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This paper reports the electromagnetic interference shielding effectiveness of carbon nanofiber (CNF,
originally called carbon filament) mats made from 0.16-pm-diameter catalytically grown CNFs by the
paper-making process (1.7—13.1 MPa compaction pressure). These low-cost lightweight binderless mats
(2.9—5.4 mm thick, 0.13—0.22 g/cm? bulk density, 6.1—10 vol% solid) provide high shielding effectiveness
(SE, 52—81 dB, 1.5 GHz) and high SE/density (370—470 dB cm?/g), though SE/thickness is low (14—18 dB/
mm). Compared to the spun CNF mats of prior work, they exhibit higher SE, but lower SE/thickness. With
consideration of SE, SE/thickness, and SE/density, the CNF mats are superior to graphene aerogel,
reduced-graphene-oxide polyurethane foam and reduced-graphene-oxide aerogel of prior work, but are
inferior to carbon nanotube mats, graphene film, carbon foam and flexible graphite of prior work. Ab-
sorption is the dominant shielding mechanism of CNF mats, so both SE and absorption loss tend to
decrease with decreasing thickness. The absorption-loss/thickness tends to decrease with increasing
thickness. The reflection loss is independent of the thickness, density or mass, indicating saturated
reflection. The reflection-loss/density increases with decreasing density, suggesting that a higher degree
of three-dimensional electrical connectivity, as provided by a lower density, enables the reflection to
occur at a greater depth into the mat surface.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction thickness and the shielding effectiveness per unit density. Because

the shielding material is in the form of a sheet, and because of the

Electromagnetic interference (EMI) shielding is needed for the
protection of electronics from radio waves and for the shielding of
radiation sources. In addition, it is relevant to radars, wireless
communication and electrostatic discharge protection. Further-
more, a high shielding effectiveness alleviates the problem of
electronic pollution emanating from radio frequency wireless
communication devices and other electronic equipment.

1.1. Shielding materials comprising carbon

Carbon materials are attractive for EMI shielding due to their
ability to absorb and reflect electromagnetic radiation. Table 1 lists
the competing top-performance carbon —containing shielding
materials of prior work [1—15]. The attributes listed include the
shielding effectiveness, the shielding effectiveness per unit
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linear increase of the absorption loss in dB with increasing thick-
ness, the shielding effectiveness per unit thickness is an important
attribute. For aerospace and other weight-sensitive applications,
lightweight materials for EMI shielding are needed. Thus, the
shielding effectiveness per unit density (known as the specific
shielding effectiveness) is another useful attribute. High values are
desirable for all three attributes — shielding effectiveness, shielding
effectiveness per unit thickness and shielding effectiveness per unit
density.

Among the materials listed in Table 1, flexible graphite (com-
pacted exfoliated graphite) gives the highest value of the shielding
effectiveness (102—129 dB) [ 1]. On the other hand, in relation to the
shielding effectiveness per unit thickness, carbon nanotube (CNT)
mat with iron nanoparticles gives the highest value of 40,000 dB/
mm [11], CNT mat without iron nanoparticles gives the second
highest value of 30,000 dB/mm [11], and graphene film gives the
third highest value of 4160 dB/mm [3]. Although flexible graphite
gives lower values of the shielding effectiveness per unit thickness
than CNT mats, graphene films or carbon foam, it gives much higher
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Table 1

EMI shielding effectiveness of competing carbon-containing materials. RGO = reduced graphene oxide. GNP = graphite nanoplatelet. CF = carbon fiber. NF = nanofiber. The

density refers to the bulk density.

Material Shielding Shielding effectiveness Shielding effectiveness Ref.
effectiveness (dB) per unit thickness (dB/mm) per unit density (dB cm®/g)

Flexible graphite 102 129 93 [1]
Flexible graphite 129 42 118 [1]
Carbon foam 24 1000 / 2]
Graphene film 32 4160 / [3]
Graphene film 65 1300 / [4]
Graphene aerogel 37 12 530 [5]
Graphene foam 25 84 420 [6]

RGO aerogel 24 2 1440 7]
Graphene/PDMS foam 30 30 500 [8]
RGO/PU foam 20 / 253 [9]
RGO/SiO; 38 25 / [16]

GNP polymer composite 70 88 67 [10]

CNT mat 30 30,000 / [11]
Fe/CNT mat 40 40,000 / [11]

CNF mat 38 190 / [12]

CNF mat 44 63 / [13]

CNF mat 81 18 370 This work
CNF mat 75 14 470 This work
CNF mat 52 18 390 This work
Fe304/CNF mat 68 97 / [13]
Cu/PVA NF mat 32 1600 / [14]

CF mat 23 380 / [15]

Ni/CF mat 29 480 / [15]

shielding effectiveness that ranges from 102 to 129 dB, in contrast
to the values ranging from 24 to 65 dB for the CNT mats, graphene
films and carbon foam.

With respect to the shielding effectiveness per unit density,
reduced graphene oxide (RGO) foam gives the highest value of
1440 dB cm’/g [7], while graphene foam gives the next highest
value of 530 dB cm?/g [5] and graphene/polydimethylsiloxane
(PDMS) foam gives the still next highest value of 500 dB cm?/g [8].
In spite of the high values of the shielding effectiveness per unit
thickness, RGO foam, graphene foam and graphene/PDMS foam
exhibit low values (ranging from 24 to 37 dB) of the shielding
effectiveness and low values (ranging from 2 to 30 dB/mm) of the
shielding effectiveness per unit thickness. The silica-matrix RGO
composite [16] is not attractive in comparison to most of the other
materials listed in Table 1, though it is advantageous in its ability to
withstand elevated temperatures.

For EMI shielding, a small diameter is preferred for the
conductive fibers because of the skin effect. Due to the skin effect,
fibers of a smaller diameter is more effective for shielding than
those of a larger diameter for the same fiber composition and the
same fiber volume fraction. Therefore, carbon nanofiber (CNF,
originally known as carbon filament) and CNT are more effective
than short carbon fibers [17].

A 0.2-mm thick CNF mat made of 190-nm diameter CNFs that
are prepared by 800°C-carbonization of centrifugal-force spun
polyvinyl alcohol (PVA) fibers exhibits in-plane electrical resistivity
0.41 Q cm and EMI shielding effectiveness 38 dB at 1 GHz [12]. A
CNF mat with 5 wt% Fe304 (44 nm particles) incorporated in each
CNF gives a mat (0.7 mm thick) with shielding effectiveness
68 dB at 8 GHz [13]. Without the Fe304 particles, the shielding
effectiveness is lower - 44 dB at 8 GHz [13]. The use of CNF (0.16 um
diameter, specific surface area 12.5 m?/g, 19 vol%) as a filler in
polyether sulfone gives a composite that exhibits shielding effec-
tiveness 74 dB at 1—-2 GHz and DC electrical resistivity 0.1 Q cm [18].
The use of CNF (0.1-0.2 pm diameter, 30—100 um long, 20 wt%) as a
filler in polystyrene gives a composite that exhibits shielding
effectiveness 35 dB at 12.4 GHz [19]. A mat (60 um thick) consisting
of nickel-coated carbon fibers (7 um diameter, 6 mm long) exhibits
shielding effectiveness 29 dB at 1 GHz [15].

1.2. Carbon mats

Discontinuous fibers, nanofibers or nanotubes are commonly
used in the form of mats. A mat consists of a number of discon-
tinuous fibrous units that are not woven, but are weakly held
together by van der Waals forces. The fibrous units are typically not
aligned. There is no matrix material, so that a mat includes a high
volume fraction of air voids. A small amount of binder is optionally
used to help bind the fibers together at their junctions. Mats are
commonly made by using a paper-making process, which involves
the dispersion of the fibers in a liquid medium, followed by casting
and drying. The liquid medium commonly includes a minor
amount of a binder, such as polytetrafluoroethylene (PTFE) and a
phenolic resin [20]. The organic binder such as phenolic may be
subsequently carbonized by heating. Another method involves the
pressing and subsequent carbonization of a carbon fiber felt that
has been impregnated with a carbon precursor, such as a phenolic
resin [21]. A related method involves using a mixture of carbon
fibers and polyacrylonitrile (PAN) fibers to form a mat by wet
laying, followed by the carbonization of the PAN fibers, which act as
a binder [22,23]. After the carbonization, the mat is a carbon-
carbon composite that is highly porous. Yet another method in-
volves spinning a polymer-based precursor to form a polymer-
based nanofiber mat upon deposition, followed by carbonization
[12,13]. Surface treatment of the fibers (e.g., oxidation, plasma and
chemical treatments) can be used to improve the dispersion [24]
and adhesion [25] of the fibers. The fabrication of mats is simpler
than that of the RGO foam [7], graphene foam [5], graphene PDMS
foam [8] and carbon foam [2].

The CNF mats have been previously reported in terms of the
electrical resistivity and conduction applications [26,27], in addi-
tion to EMI shielding mentioned above [11—14]. Mats made with
CNFs of different diameters show that the mat resistivity is lower
for the larger CNF diameter. This is because of the larger number of
CNF-CNF contacts per unit volume of the mat when the CNF
diameter is small. Each contact is associated with electrical resis-
tance. Furthermore, a larger CNF diameter tends to cause the CNF-
CNF contact area to be larger, hence decreasing the resistance of the
contact. On the other hand, graphitization of the CNF results in a
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reduction in the resistivity of the CNF mat. However, coating the
CNF with nickel by electroplating results in an even greater
reduction of the resistivity of the mat [26].

The use of a CNF mat in place of carbon black as porous reduc-
tion electrodes (i.e., current collectors) in carbon limited lithium
batteries with the BCX (bromine chloride in thionyl chloride)
catholyte gives a specific capacity (at 2 V cut-off) of up to
8700 mA h/g of carbon, compared with a value of up to 2900 mA h/
g of carbon for carbon black. The high specific capacity for the CNF
electrode is partly due to the CNFs' processability into sheets as thin
as 0.2 mm with good porosity, acceptable mechanical properties
and without binder, and partly due to the high catholyte absorp-
tivity and high rate of catholyte absorption of the CNF electrode
[27].

Three-dimensional mats of entangled CNFs have been fabricated
by thermal chemical vapor deposition, involving the use of an un-
constrained Ni-Pd film (not bound to a substrate) as the catalyst.
The mats are potentially attractive for use as the anode of a lithium-
ion battery [28].

Carbon nanotube (CNT) mats have been reported for various
electrical conduction and dielectric applications, in addition to EMI
shielding mentioned above [11]. A CNT mat of thickness 65 um,
density 0.25 g/cm® and porosity 86%, as made by compacting
MWCNTs of length 1 mm, exhibits electrical resistivity
6.5 x 1073 Q cm [29]. Single-walled semiconducting CNT mats in
the form of flexible thin films are attractive for electronic and
photonic devices. They are amenable to large-area thin-film
manufacturing and patterning. Applications include field-effect
transistors, sensors, detectors, photovoltaic cells and light emit-
ting diodes [30].

1.3. Mats for EMI shielding

Prior work on the effectiveness of mats for EMI shielding is
reviewed below. A mat (60 pum thick) of carbon fibers (not nano-
fibers, 10 um diameter, 6—13 mm long) exhibits shielding effec-
tiveness 23 dB at 1 GHz [15]. With nickel coating (50 wt% Ni or
20 vol% Ni for the coated fiber, corresponding to a radius increase of
13% due to the coating) on the carbon fibers (6 mm long), the
shielding effectiveness of the mat (60 pum thick) is increased to
29 dB[15]. A mat of thickness 1.0 um, as prepared by the deposition
of catalytically grown CNTs, gives shielding effectiveness 30 dB at
1 GHz [11], ie. shielding effectiveness per unit thickness
30,000 dB/mm. If extra iron particles are added to the mat, the
shielding effectiveness is increased to 40 dB at 1 GHz [11], i.e,,
shielding effectiveness per unit thickness 40,000 dB/mm. A mat of
thickness 0.5 mm and consisting of electrospun polyaniline nano-
fibers and gold nanoparticles, gives shielding effectiveness up to
23 dB (11.2 GHz) [31]. An MWCNT-coated Nylon-6 nanofiber mat
provides EMI shielding effectiveness 25 dB at 1 GHz [32]. AMWCNT
(25%) PMMA-matrix composite nanofiber of diameter 370—800 nm
is used to form a mat, which exhibits EMI shielding effectiveness
30dB at 1 GHz [33]. An electrospun MWCNT PVA-matrix composite
nanofiber is potentially attractive for EMI shielding, particularly if it
is coated with copper [34]. A magnetic filler (5 wt% Fe304) is
incorporated in CNF by electrospinning of a PAN-based precursor,
followed by carbonization. The resulting composite nanofiber has
diameter 320 nm and provides a mat of thickness 0.7 mm, with
shielding effectiveness 68 dB at 8 GHz [13]. Without the magnetic
filler, the shielding effectiveness of the CNF mat of the same
thickness is 44 dB at 8 GHz [13]. Metal-coated electrospun PVA
nanofiber is used to form a mat (~20 pm thick, with the metal being
copper of thickness 200 nm), which gives shielding effectiveness
32 dB at 1 GHz [14], i.e., shielding effectiveness per unit thickness
1600 dB/mm. Mats of polypyrrole-coated PAN fibers exhibit a low

degree of shielding effectiveness [35]. A 300-um thick mat of
electrospun fibers in the form of CNF (1 wt%, 150 nm diameter)
filled poly(e-caprolactone) exhibits reflection loss 14.5 dB at 8 GHz
[36]. In a prior work [37], carbon fiber fabric was studied, though
the material was referred to as a mat.

In spite of the prior work mentioned above and in Table 1, there
is little prior work on the processing-structure-property relation-
ships of materials for EMI shielding. Structural parameters include
the density, solid volume fraction, thickness, mass, preferred
orientation, electrical connectivity, etc.

The absorption loss in dB by definition is proportional to the
thickness, if the linear absorption coefficient is independent of the
thickness. However, it may depart from the proportionality because
the microstructure of the material (e.g., the degree of preferred
orientation of the fibers in the mat) may vary with the thickness, in
addition to varying along the thickness direction. Obviously, the
microstructure can affect the linear absorption coefficient. For
example, in case of mats fabricated in a process that includes
compaction, it is likely that the degree of preferred orientation and
local density are higher at the two opposite surfaces of the spec-
imen than the interior of the specimen, due to the proximity of
these surfaces to the platen surfaces that are providing the
compression.

The reflection loss ideally should be independent of the thick-
ness, but it may vary with the thickness because of the penetration
of the radiation into the surface and the consequent occurrence of
reflection in a region within a certain depth into the surface. This
penetration can be significant (beyond the skin depth) when the
material is highly porous, as in the case of a mat.

For porous materials such as foams, aerogels and mats, the
density and solid volume fraction are important structural pa-
rameters. In case of mats, the higher the compaction pressure used
in the mat fabrication, the higher are the solid volume fraction and
the degree of in-plane preferred orientation of the CNFs in the mat
[26]. A higher degree of in-plane orientation is expected to reduce
the degree of three-dimensional connectivity of the fibers in the
mat. It has been previously reported that the lower is the CNF mat
density, the lower is the in-plane electrical conductivity of the mat
[26]. The relevant mat properties include the shielding effective-
ness, the contributions of the absorption loss and reflection loss to
the shielding effectiveness, and the electrical conductivity, which
relates to the skin depth.

1.4. Objectives

This work is directed at (i) investigating the effectiveness of CNF
mats for EMI shielding, (ii) determining the relationships among
processing, structure and electromagnetic absorption/reflection
behavior of CNF mats made by using the paper-making process, and
(iii) comparing the performance of the CNF mats with that of
competing materials of prior work. The comparison in (iii) is
needed and constitutes a substantial part of this work, due to the
recent rapid growth in research on the subject of materials for EMI
shielding.

The CNFs of this work are in contrast to the CNFs in the form of
Fe304-particle carbon-matrix composite nanofibers of prior work
[13]. In addition, the CNF mats of this work are prepared by a wet
paper-making process, in contrast to the spinning processes used in
prior work on CNFs with or without embedded Fe;04 particles
[12,13]. There is no prior work on the shielding effectiveness of CNF
mats that are made by using the paper-making process, even
though this process is most common for the fabrication of mats in
general.
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2. Experimental methods
2.1. Materials

The CNF was commercially made by Applied Sciences, Inc.
(Cedarville, OH, U.S.A.), using methane as the primary source gas
and an iron containing catalyst. During the CNF growth, hydrogen
sulfide was added to the feedstock in a small amount to increase the
CNF yield. The CNF has a fishbone morphology [38]. The nanofibers
have not been graphitized and are amorphous, with essentially no
graphite 002 peak in the X-ray diffraction pattern [39]. The basic
properties of the CNF, as provided by Applied Sciences Inc., are
listed in Table 2. The surface area in Table 2 is calculated by
assuming that the CNF is a solid cylinder with a density of 2 g/cm?>.
In reality, the CNF is a microtube with the inner hole diameter
varying from approximately 20 to 75 nm, as shown by transmission
electron microscopy (TEM) [39]. Fig. 1 shows the intertwined
morphology of the CNFs, the length of which exceeds 100 um [40].
Such intertwined morphology also exists in the CNF mats and en-
ables a degree of three-dimensional connectivity of the CNFs in the
mat. The connectivity occurs in spite of the preferred orientation of
the CNFs in the plane of the mat.

The CNF material is the same as the type designated “ADNH (as
received)” in prior work [26]. However, the method of mat prepa-
ration differs from that of the prior work. In the prior work [26], the
CNF mats were prepared by compacting the dry CNFs (without a
binder) in a steel mold via a matching steel piston at a controlled
pressure ranging from 0.35 to 7.0 MPa, as provided by a hydraulic
press.

By increasing the pressure, the bulk density (and thereby the
CNF volume fraction) of the mat is increased. The pressure causes a
degree of preferred orientation of the CNFs in the plane perpen-
dicular to the pressure direction [26]. However, the CNFs are
randomly oriented in this plane. The direction of electrical re-
sistivity measurement is in this plane. For a compaction pressure of
0.35 MPa, the resistivity is 0.38 Q cm and the bulk density is 0.16 g/
cm?>. For a pressure of 7.0 MPa, the resistivity is 0.041 Q cm and the
bulk density is 0.56 g/cm? [26]. The higher the pressure, the lower is
the resistivity and the higher is the bulk density, as expected. The
resistivity values of the CNF mats are higher than the value of
7.5 x 1074 Q cm for flexible graphite [1].

In this work, the CNF mats are prepared by using the wet
papermaking method. The CNFs are dispersed in water in the
absence of a binder, using a blender to form a slurry, followed by
casting the slurry into a Teflon-lined steel mold and then applying a
controlled uniaxial pressure ranging from 1.7 to 13.3 MPa via a
matching steel piston for squeezing out most of the water from the
cast slurry and consolidating the material to form a wet cake. The
higher is the compaction pressure, the higher is the bulk density
(the higher is the solid volume fraction) of the resulting mat. By
controlling the mass of material in the mold and the compaction
pressure, the thickness and bulk density of the resulting mat are
controlled. The mold cavity has the same annular shape and di-
mensions as the specimens used for EMI effectiveness testing.

Table 2

Basic information on the carbon nanofiber.
Diameter (um) 0.16
Surface area (m?/g) 12.5
True density (g/cm?) 2

Aspect ratio 50—-200

Surface chemistry Nitrogen groups
Sizing None

SEM morphology Entwined mass

Fig. 1. Scanning electron microscope (SEM) photograph of the carbon nanofibers.

Subsequently, the wet cake is demolded and then dried in air at
105 °C for 6 h in the absence of applied pressure.

2.2. Testing method

The EMI shielding effectiveness is measured by an HP-8510A
Network Analyzer using the coaxial cable method. The testing
method and equipment are the same as those of prior work [18].
The sample is in the form of an annular ring of outer diameter
98 mm and inner diameter 30 mm. The sample is held by an Elgal
SET 19A (Israel) shielding effectiveness tester, which, due to its
dimensions, theoretically allows testing at frequencies up to
1.5 GHz. The error in the shielding effectiveness is better than
+1 dB at <10 dB, and +5 dB at >70 dB. The error increases with
increasing attenuation (dB). Prior to the tests, the measurement
system is calibrated by using a Hewlett-Packard APC-7 Calibration
Kit. The calibration is conducted using the two-ports one-pass
method.

2.3. EMI shielding data analysis method

This work addresses the frequency regime in which the elec-
tromagnetic radiation propagates mainly by radiation rather than
conduction or induction. In general, the electric field in the elec-
tromagnetic radiation interacts with the electric dipoles (if any) in
the material, while the magnetic field in the radiation interacts
with the magnetic dipoles (if any) in the material. In addition, both
electric and magnetic fields interact with the mobile electrons (if
any) in the material. In this work, no magnetic component is pre-
sent in the materials.

The loss in electromagnetic radiation propagation is defined as

Loss (dB) = —10 log(P/P;), (1)

where P is the output power and P; is the power input. The
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logarithm is to the base 10. With P < P;, the loss is positive. The
smaller is P, the greater is the loss. Thus, a shielding effectiveness of
40 dB corresponds to an attenuation of 99.99%, for example.

The shielding effectiveness SE7 (total) is given by

SEr = —10 log(P; /P;), (2)

where P; is the transmitted power.
The shielding involves absorption and reflection of the radia-
tion. The part of the shielding due to reflection loss (SEg) is given by

SEg = —10log(1 — R), 3)

where R is the fraction of the incident power that is reflected. The
part of the shielding due to absorption loss (SE,) is given by

SE; = —101og(T/1 —R), (4)

where T is the fraction of the incident power that is transmitted.
The absorption loss in dB is proportional to the linear absorption
coefficient, which is a material property. The quantities R and T are
measured.

3. Results and discussion

As shown in Table 3, a compaction pressure of 6.7 MPa gives a
CNF mat with bulk density 0.193 g/cm?>. Prior work [26] on CNF
mats fabricated by dry compaction (not the paper-making process)
gives a higher bulk density of 0.56 g/cm® for a comparable
compaction pressure of 7.0 MPa, and requires a lower pressure of
0.70 MPa to obtain a comparable bulk density of 0.20 g/cm>. The
paper-making process results in a lower bulk density for the same
pressure, due to the presence of water among the CNFs during the
compaction. Although the water completely evaporates during the
heating (without pressure) that follows the compaction, the water
leaves behind pores, thereby resulting in a lower bulk density for a
comparable pressure.

For a similar bulk density, the measured in-plane electrical re-
sistivity is similar between the CNF mat made by the paper-making
process of this work and that made by dry compaction in prior work
[26]. For Sample 5 (Table 3), the bulk density is 0.159 g/cm?; this
bulk density corresponds to an in-plane resistivity of 0.38 Q cm
[26], which in turn corresponds to a skin depth of 0.80 mm at

Table 3

EMI shielding results of CNT mats. SEr = shielding effectiveness (total).
SE4 = absorption loss. SEg = reflection loss. The frequency is 1.5 GHz. The columns
are in order of decreasing thickness. The density refers to the bulk density.

Sample No. 5 9 8 6 7
Thickness (mm) 5.426 4.634 4.385 3.524 2.862
Mass (g) 5.763 6.785 5.667 3.757 3.068
Density (g/cm?) 0.159 0.219 0.193 0.136 0.134
Vol% solid 7.2 10 8.8 6.2 6.1
Compaction pressure (MPa) 33 133 6.7 1.7 1.7
SEr (dB) 74.51 81.05 71.21 59.47 5222
SE4 (dB) 69.20 75.87 65.91 54.15 46.91
SEg (dB) 5.31 5.18 5.30 532 5.31
SEA/SE 0.93 0.94 0.93 0.91 0.90
SER/SE 0.071 0.064 0.074 0.089 0.10
SEr/thickness (dB/mm) 139 17.5 16.2 16.9 18.2
SEa/thickness (dB/mm) 12.8 16.4 15.0 154 16.4
SEg/thickness (dB/mm) 0.979 1.12 1.21 1.51 1.86
SEr/density (dB.cm?/g) 469 370 368 439 391
SEa/density (dB.cm?/g) 435 346 342 398 350
SEg/density (dB.cm®/g) 334 23.7 27.5 39.1 39.6
SEr/mass (dB/g) 12.9 11.9 12.6 15.8 17.0
SEax/mass (dB/g) 12.0 11.2 11.6 14.4 153
SEg/mass (dB/g) 0.921 0.763 0.935 1.42 1.73

1.5 GHz. For Sample 8 (Table 3), the bulk density is 0.193 g/cm?; this
bulk density corresponds to an in-plane resistivity of 0.23 Q cm
[26], which in turn corresponds to a skin depth of 0.62 mm at
1.5 GHz. Samples 8 and 9 are similar in bulk density, so they are
similar in the resistivity and skin depth. Samples 6 and 7 have
slightly lower bulk density than Sample 5, so their values of the
resistivity and skin depth are slightly higher than 0.80 mm at
1.5 GHz. This means that all the samples studied, as listed in Table 3,
are thicker than the corresponding skin depth.

The shielding results at 1.5 GHz are shown in Table 3. The ab-
sorption loss is much higher than the reflection loss, indicating that
absorption is the dominant shielding mechanism. Table 3 shows
that both the shielding effectiveness and absorption loss tend to
decrease with decreasing thickness. This is consistent with the fact
that absorption is the dominant shielding mechanism.

Table 3 further shows that, for the range of samples studied, the
absorption loss per unit thickness tends to decrease with increasing
thickness, although Sample 9 is an exception to this trend, due to its
high bulk density (0.219 g/cm?). At the highest thickness (Sample
5), the absorption loss per unit thickness is exceptionally low
(12.8 dB/mm), probably due to the relatively low bulk density
(0.159 g/cm?) of Sample 5. Comparison of Samples 8 and 9 (similar
in thickness) shows that a slightly lower bulk density gives a
slightly lower absorption loss per unit thickness.

Comparison of Sample 5 with Samples 6 and 7 (with Sample 5
having much larger thickness and slightly higher bulk density than
Sample 6 or 7) shows that a large thickness results in a low value of
the absorption loss per unit thickness. Comparison of Samples 6
and 7 (similar in bulk density) shows that a larger thickness
(Sample 6) gives a lower absorption loss per unit thickness. Com-
parison of Sample 5 with Samples 8 and 9 (with Sample 5 having
larger thickness and lower bulk density than Sample 8 or 9) shows
that a large thickness and a low bulk density result in a low value of
the absorption loss per unit thickness.

Theoretically, the absorption loss is proportional to the thick-
ness. The finding that the absorption loss per unit thickness tends
to decrease with increasing thickness is attributed to the effect of
thickness on the microstructure of the mat. A larger thickness is
expected to be associated with less preferred orientation of the
CNFs, and consequently more three-dimensional connectivity,
which provides to a degree the effect of a waveguide and promotes
propagation of the radiation, thereby diminishing the absorption.

Table 3 also shows that the reflection loss is essentially inde-
pendent of the thickness, and that the reflection loss per unit
thickness increases with decreasing thickness. These observations
are consistent with the notion that reflection mainly occurs in the
surface region of the sample, which is considerably thicker than the
skin depth. Furthermore, the degree of preferred orientation is
expected to be higher at the two opposite surfaces of the specimen
than the interior of the specimen. As a consequence, a thin spec-
imen is expected to have a higher average degree of preferred
orientation than a thick specimen. The preferred orientation,
particularly that in the surface region, promotes reflection of the
radiation.

The essential independence of the reflection loss on the thick-
ness (Table 3), bulk density (Table 4) and mass (Table 5) indicates
that saturated reflection occurs for all the samples of this work. This
is because the amount of carbon material in all the samples is more
than being enough for the bulk material to provide saturated
reflection. Saturated reflection refers to the maximum reflection
that occurs when the sample thickness is infinite. In other words,
for a material with a given density, the saturated reflection is the
reflection that cannot be exceeded upon increase of the thickness.

Table 4 shows that the reflection loss per unit bulk density in-
creases with decreasing bulk density. Due to the abovementioned
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Table 4

EMI shielding results of CNT mats. SEr = shielding effectiveness (total).
SE4 = absorption loss. RL = reflection loss. The frequency is 1.5 GHz. The data are the
same as those in Table 3 except that the columns are in order of decreasing density.
The density refers to the bulk density.

Density (g/cm?) 0.219 0.193 0.159 0.136 0.134
SEr (dB) 81.05 7121 7451 59.47 5222
SE, (dB) 75.87 65.91 69.20 54.15 46.91
SEg (dB) 5.18 5.30 5.31 5.32 5.31
SEr/density (dB cm?/g) 370 368 469 439 391
SEa/density (dB cm?/g) 346 342 435 398 350
SEg/density (dB cm?/g) 237 275 334 39.1 396
SEr/thickness (dB/mm) 17.5 16.2 139 16.9 18.2
SEa/thickness (dB/mm) 16.4 15.0 12.8 154 16.4
SEg/thickness (dB/mm) 1.12 1.21 0.979 1.51 1.86
SEr/mass (dB/g) 11.9 12.6 12.9 15.8 17.0
SEa/mass (dB/g) 11.2 11.6 12.0 144 153
SEg/mass (dB/g) 0.763 0.935 0.921 1.42 1.73

Table 5

EMI shielding results of CNT mats. SEr = shielding effectiveness (total).
SE4 = absorption loss. SEg = reflection loss. The frequency is 1.5 GHz. The data are the
same as those in Table 3, except that columns are in order of decreasing mass. The
density refers to the bulk density.

Mass (g) 6.785 5.763 5.667 3.757 3.068
SEr (dB) 81.05 74.51 71.21 59.47 52.22
SE, (dB) 75.87 69.20 65.91 54.15 46.91
SEg (dB) 5.18 5.31 5.30 5.32 5.31
SEr/mass (dB/g) 11.9 12.9 12.6 15.8 17.0
SEa/mass (dB/g) 11.2 12.0 11.6 14.4 15.3
SEg/mass (dB/g) 0.763 0.921 0.935 1.42 1.73
SEz/thickness (dB/mm) 17.5 13.9 16.2 16.9 18.2
SEa/thickness (dB/mm) 16.4 12.8 15.0 154 16.4
SEg/thickness (dB/mm) 1.12 0.979 1.21 1.51 1.86
SEr/density (dB cm?/g) 370 469 368 439 391
SEa/density (dB cm?/g) 346 435 342 398 350
SEg/density (dB cm’®/g) 23.7 334 275 39.1 39.6

saturated nature of the reflection, it is feasible for the reflection loss
per unit bulk density to increase with decreasing bulk density
(Table 4 and Fig. 2(b)). This finding suggests that a greater degree of
three-dimensional electrical connectivity, as provided by a lower
bulk density, promotes the reflectivity from the bulk material.
Three-dimensional connectivity facilitates reflection to occur not
only at the surface of the mat, but also at a depth (even beyond the
skin depth) into the surface.

Table 4 also shows that the fraction of the shielding effective-
ness that is due to absorption decreases with decreasing bulk
density, while the fraction due to reflection tends to increase with

0.10

0.09 X

0.08

Mass/SE, (g/dB)

0.06

3 4 5 6 7
Mass (g)

Fig. 2. Plot of mass/SE, vs. mass. SE4 = absorption loss. The curve is the linear fit.

decreasing bulk density. These trends are consistent with the
abovementioned trends concerning the absorption loss and
reflection loss.

Table 4 furthermore shows that the shielding effectiveness per
unit mass and the absorption loss per unit mass increase with
decreasing bulk density, and that the reflection loss per unit mass
tends to increase with decreasing bulk density. These trends further
support the abovementioned greater efficiency of the CNFs to
shield, absorb or reflect when the bulk density of the mat is lower.

Table 5 shows that the shielding effectiveness per unit mass,
absorption loss per unit mass and reflection loss per unit mass all
increase with decreasing mass. The essential linearity of the plot of
the mass/absorption loss vs. mass (Fig. 2) illustrates this trend. This
trend means that a smaller amount of CNFs makes the CNFs more
efficient in providing both absorption and reflection of the radia-
tion. These findings are attributed to the approximate correlation of
low mass and low bulk density, as shown in Table 5. The effect of
the bulk density has been discussed above in relation to Table 4.

Fig. 3 shows the linearity of the plots of (a) thickness/SEg vs.
thickness, (b) density/SEg vs. density, and (c) mass/SEg vs. mass. The
reciprocal of the slopes gives values of SEg, namely 5.28 dB, 5.06 dB
and 5.15 dB for (a), (b) and (c) respectively. These values are close to
those in Table 3, thus confirming that the reflection loss is indeed
independent of the thickness, bulk density or mass.

Fig. 4 shows that the shielding effectiveness (Fig. 4(a)) and ab-
sorption loss (Fig. 4(b)) increase with increasing frequency,
whereas the reflection loss (Fig. 4(c)) decreases with increasing
frequency. These trends for the absorption loss and reflection loss
are expected, based on electromagnetic theory. The shielding is
dominated by the absorption loss, with the reflection loss being
much lower than the absorption loss. The variation of the reflection
loss with the CNF mat formulation (as represented by the Sample
No.) is negligible, partly due to the small values of the reflection
loss, but the variation is significant for the absorption loss.

Table 1 shows the comparative performance of the CNF mats of
this work and carbon-containing materials of prior work. The CNF
mats of this work are attractive for providing relatively high values
of the shielding effectiveness (52—81 dB) and the shielding effec-
tiveness per unit bulk density (370—470 dB cm?/g), but they pro-
vide relatively low values of the shielding effectiveness per unit
thickness (14—18 dB/mm).

Compared to the spun CNF mats of the prior work [12,13], the
CNF mats of this work exhibit higher shielding effectiveness. In
particular, the shielding effectiveness of some of the CNF mats of
this work exceeds the value of 68 dB for the Fe304-incorporated
CNF mat of prior work [13]. However, compared to the spun CNF
mats of the prior work [12,13], the CNF mats of this work exhibit
lower values of the shielding effectiveness per unit thickness. This
is attributed to the larger thickness of the CNF mats of this work
(2.9—5.4 mm), compared to the small thickness of 0.2—0.7 mm of
the prior work [12,13]. Among the CNF mats in Table 1, the type
fabricated by the carbonization of spun PVA fibers [12] gives the
lowest shielding effectiveness, but the highest shielding effective-
ness per unit thickness. The high shielding effectiveness per unit
thickness is probably related to the small thickness (0.2 mm) of this
type of mat [12], compared to the larger thickness of 0.7 mm for the
type prepared by electrospinning [13] and the still larger thick-
nesses of the mats in this work. The thickness affects the micro-
structure through its correlation with the bulk density. In addition,
the degree of in-plane preferred orientation of the CNFs is expected
to increase with decreasing thickness, due to the geometric
constraint in the thickness direction.

The overall performance of the CNF mats is superior to that of
graphene aerogel [5] and RGO/PU foam [9], due to the higher
shielding effectiveness, higher shielding effectiveness per unit
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thickness and comparable shielding effectiveness per unit bulk
density. The overall performance of the CNF mats is superior to that
of the RGO aerogel [7], due to its higher shielding effectiveness and
higher shielding effectiveness per unit thickness, though its
shielding effectiveness per unit bulk density is lower. The overall
performance of the CNF mats is inferior to that of CNT mats [11],
graphene film [3,4] and carbon foam [2], which give very high
values of the shielding effectiveness per wunit thickness
(1000—40000 dB/mm). The overall performance of the CNF mats is
inferior to that of flexible graphite [ 1], which gives higher values of
the shielding effectiveness (102—129 dB) and shielding effective-
ness per unit thickness (42—129 dB/mm), though lower values of
the shielding effectiveness per unit bulk density (93—118 dB cm?/g).

This work shows (almost surprisingly) that the CNT mat is su-
perior in shielding than some of the complex materials that have
been recently reported for shielding. Although the CNF mat is not
three-dimensionally or two-dimensionally connected (due to the
absence of bonding between the adjacent CNFs), the CNF-CNF
contacts in the mat are apparently good enough for the CNT mat
to compete in the shielding effectiveness with graphene aerogel [5]
and graphene foam [6], which are three-dimensionally connected.

4. Conclusions

The CNF mats fabricated in this work by using the paper-making
method in the absence of a binder are attractive for providing
relatively high values of the shielding effectiveness (52—81 dB) and
the shielding effectiveness per unit bulk density (370—470 dB cm?|
g), but they provide relatively low values of the shielding effec-
tiveness per unit thickness (14—18 dB/mm). Compared to the spun
CNF mats of prior work [12,13], the CNF mats of this work exhibit
higher shielding effectiveness, but lower shielding effectiveness per
unit thickness. With consideration of the shielding effectiveness,
shielding effectiveness per unit thickness, and shielding effective-
ness per unit bulk density, the overall performance of the CNF mats
is superior to that of graphene aerogel [5], RGO/PU foam [9] and
RGO aerogel [7], but is inferior to that of CNT mats [11], graphene
film [3,4], carbon foam [2] and flexible graphite [1]. Compared to all
these carbon-containing competing materials other than flexible
graphite, the CNF mats are attractive in their low fabrication cost.

Absorption is the dominant shielding mechanism of CNF mats.
As a consequence, both the shielding effectiveness and the ab-
sorption loss tend to decrease with decreasing thickness. The ab-
sorption loss per unit thickness tends to decrease with increasing
thickness.

The reflection loss is essentially independent of the thickness,
bulk density or mass, indicating the occurrence of saturated
reflection. The reflection loss per unit thickness increases with
decreasing thickness, indicating that reflection mainly occurs in the
surface region of the mat. The reflection loss per unit bulk density
increases with decreasing bulk density, suggesting that a higher
degree of three-dimensional electrical connectivity, as provided by
a lower bulk density, enables reflection to occur at a greater depth
into the mat surface.

The shielding effectiveness and absorption loss increase with
increasing frequency, whereas the reflection loss decreases with
increasing frequency. Both trends are as expected, based on elec-
tromagnetic theory.
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