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Natural Fiber-based Composites with High Hydrophobic,
Magnetic, and EMI Shielding Properties via Iron Oxide In
Situ Synthesis and Copper Film Deposition

Quanliang Wang,? Jie Tang,® Shengling Xiao,>* Min Wang,®* and Sheldon Q. Shi ¢

A sandwich-structured natural fiber-based magnetic composite, without
the use of a binder, was developed in this study. It was fabricated via in
situ synthesis, densification, and magnetron sputtering processes. The
chemical composition, crystal structure, microstructure, and thermal
stability were characterized via X-ray photoelectron spectroscopy, energy-
dispersive spectroscopy, X-ray diffraction, scanning electron microscope,
and thermogravimetric analysis. The hydrophobic, magnetic, and
electromagnetic interference shielding properties were investigated by
measuring the static water contact angle, the magnetic hysteresis loops,
and the shielding effectiveness. The resulted composites exhibited a
unigue inner structure with a larger iron oxide size and content (492 nm
and 26.1 wt%) on the interlayer surface in comparison to the core layer
(135 nm and 18.7 wt%). The magnetic response can be controlled by the
loaded iron oxide content and the copper film deposition. Sputtering
copper film changed the surface free energy, and created rough micro-
/nanostructures, which yielded a highly hydrophobic nature (133° in water
contact angle), and approximately 99.2% of the electromagnetic energy
was shielded by the 0.8 mm thick composite.
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INTRODUCTION

The rational growth and array design of nanostructures on polymeric matrices are
of great importance in terms of constructing multifunctional materials with high
performance. Considering the merits of different materials, the design of functional
composite materials with excellent constructions, e.g., sandwich structure, are emerging as
an effective way to solve the paradox between different properties, such as high breakdown
strength and enhanced permittivity (Wang et al. 2017). A sandwich-structured composite,
which is composed of an electrically conductive layer and a carbonaceous or polymeric
substrate, has potential advantage as an electromagnetic interference (EMI) shielding
media by combining the characteristics of conductivity and stable interlayers (Liu et al.
2014). To date, sandwich-structured composites comprising of carbonaceous materials,
transition-metal oxides, conducting polymers, etc. have been widely designed
(MnO2/Mn/MnO2 (Li et al. 2012), Graphene-FesOs@Carbon (Zhao et al. 2015),
Co30s@Carbon Fiber@Co304 (Shi et al. 2018), ZnO/ZnS/Au (Liu et al. 2015c), C/Ge/
Graphene (Li et al. 2013), Nafion/PtRu@SiO2/Nafion (Wu et al. 2013), Pt@ZSM-5
nanosheets (Liu et al. 2019), C@Si@C nanotube array (Liu et al. 2015a), PANI/
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graphene/PANI (Tong et al. 2014), PVDF@BT/PVDF/BT@PVDF (Wang et al. 2017),
NaYFs@NaYFs: Er**/Yb* @NaYF4 (Zhang et al. 2018), and PVDF/PMIA/PVDF (Zhai et
al. 2014), PVDF/BaSrTOs/TiO2 (Hu et al. 2013)) and applied in supercapacitors (Liu et al.
2015b; Choi et al. 2016), lithium batteries (Song et al. 2014a; He et al. 2015), hydrogen
storage (Feng et al. 2016; Han et al. 2017), biological detection (Meher and Rao 2013),
photocatalysts (Tian et al. 2014), surface-enhanced Raman scattering (Liu et al. 2014), and
anisotropic conductive films (Yang et al. 2019) to improve device performance. However,
most of these structural materials are confined to nanocomposites or composite membrane
materials. For practical applications, these sandwich-structured nanocomposites have to be
further processed by mixing in order to form the macroscopic composites. In addition, these
materials are usually subjected to high temperature treatment, and thus they have to rely
on additional binders during further processing.

The rapid development of technology along with various electronic devices, e.g.,
communication facilities, wireless networks, and portable digital hardware, has drawn the
most concern in terms of electromagnetic pollution. Electromagnetic radiation not only
interferes with the operation of electronic devices, but it also causes serious health risks in
humans (Song et al. 2014b). Multifunctional materials, such as EMI shielding products,
play a more important role in today's society in terms of blocking and attenuating
unexpected electromagnetic irradiations (Munaweera et al. 2014; Gan et al. 2017b). In
recent years, searching for electromagnetic attenuation materials has become a hot topic.
Incorporating conductive fillers into polymeric matrices is considered to be an effective
way to fabricate EMI shielding materials, owing to their easy processing and adjustable
shielding performances (Wang et al. 2019a). Most of the research focuses on introducing
various carbon materials, e.g., graphene, carbon nanotube, carbon nanofiber, and carbon
black (Li et al. 2006; Al-Saleh et al. 2013; Lee et al. 2017); metal oxides, e.g., FesOa,
MnOz2, and CrO2 (Menon et al. 2019; Wang et al. 2019a); and noble metals, e.g., Au
nanoparticles and Ag nanowires (Fang et al. 2016; Sun et al. 2018) into polymeric matrices,
such as polyurethane (PU) and polyaniline (PANI) (Thomassin et al. 2013; Shen et al.
2016), for high-efficient EMI shielding. These composites comprising of conductive fillers
and polymers can achieve the desired EMI shielding performance. However, there still
remains some challenges, namely the high cost of electrically conductive fillers, e.g., the
widely used graphene and PANI, and the environmental impacts due to petroleum-derived
polymer substrates.

Natural fibers for functionalized composites have attracted an increasing amount of
attention in the applied fields of biomedicine, electronics, and energy, due to their low cost,
lightweight nature, high chemical stability, as well as being environmentally friendly (Gan
et al. 2017a). In addition, biomass-derived fibers, e.g., wood fibers, usually have a hollow
cell wall structure, which can serve as an efficient substrate for loading conductive active
materials in order to improve EMI shielding properties. The existing method for fabricating
EMI shielding natural fiber composites is to first introduce electrically conductive
materials, such as iron oxide (Ding et al. 2015; Xia et al. 2016b), carbon nanotubes
(Tzounis etal. 2014), or powdered activated carbon (Xia et al. 2015), into the natural fibers,
and then to use these treated fibers to fabricate the final EMI shielding composites.
However, owing to the limited void space in fiber lumina for the filler loading, the EMI
shielding function of natural fiber composites is restricted. Moreover, these composites are
fabricated with the assistance of additional adhesives, such as phenol formaldehyde and
urea formaldehyde. Coating a thin metal film on the surface of the composite can also
achieve the EMI shielding. Especially for natural fiber materials, their hydrophilic defects
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can be solved by depositing a hydrophobic metallic film. Compared to other coating
substances, copper can be used to form the thin films needed for EMI shielding applications
while providing oxidation resistance and acceptable costs (Wu et al. 2018). Meanwhile,
magnetron sputtering provides a convenient copper film coating route with a high
deposition rate (Kim et al. 2018; Wang et al. 2019b). Researchers have reported that
magnetron sputtering a thin copper film onto the surface of natural fiber composites for
EMI shielding demonstrated good hydrophobicity from the resulting composite (Xia et al.
2016a; Wang et al. 2019b). However, the heterogeneous interfacial bonding between the
biomass substrates and the metallic coatings becomes a challenge when the thin metallic
films are directly deposited onto the cellulosic fiber surfaces.

In this work, a novel sandwich-structured natural fiber composite was developed.
The magnetic interlayer is comprised of natural fibers and iron oxide particles, while the
outer layers are a thin copper film. The iron oxide compounds were first in situ synthesized
into a porous natural fiber matrix. The moist fiber matrix/iron oxide complex was then
densified via hot pressing. Finally, the densified magnetized fiber matrix was sandwiched
between thin copper films via magnetron sputtering. The morphology and compositions
were characterized via scanning electron microscopy (SEM), energy-dispersive
spectroscopy (EDS), X-ray diffraction (XRD), Fourier transform infrared spectroscopy
(FTIR), and X-ray photoelectron spectroscopy (XPS). The hydrophobicity, thermal
stability, magnetic function, and EMI shielding properties were investigated via
thermogravimetric analysis (TGA), static water contact angle, magnetic hysteresis loop,
and EMI shielding effectiveness, respectively.

EXPERIMENTAL

Materials

The chemi-thermomechanical pulp fibers from poplar wood were fabricated in the
laboratory by reference to our previous work (Wang et al. 2018). All of the following
chemicals were purchased from the Sinopharm Chemical Reagent Company (Beijing,
China): iron trichloride hexahydrate (FeCls:6H20 greater than 98.0% purity), iron
dichloride tetrahydrate (FeCl2-4H20, greater than 98.0% purity), hydrochloric acid (HCI
38.0%), and ammonium hydroxide solution (NH3z-H20 28.0%).

In situ synthesis and densified treatment for the composite interlayer

The in situ synthesis of the iron oxide compounds was performed on a natural fiber
matrix (0.29 g cm™3), which was made of pulp fibers via a mild molding process. A 40 mm
x 40 mm x 3.8 mm fiber matrix was impregnated in an acidic solution containing FeCl2
and FeCls at room temperature for 3 h. The mixed solutions (60 mL) were prepared with
different iron ion contents (3.75E-3 mol Fe®*/1.875E-3 mol Fe?*, 7.5E-3 mol Fe**/3.75E-3
mol Fe?*, and 1.5E-2 mol Fe®*/7.5E-3 mol Fe?"). Subsequently, the iron ion solutions
(containing the fiber mat) were heated at 80 °C in a water bath, and the pH value of the
reaction solution was adjusted to 9.0 by adding ammonium hydroxide, which was
maintained for 1 h while stirring. According to previous reports (Pang et al. 2010; Chin et
al. 2014), the iron oxide compounds were in situ synthesized in the fiber matrix.

The densification of the natural fiber/iron oxide complexes was performed at a high
temperature without using any binders. After an ultrasonic wash in distilled water, the
magnetized fiber matrices (with a moisture content of ca. 50%) were hot pressed at 170 °C
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and 4 MPa for 20 min. Then the densified magnetized fiber matrices (DM-FM) were
obtained. The DM-FM composites (i.e., the interlayer used for the magnetic composites)
with an iron oxide loading content from low to high were coded as DM-FM-a, DM-FM-D,
and DM-FM-c, respectively. Note that the iron oxide particles and the natural fiber matrices
were also separately compressed at 170 °C, and the obtained hot-pressed iron oxide and
pristine fiber sheet were used as the control groups.

Thin copper film magnetron sputtering for the sandwich structure

The sandwich structure was constructed by depositing a thin copper film on the
surface of the DM-FMs to instill a highly hydrophobic nature and increase EMI shielding
performance. A DLZ-01 plasma-based ion injector (Harbin Institute of Technology,
Harbin, China) was used to deposit the thin copper film using a high-purity copper target
(99.9%). A copper target current of 300 mA was applied during the deposition process.
The sputtering vacuum pressure was adjusted to approximately 0.5 Pa using argon gas with
a flux of 30 sccm. Prior to the sputtering, each sample was cut to 20 mm x 20 mm. The
processing time was set for 1.0 h. The sputtered DM-FM-c specimen was coded as SDM-
FM-c.

Methods

The scanning electron microscope (SEM) observations were performed with FEI
Quanta-200 microscopy (Hillsboro, OR, USA) equipped with an energy-dispersive
spectroscopy (EDS) detector for element analysis. To determine the particle size
distributions, ca. 200 metal grains were measured in the obtained SEM images with a
10000 X magnification for each sample. The X-ray photoelectron spectroscope (XPS)
analysis was carried out with a Thermo Escalab 250Xi spectrometer (Waltham, MA, USA)
equipped with a dual X-ray source using Al-Ka, where the deconvolution of the
overlapping peaks was conducted with a mixed Gauss-Lorentz fitting software program
(XPSPEAK41, Thermo Fisher Scientific Company, Waltham, MA, USA). The X-ray
diffraction (XRD) spectra were recorded with a Rigaku D/max 2200 instrument (Tokyo,
Japan) at a scan rate 8 °min and a scan range (26) from 5° to 80°. The crystallinity index
was calculated using the Segal method (Fei et al. 2017). The Fourier transform infrared
(FTIR) spectra were recorded with a PerkinElmer Frontier instrument (Waltham, MA,
USA) in the range from 4000 cm™ to 400 cm™ with a resolution of 4 cm™. The thermal
properties, in terms of thermogravimetric (TG) analysis and its derivative
thermogravimetric (DTG) analysis were studied with a TA SDT Q600 simultaneous
thermal analyzer (TA Instruments, New Castle, DE) by heating the samples from room
temperature to 900 °C with a heating rate of 20 °C/min under a nitrogen flow of 100
mL/min. The ash content was determined with a YX- HF ash monitor (Xuyu Technology
Co., Ltd, Tianjin, China) at 900 °C for 60 min, according to standard GB/T 742 (2008).
Iron oxide only undergoes phase transformation with minimal weight loss under the
pyrolysis conditions with a temperature range of 200 °C to 900 °C (Pan et al. 2011). Thus,
the iron oxide loading content can be evaluated by calculating the residual ash content,
with the exception of the natural fibers. The thickness of the thin copper film was measured
using a back scattered electron imaging technique with a SEM by observing the sample
cross-sections (Zhu et al. 2008).

The hydrophobic properties of the samples were characterized by the static water
contact angle at a contact time of 1 min, using an OCA20 contact angle analyzer (Data
Physics Co., Regensburg, Germany) at ambient temperature, and five measurements at
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different places were averaged as the water contact angle value. The magnetic properties
were measured on a LakeShore 7404 vibrating sample magnetometer (VSM) (Lake Shore
Cyrotronics, Westerville, OH) at room temperature with an applied field of -15 kOe to 20
kOe. The EMI shielding effectiveness (SE) measurements were conducted with an Agilent
N5244A PNA-X Network Analyzer (Santa Clara, CA, USA). The scattering parameters
(S11 and Sz1) in the frequency range of 8.2 GHz to 12.4 GHz were recorded. The total EMI
SE (SEttar), absorption shielding (SEa), and reflection shielding (SEr) were obtained using
Eqg. 1, Eq 2., and Eq 3. The SEtwta can be expressed as Eq. 1,

SEtotal (dB) = 101g (P,/P,) = 201g (E,/E,) = SE5 + SEg + SEy (1)

where P1 (E1) and P2 (E2) are the power (electric field) of incident and the transmitted
electromagnetic wave, respectively (Wan and Li 2016). SEa, SEr, and SEwm are the
shielding effectiveness due to absorption, reflection, and multiple internal reflection,
respectively (Wan and Li 2016). Usually, the SEm can be ignored when the SEtotal is higher
than 10 dB (Bora et al. 2016). In addition, SEr and SEa can be described by Egs. 2 and 3,

SEg = —10lg (1 — R) 2
SEx = —101g (T/(1 = R)) 3)

where the reflected power (R) and transmitted power (T) can be derived from the scattering
parameters (Sij denotes the power transmitted from port i to port j), viz., R = |S11? = |S22[%,
T = |S12> = |S21f? (Bi et al. 2017). The absorbed power (A) is calculated from the reflected
and transmitted power, viz., A=1- R- T. There are several factors that can affect the EMI
shielding effectiveness, e.g., conductivity, complex permeability, and complex permittivity
(Bora et al. 2016).

RESULTS AND DISCUSSION

Preparation Process of Natural Fiber-Based Magnetic Composites

The sandwich-structured magnetic composites were developed via a three-step
procedure including in situ synthesis of iron oxide compounds, densification of the
fiber/iron oxide complex, and copper film magnetron sputtering (as shown in Fig. 1). The
densified composite interlayer was sandwiched between thin copper films to form the final
magnetic composites.

As shown in Fig. 1, the composite interlayers were fabricated from a porous natural
fiber mat. During the in situ synthesis process, the ammonia penetrated the fiber mat
surface into its interior, which formed an ammonia concentration gradient. Thus, the iron
oxide was unevenly grown and distributed in the fiber mat. In order to improve the
interlayer strength, the fiber/iron oxide complex (ca. 50% moisture content) was densified
via hot pressing, which could also enable the immobilization of the iron oxide compounds
within the fiber mat. It is worth noting that the in situ method can allow for a higher iron
oxide loading content due to the larger pore spaces in the fiber mat.

The outer layers of the composites were constructed via magnetron sputtering
copper film on the surfaces. Owing to the gradient iron oxide distribution, the nano-sized
iron oxide particles were beneficial to the internal bonding strength, and the formed surface
metallic texture could also be conducive to the copper film deposition.
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Fig. 1. Schematic to illustrate the fabrication processes for the natural fiber-based magnetic
composites

Characterizations via SEM, EDS, XRD, FTIR, and XPS

The microstructures and element components of the magnetic composites were
investigated via SEM observations and EDS analysis, respectively (as shown in Fig. 2). As
shown in Fig. 2a and Fig. 2e, the pristine fiber sheet showed a smooth surface without any
heterogeneous particles. These fibers were well intertwined and bonded. Figures 2b, 2f,
and 2m exhibit the inner morphology of the magnetic composites, where the iron oxide
nanoparticles, with uniform sizes (ca. 135 nm in diameter), were densely bonded and
arrayed onto the surface of the fibers. The porous fiber mat allowed for the full penetration
of the iron ions into the inter-fiber pores, which facilitated the formation of iron oxide
nanoparticles in situ within the fiber mat. Figures 2c, 2g, and 2n show the interlayer surface
of the magnetic composites, where the larger-sized iron oxide particles (492 nm in
diameter) were formed on the surface. This could be attributed to the inhomogeneous
growth and array of iron oxide compounds in the natural fiber matrix during the in situ
synthesis and hot pressing processes; thus, a hierarchical structure was constructed in the
interlayer. Notably, the enrichment of iron oxide not only serves as a protective layer for
the cellulosic substrate, but also provides enough metallic sites for structural interlocking
with the sputtered thin copper film. The rough metallic surface comprising of oxide
particles and micro-sized fiber network provided a platform for copper atoms penetration
and the corresponding film attachment. Figures 2d, 2h, and 20 show the outer layer of the
magnetic composites. As expected, the nano-sized spherical copper grains (497 nm in
diameter) were densely deposited on the iron oxide loaded fiber surface, and a highly
metallic texture was formed on the surface of the composites.
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Fig. 2. SEM images of the core layers (a: pristine fiber sheet; b: DM-FM-c) and the outer layers (c:
DM-FM-c; d: SDM-FM-c), and their corresponding high-resolution SEM images are presented in
(e), (f), (9), and (h), respectively. The EDS spectra of the core layers (i: pristine fiber sheet; j: DM-
FM-c) and the outer layers (k: DM-FM-c; I: SDM-FM-c). The statistical grain size distributions of
iron oxide are shown (a: core layer of DM-FM-c; b outer layer of DM-FM-c) and thin copper film (c:
outer layer of SDM-FM-c).

The pristine fiber sheet was primarily composed of C and O elements, determined
by the EDS analysis (Fig. 2i). After the in situ synthesis of the iron oxide compounds,
strong Fe peaks appeared at 0.73 keV and 6.41 keV, (Fig. 2j), which indicated the
successful introduction of iron oxide into the fiber mat, which also resulted in the O/C
value decreasing from 0.62 to 0.55. Importantly, from the core layer to the outer layer of
the magnetic composites (as shown in Fig. 2j and Fig. 2k), the Fe content increased from
18.7 wt% to 26.1 wt%, and the O/C value decreased from 0.55 to 0.52, which demonstrated
the gradient distribution of the iron oxide compounds in the interlayer, and was in good
agreement with the SEM observation results. Thus, the hierarchical structure of the
composite interlayer was further demonstrated. After sputtering the thin copper film, strong
copper peaks appeared at 0.96 keV and 7.96 keV (Fig. 2l), and the copper content was as
high as 94.2 wt%. Except for the pristine fiber sheet, a weak Cl peak was detected in other
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samples, which was owed to the hydrochloric treatment that was part of the synthesis
process.

The crystal structures of the magnetic composites were analyzed via XRD (Fig. 3).
The pristine fiber sheet revealed a typical cellulose | crystal structure with a main
diffraction peak at 22.5° (002 lattice plane) and a shoulder in the region from 14° to 17°
(Mmed et al. 2010; Sonia and Dasan 2013). The hot-pressed iron oxide (170 °C) exhibited
six peaks at 30.3°, 35.7°, 43.0°, 53.8°, 57.2°, and 62.8°, corresponding to the (220), (311),
(400), (422), (511), and (440) planes of the y-Fe20s3 crystal structure (JCPDS card no. 39-
1246), respectively (Pan et al. 2011). The XRD pattern of the magnetic composites verified
the co-existence of y-Fe203 and cellulose | crystals. The crystallinity index decreased from
68.4% (the pristine fiber sheet) to 41.3% (the magnetic composites), which could be related
to the hydrochloric acid treatment during the synthesis process. Three peaks at 43.4°, 50.5°,
and 74.3°, which corresponded to the (111), (200) and (220) planes of copper (JCPDS card
no. 04-0836), were observed for the sputtered composites, which indicated that the thin
copper film was deposited onto the composite interlayer surface (Wiatrowski et al. 2011).

o l SDM-FMc

Iron oxide (170 *C)

Intensity (a.u.)

Priztine fibar shaat

JCPDS Ne. 39-1344

10 20 a0 40 50 a0 i 80
2 Theta (°)

Fig. 3. The XRD patterns of magnetic composites (The bottom line is the standard JCPDS card
No. 39-1346 for y-Fe20s3)

The chemical compositions of the magnetic composites were analyzed via FTIR
and XPS (Fig. 4). As shown in Fig. 4a, the absorption band at 579 cm™* was assigned to the
Fe-O vibrations in the iron oxide compounds (Qian et al. 2009). After the insertion of iron
oxide, there was an enhanced absorption peak centered at 579 cm™ found in the magnetic
composites. Moreover, the decreased absorption intensities at approximately 1034 cm™,
1373 cm, and 1425 cm™ corresponded to the C-O, C-H, and CH2 groups of cellulose,
respectively (Belouadah et al. 2015). This also indicated a transformation of the cellulosic
material into a metallic texture during the synthesis and sputtering processes. The
absorption bands at approximately 1638 cm*and 3430 cm™ were assigned to the vibrations
of water molecules (Ramandi et al. 2017). The absorption peaks at 1732 cm™ and 2885 cm"
! i.e., the characteristics of unconjugated CO groups and symmetrical CH groups in
hemicelluloses, showed a decreased intensity, which indicated that the hemicelluloses were
partly degraded during the in situ process (Mulinari et al. 2016).
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Fig. 4. The FTIR spectra (a) and high-resolution XPS spectra of (b) Fe 2p, (c) O 1s, and (d) Cu
2pz2 for magnetic composites.

To further clarify the compositions of the iron oxide compounds and copper film,
the high-resolution XPS spectra of Fe 2p, O 1s, and Cu 2ps2 were measured (Figs. 4b, 4c,
and 4d). As shown in Fig. 4b, two peaks at 710.8 eV and 724.5 eV were assigned to the Fe
2ps2 and Fe 2pi2 electron binding energies, respectively. Two satellite peaks were
observed on both sides of the Fe 2p12 peak. These satellite structures are characteristic for
Fe** and indicate the absence of Fe?* (Zhang et al. 2011; Wu and Wang 2014).
Interestingly, a new split peak appeared at 530.1 eV (Fig. 4c), which was assigned to the
oxygen atom that was bound to the iron atoms (Fe-O) (Li et al. 2016). These results
confirmed the presence of y-Fe2Os in the magnetic composites.

The peak fitting results of Cu 2psi2 are shown in Fig. 4d to study the copper states
in the film. The main Cu2ps2 peak at 932.7eV represented the Cu® in Cu metal, while the
minor Cu 2psi2 peak at 934.6eV (along with two satellite peaks at 941.8 eV and 944.1 eV)
were assigned to the Cu?* state in CuO, as reported by Meng et al. (2016), Nourbakhsh et
al. (2016), and Liu et al. (2017). Compared with the Cu?* content (38%), a higher Cu°
content (62%) was obtained through calculation of the peak area, which indicated that most
of the surface copper atoms are metallic.

Hydrophobicity, Thermal Stability, Magnetic Responsivity, and EMI
Shielding Performance

The sample dimensions and iron oxide content of the natural fiber-based magnetic
composites are listed in Table 1. The fiber mat showed a reduction in thickness of
approximately 73%, and correspondingly showed a 3.8-fold increase in density after a hot-
pressing treatment. This resulted in the magnetic composites having a thickness of ca. 0.8
mm. The iron oxide loading content ranged from 4.0% to 11.2% by increasing the iron ion
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concentration during the in situ process. The sputtered copper thin film showed a thickness
of approximately 1.7 pm.

Table 1. Sample Dimensions and Iron Oxide Loading Contents

s Thickness | Density Iron Oxide Content Copper Film
amples (mm) (g cm3) (%) Thickness
(Um)
Fiber mat 3.0 0.29 — _
DM-FM-a 0.8 1.05 4.0 —
DM-FM-b 0.8 1.08 6.2 _
DM-FM-c 0.8 1.09 11.2 _
SDM-FM-c 0.8 1.10 11.2 1.7

The hydrophobic properties and surface conductivity are presented in Fig. 5. The
pristine fiber sheet showed a water contact angle of ca. 77°. When the thin copper film was
depositing onto the composite fiber/iron oxide interlayer, the water contact angle was
increased to approximately 133° (Fig. 5b), which indicated that the surface wettability
changed from hydrophilic to hydrophobic. The deposition of the copper atoms was
continuous on the composite interlayer surface, which could be confirmed by testing the
surface conductivity (Fig. 5¢). The formation of nano-sized copper grain papillae (ca. 500
nm) on top of micropapillae (10 um to 18 um) formed by the interwoven fibers could be
one reason for the increase in hydrophobicity. In addition, the decrease in the surface free
energy, i.e., 50 mJ m for the cellulosic substrates and 18 mJ m for the copper film, could
also contribute to the improvement of hydrophobic property (Mohammed-Ziegler et al.
2004; Khan et al. 2017).

77+£2° n133+4 (c)
Mlcropaplllae (10-18 um) V\lano papillae (ca. 500 nm)
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Fig. 5. The water contact angles of (a) pristine fiber sheet and (b) magnetic composites and the
surface conductivity of magnetic composites (c)

The thermal stability was studied via TGA (Fig. 6). It could be seen that the pristine
fiber sheet started to degrade at 226 °C due to the degradation of the hemicelluloses and
presented a major degradation peak at 384 °C due to the cellulose depolymerization (Wang
et al. 2018). However, the initial thermal degradation of the magnetic composites shifted
to a lower temperature (187 °C) with a maximum degradation rate at 360 °C. It
demonstrated a slight reduction in thermal stability after the in situ and hot pressing
processes, which was consistent with the results of the FTIR and XRD analyses, i.e., the
partly-degraded hemicelluloses and decreased crystallinity. Besides that, the formed iron
oxide compounds might exhibit a catalytic effect on the thermal decomposition (Lan et al.
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2015). It was noted that the magnetic composites showed a lower weight loss (61.7%)
compared to the pristine fiber sheet (84.8%) at temperature ranges of 180 °C to 450 °C.
The magnetic composites also remained at a higher residual ash weight than the pristine
fiber sheet at 880 °C. Interestingly, a DTG peak emerged at ca. 610 °C for the magnetic
composites, which could be attributed to the phase transition from y-Fe2Os3 into a-Fe203
(Pan et al. 2011; Piraman et al. 2016).
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Fig. 6. TG and DTG spectra of the magnetic composites

The magnetic responsivity was evaluated by measuring the magnetic hysteresis
loops (Fig. 7a). As shown in Fig. 7a, except for the pristine fiber sheet, all the magnetic
composites showed that the coercivity and remanence were close to zero in the
magnetization curves, which definitely demonstrated ferromagnetic properties (Ramandi
et al. 2017). The saturation magnetization (Ms) was increased, from 1.5 to 4.4 emu/g, with
the iron oxide loading content increasing from 4.0% to 11.2% (as shown in Table 1), which
indicated that a stronger magnetic response could be achieved by increasing the iron oxide
loading amount. Interestingly, the saturation magnetization was further increased to 5.7
emu/g after sputtering copper film onto the fiber/iron oxide complex, which could be
attributed to the increased specimen thickness after coating and the changes in the
ferromagnet lattice constant after the copper doped (Jain et al. 2018). This was not
surprising since similar magnetization changes had also been reported for copper doped
alloy films (Khan et al. 2016).
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Fig. 7. Vibrating sample magnetometer spectra (a) and EMI shielding effectiveness of the magnetic
composites (b)

The EMI shielding performance was analyzed by determining the shielding
effectiveness (SE) (Fig. 7b). As shown in Fig. 7b, after sputtering the copper films, the
EMI SE increased from 0.44 to 20.7 dB, which indicated that approximately 99.2% of
electromagnetic energy was effectively shielded by the magnetic composites. The EMI
shielding mechanism was studied by comparing the contributions of the reflected and
absorbed powers to the incident power. Compared to a 15.0% power loss due to absorption,
up to 84.2% of the incident power was attenuated by reflection, which demonstrated that
the EMI shielding of the magnetic composites was wave-reflection dominant (Lv et al.
2016; Zhao et al. 2016). This could be attributed to the sputtered thin copper film with a
high complex permittivity and a low complex permeability (Qiang et al. 2015; Bera et al.
2017; Liu et al. 2018). Thus the developed composites could have enormous potential in
electronic and building applications, such as circuit/coating constructions.

Wang et al. (2020). “EMI shielded fiber composites,” BioResources 15(4), 8384-8402. 8395



PEER-REVIEWED ARTICLE b | oresources.com

CONCLUSIONS

1. A novel natural fiber-based magnetic composite with a sandwich structure was
developed in this work. It is comprised of a composite interlayer containing natural
fibers and iron oxide, and two outer layers deposited with a thin copper film. The iron
oxide loading content was controllable and could be as high as 11.2%. This high
loading content was contributed to the abundant pore structures in the fiber matrix,
which allowed for greater iron oxide loading amounts.

2. The magnetic composites exhibited a gradient interlayer with a smaller iron oxide
particle size of ca. 135 nm and a total iron oxide content of 18.7 wt.% for the core layer,
and an iron oxide particle size of ca. 492 nm in size and a total iron oxide content of
26.1 wt.% for the interlayer surface, which also constructed a metallic texture and
supported the thin copper film magnetron sputtering.

3. The formed sandwich structure demonstrated a positive effect on improving the
targeted properties. The resulting composites exhibited good thermal stability
(maximum degradation rate at 360 °C), surface hydrophobic property (water contact
angle of 133°), magnetic responsivity (saturation magnetization of 5.7 emu/g), and
electromagnetic interference shielding performance (99.2% of the electromagnetic
energy was shielded with a thickness of 0.8 mm).
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