 6h, Fe304-NPs loading made an
evident effect on the EMW absorbing capability of the as-obtained biocomposites. The
minimum RL value was reached in EMS1, which exhibited the poorest absorption
ability, -5.58 dB at 14.10 GHz. As expected, Fe3O4-NPs addition resulted in an
enhanced adsorption: -9.98 dB at 12.87 GHz, -13.45 dB at 11.91 GHz, -22.69 dB at
10.60 GHz and -25.06 dB at 9.45 GHz for EMS2, EMS3, EMS4 and EMSS,
respectively. Generally, the RL value under -5.0, -10.0, or -20.0 dB indicate more than

70, 90, or 99% EMW attenuation, suggesting an outstanding EMW absorbing capacity.
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Fig. 6 (a) Electromagnetic absorption by PBS-based composites. (b)real part (¢) of complex
permittivity; (c) imaginary part (&) of complex permittivity; (d) real part (1) of complex
permeability; (¢) imaginary part (¢") of complex permeability; (f) dielectric loss tangent (tan J,); (g)
magnetic loss tangent (tan d,); and (h) reflection loss (RL) of fiber-reinforced PBS biocomposites.

3.7 EMI Performance of fiber-reinforced PBS biocomposites

The electromagnetic interference (EMI) shielding effectiveness (SE) of the
biocomposites were investigated in the range of 2 - 18 GHz, which is widely used in
communication applications including microwaves, cell phones, signal transmission
and medical electronic devices. The total EMI shielding effectiveness (SEr) is the sum
of the reflection from the material surface (SEr), the absorption of electromagnetic

energy (SEa), and the multiple internal reflections (SEm). Transmissivity (T),
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absorptivity (A), and reflectivity (R) can be calculated by following relations of the
measured scattering parameters (Si2 and S11), which can be determined from: T = |S21[%,
R =|Si1]%, and A +R + T = 1. Normally, SEm can be ignored when the value of SEt is

more than 15 dB. Therefore, the EMI SE calculation follows:

SEp = ~10log(1 — R) = ~10log(1 - [, %) @
T S21/”

$E, = ~1010g (117) = ~10l0g (1217 v

R, ©)

Compared to the untreated bamboo, the EMI SE of fiber-reinforced PBS biocomposites
(~2.1 dB) (Fig. S7, Fig. 7), prepared with functionalized fibers, was dramatically
increased. The values of SE, SEa and SEr increased with Fe;O4-NPs loading (Fig. 7¢ -
e). Clearly, the major contributor to SE is attributed to SEa, while the contribution of
SEr is negligible over the entire frequency region. As illustrated in Fig. 7a, the
primarily contribution to EMI shielding performance is the combination of magnetic,
dielectric and interfacial polarization losses. Accordingly, fibers with higher
conductivity led to a conducting network within the PBS matrix, giving rise to a larger
increase in electrical conductivity, inducing higher dielectric losses, which
consequentially resulted in the improved SE and SEa. Also, magnetic losses generated
from Fe304-NPs contributed to the improved SE and SEa. As discussed for the EMW
absorbing properties, EMS4, and EMSS5 revealed better impedance matching than the
other biocomposites, which originated from an adequate Fe3O4-NPs and PPy loading
on the fibers, producing an effective interaction for EMW attenuation. Meanwhile, the

interfacial polarization created from the different dielectric properties of bamboo fibers,
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PDA, Fe304-NPs, and PPy on the fibers were also beneficial in improving EMW
shielding. The heterogeneous surface of the functionalized fibers efficaciously
contributed to the attenuation of EMW. Moreover, the fiber-based scaffold efficiently
induced multireflection and scattering to prolong EMW transmission routes for
attenuation. Consequently, the proposed bamboo fiber/PBS biocomposites with EMI
SE operated as a trap of microwaves escaping for secondary pollution. The EMI SE of
EMS2, EMS3, EMS4, and EMSS5 throughout the entire frequency range reached ~21.5
dB, ~28.4 dB, ~36.9 dB and ~39.8 dB, respectively, which fully satisfy the requirements
of civil standards for practical use (~20 dB) (Singh et al., 2015). To achieve a good
balance between ideal EMI SE and excellent mechanical properties, the optimal
performance was assigned to EMS4. Notably, compared with other cellulose-based
materials (see data from the literature in Fig. 7b), the introduced PBS-based
biocomposites reinforced with functionalized bamboo fibers with desired EMI SE

(~36.9 dB) represent an outstanding alternative for cellulose-based materials.
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Fig. 7. (a) Scheme of primary EMI shielding processes; (b) comparison of EMI SE measured in this
work relative to various cellulose-based materials; (¢c) SE of PBS-based biocomposite; (d) SEr of
PBS-based biocomposite; and (¢) SEa of PBS-based biocomposite.

4. Conclusions

Eco-friendly and lightweight bamboo fiber-reinforced PBS biocomposites are
introduced for EMI shielding. A simple strategy is proposed for the proper distribution
of magnetic loss-activated Fe;O4-NPs and dielectric loss-activated PPy on the surface
of bamboo fibers. The functionalized fibers afforded distinct electric conductivity and
magnetic behavior. An interconnected fiber network within PBS facilitates high
absorption attenuation by a combination of multireflection, scattering, interfacial
polarization, magnetic and dielectric losses. Meanwhile, satisfactory mechanical

strength is realized due to the improved interfacial adhesion involving hybrid surface
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coatings on the fibers. The tensile strength, tensile modulus, flexural strength and
flexural modulus of the functionalized bamboo fiber-reinforced PBS biocomposites are
higher than those unmodified composites. The balance between mechanical properties
and desired EMI SE is achieved simultaneously. The characterization performed on the
PBS biocomposites (structural, chemical, surface, thermo-mechanical and magnetic) is
expected to guide future explorations aimed at designing high-performance bio-based
absorption materials for EMW shielding and to reduce the impact of secondary

pollution.
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Note S1. Surface modification of bamboo fibers

Bamboo fibers were repeatedly washed with deionized water and anhydrous ethanol to remove
surface impurities. The fibers obtained after drying at 80 & 2 °C (24 h) are therein termed “BF”".
PDA functionalization of the fibers was achieved by adding 2.0 mg/mL dopamine to 5g BF in
a 100 mL tris buffer solution (pH 8.5), stirred at room temperature (~23 °C) for 24 h. After
repeatedly washing with deionized water, the sample was dried at 80 + 2 °C for 24 h and the
PDA-modified fibers were labelled as PDA-BF. Fe304-NPs were formed and attached to the
surfaces of the fibers by mixing 5g PDA-BF in a 500-mL NaOH solution (0.5 mol/L) followed
by addition of FeCl>-4H>O at given concentrations (0.1, 0.2, 0.3, 0.4 and 0.5 mol/L) and
quantitative amounts of FeClz-6H>0 (FeCly-4H>0: FeClz-6H>0=1:2.7) under stirring at 80 °C
for 12h. The obtained hybrid fibers were repeatedly washed with deionized water, and
designated as F1, F2, F3, F4, and F5, depending on the Fe3O4 nanoparticle loading. Finally, a
top layer of PPy was deposited through vapor-phase polymerization. For this, 5 g of
(PDA@Fe304-NPs)-treated fibers (F1, F2, F3, F4, and F5) were placed in a dish besides
another dish containing 2 mL pyrrole monomer, both placed in a sealed container at 50 °C for
24h. After washing with ethanol and deionized water, the modified bamboo fibers were dried
at 80 £ 2 °C for 24 h, and designated as MBF1, MBF2, MBF3, MBF4, and MBFS5,

corresponding to F1, F2, F3, F4, and F5, respectively.

Note S2. Fabrication of fiber-reinforced PBS biocomposites

The prepared fibers (BF, PDA-BF, MBF1, MBF2, MBF3, MBF4, and MBF5) were dried at
80 £ 2 °C until constant weight. The modified fibers and PBS were mixed for 15 min at a mass
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ratio of 2:3 in a high-speed blender (SHR-A, Zhengzhou Jinhe Equipment Manufacturing Co.
LTD, China), operating at room temperature. They were then melt-blended in a co-rotating
twin-screw extruder (KESUN KS-20, Kunshan, China) at a processing temperature ranging
from 135 °C to 145 °C. The fiber-reinforced PBS biocomposites were prepared with a steel
model (270 x 270 x 4 mm?) through hot-pressing (4 MPa for 6 min at 145 °C) (SYSMEN-II,
China Academy of Forestry, Beijing, China) and pressing (4 MPa for 6 min at room temperature)
(QD, Shenzhen Jemai Precision Automation Co. LTD, China), the image of the fiber-reinforced
PBS biocomposite can be seen in Fig.S1. The obtained fiber-reinforced PBS biocomposites
(electromagnetic shields) were designated as BF, PDA-BF, EMS1, EMS2, EMS3, EMS4 and

EMSS.

Note S3. Mechanical properties

Auniversal testing machine (Kexin Instrument Equipment Co. Ltd., Changchun, China) was
used to measure the tensile and flexural properties of the biocomposites at ambient temperature.
Samples with dumbbell-shape were custom-made for tensile tests, which followed the ASTM
D638-03 (2003) standard. The flexural properties were determined according to the ASTM
D790-03 (2003) standard using 100 x 30 x 4 mm> samples under a three-point bending test
(span of 64 mm and crosshead speed of 2 mm/min). A cantilever beam impact tester (Hebe
Precision Testing Machine Co. Ltd., Chengde, China) was used to measure the impact
resistance of the biocomposites at ambient temperature according to ASTM D256-03 (2003)
using 80 x 30 x 4 mm?® samples. The average values of tensile, flexural and impact properties
for each sample were calculated from at least five samples.
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Note S4. Thermal behavior

A Mettler Toledo TGA/SDTA 851E thermal analysis was used to measure the weight loss of
bamboo fibers in an nitrogen atmosphere at a temperature range between 30°C and 800 °C with

the rate of 10 °C/min.

Fig. S1. Image of bamboo fiber-reinforced PBS biocomposite.
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Fig. S2. SEM images of (a) BF; (b) PDA-BF; (¢) MBF1; (d) MBF2; (e) MBF3; (f) MBF4;
(g) EDX elemental (C) mapping of MBF4; (h) EDX elemental (O) mapping of MBF4; (i)
EDX elemental (Fe) mapping of MBF4; and (j) MBFS5.
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Fig. S3. FTIR spectrum of PDA, PPy, PDA-BF and MBF4.

The FTIR spectra of PDA and PDA-BF (Fig. S3) presented a broad band near 3400 cm ™!,
which is assigned to N-H/O-H stretching vibrations in the PDA coatings. The IR absorption
band located at ca. 1595, 1720 and 1500 cm™ were assigned to C=C, C=0O resonance
vibrations of the aromatic ring and N—-H bending vibrations, respectively, which are the
characteristic of PDA, indicating the successful deposition of PDA on the bamboo fibers (J.
Jiang, Zhu, Zhu, Zhu, & Xu, 2011). The IR absorption bands located at ca. 1450, 1534 and
3455 cm! of PPy were assigned to C—N, C—C and N—H stretching vibrations of the pyrrole
ring, respectively (Zhong, Gao, Xue, & Wang, 2015). The bands near 896 and 1105 and 1630
cm ! were mostly assigned to the C—H out-of-plane deformation, N—H in-plane deformation
and PPy ring vibrations, respectively (X.-G. Li, Li, Huang, Liao, & Lu, 2010). The band
around 1170 cm ™! was related to the doping state of PPy. Additionally, the band near 901/795
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cm ! was due to the =C—H out-of-plane deformation vibration, demonstrating the

polymerization of pyrrole (Zhong et al., 2015). The spectrum of MBF4 showed a great match
with PPy, revealing the existence of PPy on the surfaces of the as-treated fibers. However, the
FTIR spectra was insensitive to the inorganic component, i.e., the chemical changes in Fe3Os-

treated bamboo fibers were difficult to detect by FTIR and were further examined by XPS

and XRD.
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Fig. S4. XRD patterns of PPy, Fe304and MBF4.

The phase composition and crystalline structure of the fibers were evaluated by XRD, Fig.
S4. For bamboo fibers, the diffraction peaks at 17° (101), 22.5° (002) and 35° (040) are
typical of the crystal structure of native cellulose I (Yao, Wang, Li, & Duan, 2017). After
surface modification, distinct diffraction peaks at 30.1° (220), 36.8° (311), 43.3° (400), 57.2°
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(551) and 62.7° (440) were observed, which were a manifestation of the Fe3;O4 crystalline

phase.(M. Liu, Chen, Hu, Wu, & Wang, 2011; H. Wu, Gao, Zhou, Zhang, & Guo, 2012). The

amorphous diffraction peak around 26 = 23° corresponded to the characteristic peak of PPy

(Luo & Gao, 2014).
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Fig. S5. (a) XPS wide-scan of BF, PDA-BF and MBF4 and (b) Cls core-level spectra of

PDA-BF.

Table S1. Surface element characterization of BF, PDA-BF and MBF4.

Composition (At. %) Atom ratio
Sample

C o N Fe N/C
BF 73.1 26.9 - - -
PDA-BF 70.2 23.7 6.1 - 0.09
MBF4 76.9 13.7 8.3 1.1 0.11
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XPS analyses further confirmed the coating on the fibers. The characteristic peaks at
binding energies of 285 and 530 eV for Cls and Ols, respectively, were assigned to the main
elements of lignocellulose, Fig. S5 (a) (W. Liu, Xie, & Qiu, 2016). As expected, an additional
N1s peak (6.1% N atom content) appeared in the spectra of PDA-BF at 400 eV, suggesting
the successful coupling of PDA on the fiber surface. The Cls high resolution spectrum of
PDA-BF consisted of five peaks at 283.9, 285.2, 285.5, 285.8 and 287.6 eV, corresponding to
C-C/C-H, C-0, C-N, C=0/0—C-0 and O—C=0, respectively (G. Xu, Wang, Liu, & Wu,
2013). Also, a new peak emerged in the Cls high resolution spectra of PDA-BF, at 285.5 eV
for C-N, which further confirmed the successful reaction between bamboo fibers and PDA
(Fig. S5b). For MBF4, the atom content (at.%) of C and N were higher than those in PDA-
BF, while the at.% of O was much lower compared to that in PDA-BF; these changes are
likely related to the presence of PPy. In addition, the increasing N/C atom ratio (0.11) in
MBF4 further verified the in-situ polymerization of pyrrole on the fibers (Table S1). A new
Fe2p peak at a binding energy of 711 eV was observed in the MBF4 spectrum, indicating the

existence of FezO4-NPs.
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Fig. S6. TGA curves of bamboo fibers.

In order to eliminate the measuring error as much as possible, and obatin the most accurate
results, PDA-treated bamboo fibers were used as a whole to calculate the Fe304-NPs content
after (PDA@Fe;04-NPs)-treatment. As shown in Fig. S6, all of the bamboo fibers were
stable up to about 250 °C. As the temperature continued to rise, the residual mass of fibers
reamined stable beyond 550 °C, which indiacted the end of the thermo-decomposition
process. PDA-treated bamboo fibers (PDA-BF) included a 20.4 wt% residue at 600 °C,
whereas the residual mass for F1, F2, F3, F4 and F5 were 26.8, 31.6, 35.8, 39.3 and 43.0
wt%, respectively. FesOs-NPs were unusually stable below 800 °C under a nitrogen
atmosphere (Khandanlou, Ahmad, Shameli, Saki, & Kalantari, 2014). The increased residue
mass assume to be due to Fe3O4-NPs. Therefore, the content of Fe304-NPs in each fibers was

calculated following Equation S1:
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E, +0.204(1 - F,) =R, (S1)

where F), is the weight percentage of Fe304-NPs residue, the constant 0.204 is the mass
fraction of none Fe304-NPs survived calculated from PDA-BF, R, is the residual mass
fraction of (PDA@Fe304-NPs)-treated fibers. The Fe304-NPs contents of F1, F2, F3, F4 and

F5 are 8.0, 14.1, 19.3, 23.7 and 28.4 wt%, respectively
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Fig. S7. SE of untreated bamboo fiber-reinforced PBS biocomposites (BF).
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