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Carbon-based materials, such as graphite foil, are widely recognized as excellent electromagnetic interference
shielding materials due to their outstanding electrical conductivity, lightweight nature, and chemical inertness.
While these materials serve as effective shields at high frequencies, their shielding performance for
electromagnetic waves in the extremely low frequency regime is significantly diminished. In this manuscript, we
propose an approach to fabricate carbon-based shielding materials that can be applied over the muiltiple
electromagnetic spectral regions. By electrochemically depositing nickel, cobalt, and iron (NiCoFe) alloy film
onto a graphite foil, we achieved a shielding composite covering extremely low and X-band frequencies. The
nanostructured NiCoFe alloy film with excellent electrical and magnetic properties enhanced shielding
effectiveness in the high-frequency regime by reflection and absorption, whereas extremely-low-frequency
magnetic fields were effectively shielded through magnetic flux-shunting mechanisms. The enhanced shielding
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performance of the NiCoFe/graphite foil was also accompanied by improved thermal and mechanical
properties. As our process is facile and scalable, we anticipate that this composite shielding strategy will
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Introduction

The ever-expanding usage of electronics and communication
technology has filled our daily lives with electromagnetic
(EM) radiations from diverse sources, including mobile phones,
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potentially serve as a promising solution for practical electromagnetic interference shielding applications.

personal computers, and televisions, the internet, wireless net-
works, and aerospace communication technologies. In particular,
the number of wireless local area network (WLAN)-connected
devices in major cities worldwide has more than doubled between
2016 and 2021, highlighting the increasing pace of technological
development and the expanding range of applications." Shielding
against electromagnetic interference (EMI) is therefore increas-
ingly important to ensure the stable operation of devices without
malfunctioning and to guarantee reliable transmission and recep-
tion of information for wireless communication.? Furthermore,
EMI shielding is also crucial for minimizing the potential hazards
to human health because prolonged exposure to EM radiations
can result in various health issues including cancer, sleep dis-
orders, cognitive abnormalities, and cardiovascular diseases.””

The ability of a material to shield against EMI is evaluated by
the shielding effectiveness (SEr), which is defined as the
logarithmic ratio of the powers (P), or the intensities of the
electric (E) and magnetic (H) fields, of the incident and trans-
mitted EM waves expressed in decibels.®

SEr = 10log (P/P;) = 201og|Ei/E:| = 20log|Hi/H,| (1)

where subscripts i and t denote the incident and transmitted
EM waves. In general, the EMI shielding by a material is
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achieved by contribution from three loss mechanisms: (1)
reflection (SEg), (2) absorption (SE,), and (3) multiple reflec-
tions (SEy)

SEp = SEg + SE, + SEy (2)

where the multiple reflection term is typically negligible when
the thickness of the shield is larger than the skin depth or when
SEr > 15 dB.”® The reflection loss occurs because part of the
incident EM wave is reflected by the response of free electrons
at the shield surface. For a plane EM wave, whose electric and
magnetic fields perpendicular to each other and related by the
intrinsic impedance of the medium, the reflection loss scales
with the mismatch between the impedance of free space
(no = Vp/e0 = 377Q, where are g, and pu, permittivity and
permeability of free space) and the impedance of the shield
(n).° For a conductive shield (i < 1), the reflection loss can be
described by the following equation.®

(n+ ’70)2

SEr = 201log ym
0

] o

~ 20 logﬁ =395+ lOlogm (3)
where f is the frequency of the EM wave, and ¢ and u are the
electrical conductivity and magnetic permeability of the shield,
respectively.® The portion of the EM wave passing through the
shield is attenuated by various mechanisms, including ohmic
losses from induced currents, interactions between the EM
wave and electric/magnetic dipoles, as well as losses from
magnetic hysteresis and eddy currents.>'® As a result, the field
intensity exponentially decays with a characteristic attenuation
coefficient («) and thus the absorption loss is expressed by
the following equation for a shielding material with a thickness
of ¢.

SEA = 20loge™ = 8.681\/nf uc @)

The most common sources of electromagnetic pollution in
daily life are radio frequency EM waves with frequencies ran-
ging from tens of megahertz (MHz) to tens of gigahertz (GHz),
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which are used for FM radio, mobile phones, wireless network,
microwave ovens, and radar. In this frequency regime, the
traveling EM wave can mostly be considered as a uniform plane
wave since the near-field region only extends several centi-
meters to meters from the source, and the wave impedance
(Zw, defined as E/H) is equal to the impedance of free space
(Zw = 1o ~ 377 Q).° Therefore, materials with high electrical
conductivities (small #) are typically the most effective shielding
materials for MHz- and GHz-frequency EM waves owing to their
large impedance mismatch with free space that leads to high
SEg (eqn (3)), along with high SE, for ohmic loss (eqn (4))."*°
Metals such as aluminum and copper are conventionally used
as EMI shielding materials due to their high electrical con-
ductivities, but they are susceptible to corrosion and are
relatively heavy.'® Carbon-based materials, including carbon
nanotubes, graphite, and graphene, have been widely investi-
gated as alternative EMI shielding materials due to their
excellent electrical properties, corrosion resistance, lightweight
nature, and mechanical flexibility.'” > With electrical conduc-
tivities ranging from 10" to 10° S m™ ', EMI shields based on
these carbon materials have demonstrated excellent shielding
effectiveness across wide frequency ranges, including the X-
band (8.2-12.4 GHz), commonly employed in radar, satellite
communication, and wireless computer networks."”

While conductive materials are effective in shielding high-
frequency EM waves through reflection and absorption, shield-
ing against extremely low-frequency EM waves (1-300 Hz) from
magnetic field sources is challenging regardless of the thick-
ness of the conductive shield. In this frequency regime, the
near field region extends up to 1000-100 000 kilometres from
the source, resulting in the EM wave behaving differently from
a plane wave in most situations. Within the near-field region,
the EM wave exhibits predominance of either electric or mag-
netic fields, and its wave impedance deviates from the char-
acteristic impedance of free space.”*! Extremely low-frequency
EM waves from an electric field source (Z, > n,) exhibit a
higher impedance mismatch with the shielding material com-
pared to plane EM waves, enabling effective shielding through
the reflection mechanism. In contrast, the reflection loss for
EM waves from a magnetic field source (Z, < 7o) is negligible
due to their low impedance, especially at low frequencies
(SEr oc log(f)).° The mechanisms responsible for the EM wave
absorption (e.g. ohmic losses from induced currents and eddy
current losses) are also marginal in the extremely low-frequency
regime, resulting in minor absorption losses (SE, oc f*/?).° As a
result, an alternative approach is necessary to shield magnetic-
field-dominated EM waves with extremely low frequencies. One
such method is to divert the magnetic flux using materials with
high magnetic permeability.>> Because the highly permeable
shield has a much lower reluctance than free space, the mag-
netic field and flux will concentrate within the shield, effectively
protecting the region of interest against magnetic field. Ferro-
magnetic metals such as iron (Fe), nickel (Ni), and cobalt (Co)
are representative examples of high permeability materials that
can be used for shielding extremely low-frequency EM waves
from magnetic field sources, but less effective in shielding high-

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d4tc02611j

Published on 28 June 2024. Downloaded on 2/10/2026 10:54:18 AM.

Journal of Materials Chemistry C

frequency EM waves.”> Combining highly conductive materials
with these ferromagnetic metals in the form of composites
would enable high EMI shielding performance across both high
and low frequency regimes. However, ensuring the optimal
performance of each component, as well as achieving the
mechanical integrity, remains challenging.

Herein, we report an EM shielding foil by integrating
magnetically permeable NiCoFe ternary alloy films onto elec-
trically conductive graphite foils through a facile electrochemi-
cal deposition process. The NiCoFe/graphite composite shield
achieved excellent EMI shielding effectiveness in the X-band,
with the reflection and absorption losses higher than graphite
due to its higher electrical conductivity. Additionally, benefiting
from the magnetic properties of the NiCoFe layer, the compo-
site shield can also shield against magnetic-field-dominant
EM wave in the ELF regime, thereby demonstrating effective
shielding behavior over multiple spectral regions. The electrical
and magnetic properties of the NiCoFe/graphite composite and
individual components were characterized and compared to
confirm the benefits of the alloy for improved shielding per-
formance in different frequency regimes. Finally, the NiCoFe/
graphite foil exhibited enhanced thermal and mechanical
properties, highlighting the advantages of our strategy for
practical applications.

Results and discussion
Fabrication of NiCoFe/graphite composite EMI shield

EM waves can be categorized based on their frequency into
various groups, including microwave, radio wave, low frequency,
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and extremely low frequency (ELF) (Fig. 1a). Depending on the
frequency, different shielding strategies are needed to protect a
region from EM waves. For high-frequency EM waves such as
microwaves, materials with high electrical conductivities are
effective for EMI shielding, primarily through reflection with
the assistance of absorption (Fig. 1b).>**> On the other hand,
ELF waves from magnetic field sources mostly penetrate these
conventional shielding materials with minimal reflection and
absorption, which necessitates shields with high magnetic per-
meability to divert the EM wave from the region of interest based
on magnetic field-shunting effects (Fig. 1c).>**” To effectively
shield against both high-frequency and ELF EM waves, we have
designed a EMI shielding material by integrating the graphite
foil, which is characterized by excellent electrical properties
(high frequency shielding), and NiCoFe alloy film, which has
excellent magnetic properties (ELF shielding).

Fig. 2a depicts the process to form NiCoFe alloy films on
graphite foils using an electrochemical cell with an electrolyte
solution containing shielding metal ions and saccharin (Experi-
mental section in ESI). When a potential was applied, shielding
metal ions were deposited onto the graphite foil acting as the
working electrode. The inclusion of saccharin in the electrolyte
facilitated the formation of fine-grained NiCoFe deposits.”*>°
To ensure simultaneous reduction of Ni**, Co**, and Fe*" ions
essential for the uniform alloy formation and to achieve a high
deposition rate, we applied a constant DC voltage (4.5 V) much
higher than the standard reduction potentials of these elements
(=025 V, —0.28 V, and —0.44 V for Ni*', Co®*, and Fe*,
respectively),”’ resulting in a current density ranging from
—18 mA cm > to —19 mA cm > (Fig. S1, ESIf). In addition,
applying a high voltage increases the deposition rate and thus

~1 kHz DC
1

Extremely
Low low
frequency frequency
(ELF)
(c) ELF

Fig. 1 EMI shielding strategies for different frequency ranges. (a) Classification of the electromagnetic spectrum by frequency. (b) Conventional
approach for shielding against EM waves through reflection, absorption, and multiple reflections, which is commonly used for microwave shielding. (c)
Strategy for shielding against magnetic-field-dominated EM waves with extremely low frequencies through the magnetic flux-shunting mechanism.
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creates more nucleation sites for the formation of smaller grain
sizes, which can enhance the mechanical properties of the resulting
composite.** The successful deposition of the NiCoFe film was
visually confirmed by the presence of silver-colored region in the
photograph of the graphite foil after the electrochemical process
(Fig. 2b). Based on the scanning electron microscope (SEM) images
of the electrochemically deposited area on the graphite foil, we
observed that the NiCoFe film exhibited a fine-grained and uniform
film structure (Fig. S2, ESIT). The film thickness was ~7 um after
30 minutes of electrochemical deposition and increased to
~18 pum after 3 hours, as deduced from the cross-sectional SEM
images (Fig. S3, ESIf). To further analyze the structure and
composition in detail, transmission electron microscope (TEM)
images of the NiCoFe film surface were analyzed (Fig. 2c). The
image revealed that grains at the scale of tens of nanometers were
uniformly distributed across the film. Additionally, the film was
characterized with energy-dispersive X-ray spectroscopy (EDS) map-
ping to analyze the elemental composition of the electrochemically
deposited NiCoFe film. Over the region examined in Fig. 2d, the
distribution of Co, Ni and Fe atoms was uniform, indicating
the formation of alloy. The elemental ratio of the NiCoFe alloy
film was determined to be Ni:Co:Fe = 6:3:1 based on EDS
spectra (Fig. S4 and Table S1, ESIt). We also performed X-ray
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diffraction (XRD) analysis to elucidate the crystallinity of the
NiCoFe/graphite sample (Fig. 2e). In addition to peaks from the
graphite foil substrate (20 = 26.7° and 54.8°), characteristic peaks
associated with the NiCoFe ternary alloy were observed at 26 = 44.4°
and 51.3°. These peaks correspond to the (111) and (200) planes of
the face-centered cubic (FCC) Co and Ni, indicating that the NiCoFe
alloy forms an FCC crystal structure. Notably, we did not observe
peaks related to the body-centered cubic (BCC) arrangement of Fe,
which is the stable crystal structure of Fe at room temperature. The
absence of peaks related to BCC Fe suggests that the all three
elements are intermixed and form a homogeneous FCC phase.*?
The FCC structure of the NiCoFe alloy was further confirmed by
high-resolution TEM images. In particular, in the region shown in
Fig. 2f inset, the (110) surface of the FCC structure was clearly
identified with the measured interplanar spacing of the (111)
planes (d;y;) to be 2.14 A. This interplanar spacing corresponds
to the FCC lattice of Ni, indicating that the crystal structure of our
NiCoFe alloy film follows that of Ni, which was the most abundant
among the three constituent elements. As expected from the low-
resolution TEM image (Fig. 2c), the selected area electron diffrac-
tion (SAED) pattern showed ring patterns corresponding to
dy11 =2.14 A, further revealing that the film is polycrystalline and
comprises of fine grains with the FCC crystal structure. To analyze
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Fig. 2 Fabrication of NiCoFe/graphite composite EMI shield through electrochemical deposition. (a) Schematic illustration of the electrochemical
deposition process for creating NiCoFe alloy films on graphite foils. (b) and (c) Photograph and TEM image of the fabricated NiCoFe/graphite composite
EMI shield. (d) EDS elemental mapping of the NiCoFe alloy film obtained using TEM. (f) XRD patterns of graphite and NiCoFe/graphite foils. (€) HRTEM
image and SAED pattern of the NiCoFe alloy film. (g)—(i) Core-level XPS spectra of the NiCoFe alloy film: (g) Fe 2p, (h) Ni 2p, and (i) Co 2p.
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the bonding interactions among the constituent elements in the
NiCoFe ternary alloy, the NiCoFe/graphite foil was characterized
with X-ray photoelectron spectroscopy (XPS) (Fig. 2g-i). In the Fe 2p
core-level XPS spectrum, two main 2p;;, and 2py, peaks corres-
ponding to Fe>* (712.1 eV and 724.9 eV) and Fe’* (713.8 eV and
726.3 eV) were observed, along with satellite peaks (717.2 eV and
734.2 eV) and Fe® peaks (705.6 €V and 720.2 eV). Similar observa-
tions were found in Ni 2p and Co 2p core-level XPS spectra. In the
case of Ni, main peaks corresponding to Ni** (855.4 eV and 873.1
eV) and Ni*" (856.4 eV and 874.1 eV) were identified, as well as
satellite peaks (861.6 eV and 880.1 eV) and Ni® peaks (852.5 eV and
869.6 eV). Similarly, for Co, Co>" (780.3 eV and 796.3 eV) and Co™"
(781.7 eV and 797.7 eV) were observed, accompanied by satellite
peaks (785.5 eV and 802.8 V) and Co° peaks (777.8 €V and 792.8
eV). The peaks corresponding to the zero-valent states (Fe’, Ni’,
Co°) can be attributed to the Ni, Co, and Fe atoms uniformly
alloyed with each other to form a single phase,> while the
oxidation state peaks are associated with surface oxidation that
commonly occurs during sample preparation and exposure to
ambient air.*

EMI shielding effect of NiCoFe/graphite foil

As the electrical conductivity of the shield is an important factor
in determining the shielding effectiveness for high-frequency
EM waves, we first investigated the electrical properties of the
NiCoFe/graphite composite based on the sheet resistance
(Fig. 3a). We also characterized the graphite foil and free-
standing NiCoFe alloy film to measure the electrical properties
of each component (Experimental section in ESIt). The sheet
resistance of graphite foil was measured to be 60.9 mQ sq~*. The
free-standing NiCoFe alloy film exhibited a sheet resistance of

View Article Online
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34.4 mQ sq ', which suggests that the NiCoFe alloy was more
conductive than graphite. In the case of the NiCoFe/graphite
composite, the sheet resistance (33.4 mQ sq ') was nearly the
same as the free-standing NiCoFe film because the surfaces
consisted of the same NiCoFe alloy. The comparison of sheet
resistance among samples indicates the excellent electrical
conductivity of the electrochemically deposited NiCoFe alloy
and suggests additional synergistic shielding effects with the
graphite foil.

We then evaluated the EMI shielding effectiveness of the
samples in the high-frequency range, focusing on the X-band as
a representative region of high-frequency EM waves. Fig. 3b-d
show the total shielding effectiveness (SEp), along with the
absorption loss (SE,) and reflection loss (SEg), determined
based on the scattering parameters measured by a vector net-
work analyzer (Experimental section in ESIT). Graphite exhib-
ited a slightly higher shielding effectiveness (SEy) with an
average value of 54.50 dB in the X-band than the free-
standing NiCoFe alloy film (average SEr of 50.42 dB) (Fig. 3b).
Interestingly, the NiCoFe/graphite composite showed a notably
higher average shielding effectiveness of 68.90 dB compared to
the other two samples, highlighting that the integration of the
NiCoFe alloy onto graphite foil has granted an additional
shielding effectiveness. The enhancement in SEr of graphite
after NiCoFe deposition could mostly be attributed to the
increased absorption loss (SE,) (Fig. 3¢). The average SE, values
were 42.15 dB for the graphite foil, 35.35 dB for the free-
standing NiCoFe film, and 54.82 dB for the NiCoFe/graphite
composite. The average reflection loss (SEg) values were 12.35
dB, 15.07 dB, and 14.08 dB for graphite, free-standing NiCoFe
film, and NiCoFe/graphite, respectively, indicating that the
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Fig. 3 EMI shielding performance of NiCoFe/graphite composite for X-band EM waves. (a) Sheet resistance of the graphite foil, NiCoFe alloy film, and
NiCoFe/graphite composite. (b)—-(d) EMI shielding effectiveness of the graphite foil, NiCoFe alloy film, and NiCoFe/graphite composite: (b) total shielding

effectiveness, (c) absorption loss, and (d) reflection loss.
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presence of NiCoFe film also enhanced SEx due to the higher
conductivity of NiCoFe than that of graphite. Because the EMI
shielding effectiveness depends critically on the thickness of
the shielding material (SE, scales with the thickness although
SEg is mostly constant), we also evaluated the shielding effec-
tive normalized by the thickness. Specifically, we compared the
absolute shielding effectiveness (SSE/¢) of the samples, which
were obtained by dividing the measured shielding effectiveness
by the thickness and density (Fig. S5, ESIf). The NiCoFe/
graphite composite exhibited higher SSE/t values compared to
the pristine graphite foil in the X-band regime, further con-
firming the advantage of introducing the NiCoFe alloy film for
enhancing the EMI shielding performance. Although the free-
standing NiCoFe film outperforms the NiCoFe/graphite com-
posite in terms of SSE/t, combining the NiCoFe alloy with
graphite foil is more practical because producing NiCoFe films
at thicknesses comparable to graphite for use as a stand-alone
shielding material is challenging and cost-prohibitive. The total
shielding effectiveness of the NiCoFe/graphite composite can
further be enhanced by increasing the thickness of the NiCoFe
film (Fig. S6, ESIY).

For the characterization of the shielding performance
against magnetic-field-dominant ELF EM waves, we applied a
uniform AC magnetic field (60 Hz) on the shield using a
Helmholtz coil and measured the reduction in the magnetic
field compared to the initial field (Experimental section in ESIt)
(Fig. 4a). We tested 60 Hz in our study because this is the
standard frequency for alternating current in electrical power
supply systems and electronic devices in North America and
many other parts of the world.>***” In addition, magnetic
properties of the graphite foil and free-standing NiCoFe film

View Article Online
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were also characterized to analyze the effect of the NiCoFe film
on ELF magnetic field shielding in more detail (Fig. 4b and c).
The saturation magnetization (Ms) of the NiCoFe film was 112.1
emu g ', which was higher than that of Ni (56.3 emu g~ %) but
lower than that of Co (164.2 emu g~ ') (Fig. 4d). Notably, Mg of
NiCoFe exceeds the value predicted from the rule of mixture for
2:1 Ni/Co alloy (92.3 emu g '), indicating that the addition of
Fe (221.8 emu g ') increased Mg of NiCoFe compared to NiCo
(Fig. S7, ESI}).*® NiCoFe also showed much lower coercivity
(16.6 Oe) compared to Ni (52.2 Oe) and Co (117.8 Oe) (Fig. 4e),
highlighting that the NiCoFe film can be easily magnetized to
serve as a shield against ELF magnetic fields. Although Fe
exhibited magnetic properties more suited for magnetic field
shielding (higher My and lower coercivity), the stability of the
NiCoFe ternary alloy against oxidation compared to Fe motivates
the practical use of the NiCoFe film for EMI shielding. Fig. 4f
shows the SE and shielding rate of the NiCoFe/graphite compo-
site, which was calculated based on the following equation.

Shielding rate (%) = B ; B, x 100(%) (6)

i

where B; is the initial magnetic field and B, is the magnetic field
after shielding. The gradual increase in shielding effectiveness
and shielding rate with increasing thickness of the NiCoFe film
was verified. The composite shield exhibited SE of 0.35 dB and
shielding rate of 4% for the NiCoFe thickness of ~17 um, which
increased to 4.53 dB and 40.6% when the NiCoFe thickness
increased to ~950 pm. The demonstration of ELF magnetic field
shielding properties confirms that the NiCoFe/graphite compo-
site can achieve effective shielding against EM waves in multiple

(@ (b) (c)
4+ & = 300 : =40 ,
o @ Graphite foil 2] @ Graphite foil »°
ﬁ — W g o NiCoFe film E o NiCoFe film RO
e b 1504 © Ni powder | 204 * Ni powder R ad
|| EMI shielding §| <L s Co powder / r 2 * Co powder ‘,o' ‘;::."'”
E( 1l [ 5 V4 § et
o LW Bl = ° 7 g o e
S F i ‘ © © o
J, e N ! N P O]
EM field testmeter Q0 -150 4 0 201 o
W, I\ = = o
| = -300 T T T T T =S -40 T T T
2 -1 0 1 2 -0.05 0.00 0.05
Magnetic field (T) Magnetic field (T)
d e
( ) 200 ( ) 150 (f) 20 @ Shielding effectiveness 2
164.2 . 1178 g; o Shielding rate <L
— 1504 8 ~ o ® : °
o 112.1 < 100 L0 o™ i
2 100 Z = 0% © [ !
E = o ° ~
o 5 522 | £ 20 o:°°° %
4 o 504 kel ° 2 —
= o o 104
o 16.6 5 r
: . o 1o
! . . 0 200 400 600 800 1000

NiCoFe Co Ni NiCoFe

Lo M Thickness (um)

Fig. 4 EMI shielding performance of NiCoFe/graphite composite for extremely-low-frequency magnetic fields. (a) Scheme describing the Helmholtz
coil and shielding box set-up for characterization of ELF magnetic field shielding performance. (b) and (c) M—H curves of the graphite foil and NiCoFe
alloy film, along with those of Ni and Co powders. Panel (c) displays a narrower magnetic field region centered around O T of panel (b). (d) and (e)
Magnetic properties of the NiCoFe alloy film, along with Co and Ni powders: (d) saturation magnetization and (e) coercivity. (f) Thickness dependence of
the EMI shielding performance of the NiCoFe/graphite composite against 60-Hz magnetic fields.
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frequency ranges owing to synergistic effects from the constitu-
ent graphite and NiCoFe.

Thermal conductivity

For practical applications, EMI shielding films with high ther-
mal conductivity are highly desired for effectively dissipating
heat from the protected system to the surrounding.*® To
investigate the effect of NiCoFe deposition on thermal manage-
ment capability of the graphite foil, we determined the thermal
conductivity based on the following relation:

k=oaCpp (7)

where £ is the thermal conductivity, « is the thermal diffusivity,
C,, is the specific heat capacity and p is the density. We first
measured the thermal diffusivities (Fig. S8a, ESIt) and specific
heat capacities (Fig. S8b, ESIt) of the samples. We found that
the introduction of NiCoFe film increased both the thermal
diffusivity and specific heat capacity of the graphite foil, with
the thermal diffusivity increasing from 2.31 mm® s to
4.09 mm” s ' and the specific heat capacity increasing from
0.67J g ' K ' to 0.73 ] g * K ' The density of the NiCoFe-
deposited graphite foil was slightly smaller (1.04 g cm*) than
that of the pristine counterpart (1.16 g cm ™) (Fig. S8¢c, ESIY).
The smaller density of NiCoFe/graphite composite is attributed
to the out-of-plane expansion (~30%) of the graphite foil
due to intercalation of metal ions during electrodeposition,
which offsets the effect of the NiCoFe film in increasing density
(Fig. S9, ESIt). Because of the enhanced thermal diffusivity and
specific heat capacity, the thermal conductivity was increased
by 72% from 1.80 W m™* K ' to 3.09 W m ' K ' after
electrochemical deposition (Fig. S8d, ESIt). This increase can
be attributed to the higher thermal conductivity of NiCoFe
compared to graphite (especially, the effects of cobalt and
nickel were significant). These results indicate that the
NiCoFe-coated graphite foil is a better shielding material than
a pristine graphite foil in terms of the thermal management
capability.

Mechanical properties

The shielding materials also require good mechanical proper-
ties for broad applications.”® Elastic modulus and ultimate
strength were measured to evaluate the mechanical properties
of the shield. The elastic modulus and ultimate strength were
significantly increased when the graphite foil was deposited
with the NiCoFe film (Fig. S10, ESIT). In particular, the elastic
moduli of pristine and NiCoFe-deposited graphite foils were
2.24 MPa and 29.95 MPa, respectively (Fig. S10a, ESI{). Simi-
larly, the ultimate strength was much higher for NiCoFe-coated
graphite foil (36.65 MPa) compared to the pristine counterpart
(4.50 MPa) (Fig. S10b, ESIt). Comparison between the mechan-
ical properties of samples suggests that the NiCoFe coating not
only enhances the EMI shielding performance, but also
improves mechanical robustness of the graphite foil.

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

Conclusions

In summary, we developed an EMI shield effective for X-band and
extremely low frequencies by integrating electrically conductive
graphite foil and magnetically permeable NiCoFe alloy film into a
composite. In addition to shielding against extremely low-
frequency EM waves by shunting magnetic flux, the NiCoFe layer
enhanced the conductivity of the graphite foil to further enhance
the shielding effectiveness in high-frequency regime. Meanwhile,
through successful development of a metal composition with
extremely low magnetic resistance, we achieved a nearly 40%
shielding effectiveness for extremely low-frequency EM waves,
even with thicknesses on the order of several hundred micro-
meters. Considering the lack of research on shielding materials in
the low-frequency and extremely low-frequency ranges, our efforts
hold the potential to address remaining risks still closely
embedded in our daily lives, particularly associated with elements
like underground power transmission lines.*' Given the contin-
ued influence of these elements, our study provides a tangible and
promising avenue towards resolving these issues.
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