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Pressure-Assisted Anisotropy in Carbon Nanofiber Films for
Smart Electromagnetic Interference Shielding and Joule

Heating

Hao Feng, Xin Zhao, Wei Qian, Zhe Wang,* Pengfei Chen, Chao Tian, Bao-Wen Li,*

and Daping He*

Intelligent electromagnetic interference (EMI) shielding materials

with adjustable properties and performances are garnering significant
attention due to the escalating complexity of application scenarios for
electronic devices. Also, the trend of miniaturization is calling for lightweight
and multifunctional materials. Here, the preparation of highly aligned

carbon nanofiber film (a-CNFF) by electrospinning technology and a two-stage
carbonization process is proposed, in which the pressurization strategy

in the carbonization process promotes the development of highly aligned fiber
network structures. The serialized anisotropic structures exhibit an impressive

infrastructures,!! we are facing an ever-
rising new type of pollution called elec-
tromagnetic pollution.”) Far beyond its
effect on neighboring sensitive elec-
tronic equipment,*) mounting evidence
has shown serious biological and health
effects* caused by unprecedented expo-
sure to electromagnetic radiation. To date,
traditional metals-based electromagnetic
interference (EMI) shielding materials are
still dominating the market due to their

tunability in EMI shielding effectiveness (SE) adjustable from 23.0 to

35.6 dB for linearly polarized electromagnetic waves, and a superior specific
SE value (SSE/t) of 34 000 dB cm? g~', with an EMI SE per unit thickness of
5791 dB cm~'. Moreover, under a low load voltage of 1.6 V, the peak
temperature of the film can be tuned within a wide range of 49.2-120.6 °C.
These remarkable performances achieved by simply rotating the film
demonstrate adjustable functionalities of the a-CNFF, providing guidelines in
the applications of aerospace, military, microelectronics, and wearable devices.

1. Introduction

With the rapid worldwide proliferation of wireless com-
munication that results in a surging number of wireless
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superb intrinsic electrical conductivity.®]
However, with the increasing power den-
sity and prevalence of modern electronics,
these metals-based materials are finding
themselves hard to adapt to the integrated
devices requiring miniaturization, and
portability due to large density, poor flex-
ibility, and corrosion resistance.®) There-
fore, it is urgent to develop lightweight,
flexible, and chemically stable electro-
magnetic shielding materials.l”] Advanced
carbon materials that can be assembled
into conductive macroscopic films featuring lightweight, flexi-
ble, and chemical stability, such as graphene, carbon nanotube
(CNT), and carbon nanofiber (CNF) bring a new opportunity for
the development of electromagnetic shielding materials.[®] Poly
(m-phenylene isophthalamide) (PMIA) fiber has an abundant
conjugated aromatic structure in the backbone, which is consid-
ered as a promising alternate precursor for graphitization.

In addition, the arrival of the era of intelligent electronics re-
quires more effective electromagnetic shielding solutions to face
increasingly complex application scenarios.’] In recent years, in-
telligent electromagnetic interference shielding materials under
different external stimuli such as temperature, humidity, stress,
and pH have been realized.!'") However, such materials need spe-
cific conditions to achieve dynamic adjustment of electromag-
netic interference shielding effectiveness (EMI SE), urging the
development of a simple and efficient strategy to regulate electro-
magnetic shielding performance without external stimulation.

Anisotropic materials with properties that vary according
to direction are thus attracting increasing attention in smart
EMI shielding. Among advanced carbon materials, graphene
and CNTs are difficult to meet the above scenarios due to
their difficulty in achieving anisotropy and complex preparation
conditions,'!l respectively. CNFs with high aspect ratios and a
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Figure 1. a) Schematic illustration of the preparation process. b) TG and DTG of CNFFs. c) Proposed mechanism for pressure-assisted alignment of

CNFs during carbonization process.

simple synthesis process are very promising building blocks for
such materials.'”) By the biaxial weaving of carbon fibers (CFs)
and glass fibers, Hong et al. prepared anisotropic CF fabrics with
a thickness of ~#1.03 mm to explore the effects of CF orientation
on EMI SE.13] Chen et al. used commercial cotton pads with
oriented structure as a carbon source to prepare oriented CNF
films via pyrolysis and achieved in-plane anisotropy in EMI SE, 4]
and reduced the thickness to 0.3 mm. However, there still ex-
ist challenges, such as (millimeter-level) large thickness and the
difficulty of delicate control of fiber orientation and anisotropy
degree, which severely hamper their applications in portable de-
vices and intelligent electromagnetic shielding field.

To tackle the challenges mentioned above, we proposed here a
controllable synthetic route for carbon nanofiber films (CNFFs)
with adjustable alignment via electrospinning and pressurized
carbonization. The achieved aligned carbon nanofiber film (a-
CNFF) features high electrical conductivity, small thickness, and
low density, thus achieving an extremely high specific electro-
magnetic shielding effectiveness of 34 000 dB cm? g~!. Impres-
sively, the highly-oriented CNFs enable a direction-dependent
electromagnetic shielding performance adjustable within the
range of 23.0-35.6 dB in the X-band, allowing intelligent and
dynamic electromagnetic shielding. Moreover, the a-CNFF also
demonstrates efficient and surprising in-plane anisotropy in
Joule heating, making it a very promising multifunctional ma-
terial in the field of intelligent heating and intelligent shield-
ing of linearly polarized electromagnetic waves in a specific
direction.®] The electromagnetic wave is linearly polarized in
some applications, such as linearly polarized microwave radar
systems, which play a crucial role in military target identification
and weather surveillance.[%)
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2. Results and Discussion

The a-CNFF with in-plane anisotropy was obtained via elec-
trospinning and subsequent pressurized carbonization as illus-
trated in Figure 1a. First, the precursor solution was prepared
by deprotonation of Poly (m-phenylene isophthalamide) (PMIA)
with fiber diameters of 0.18 mm in the mixed solvent system of
LiCl and N,N-Dimethylacetamide (DMAc) (Figure S1a, Support-
ing Information), resulting in a uniform dispersion of aramid
nanofibers (ANFs) (Figure S1b, Supporting Information). The ex-
istence of LiCl deprotonates the hydroxyl protons in the amide
NH of PMIA and the cations serving as proton donors lower the
viscosity of ANFs dispersion. A rotating drum collector was used
in the subsequent electrospinning process to achieve aligned
ANFs. Rotating speed and electrospinning time were chosen to
be 140 rev. min~! and 4.5 h, respectively to obtain the aligned
aramid nanofiber film (a-ANFF) with desired thickness and align-
ment. A digital photograph of the prepared a-ANFF is shown in
Figure S1c (Supporting Information) and the uniaxial alignment
of ANFs can be observed by the scanning electron microscope
(SEM) image in Figure S1d (Supporting Information) featuring
an average fiber diameter of 350 nm (Figure S2, Supporting
Information).

To obtain the final CNFFs with enhanced conductivity, a two-
step carbonization was carried out at 600 and 1600 °C (Figure
S3, Supporting Information) yielding an obvious shrinkage of
nanofibers from 350 to 250 nm (Figure S4, Supporting Infor-
mation). These specific temperatures were chosen because the
carbonization process is most violent within 400 to 600 °C as ev-
idenced by the thermogravimetric analysis (Figure 1b) and the
residual LiCl can be completely removed at 1600 °C. It is worth
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Figure 2. Top-view SEM images of a) n-CNFF, b) 2-CNFF and c) a-CNFF. Cross-sectional SEM images of d) n-CNFF, e) 2-CNFF and f) a-CNFF. 2D SAXS
patterns with corresponding azimuthal-integrated intensity distribution curves of g) n-CNFF, h) 2-CNFF and i) a-CNFF.

noting that, by applying a pressure of 1000 Pa on the a-ANFF or
not during the first carbonization process, two CNFFs with dis-
tinctively different configurations can be obtained as illustrated
in Figure 1a. Specifically, when without applied pressure, the
CNFs are distributed randomly with no orientation, and the film
is denoted as n-CNFF. When with pressure treatment, the ob-
tained CNFF is composed of uniaxially aligned CNFs and thus
denoted as a-CNFF. A possible mechanism that results in the
morphological difference is schematically illustrated in Figure 1c.
If no applied pressure, C—C bonds are gradually formed between
each fiber during the carbonization, linking the dispersed ANFs
into a dense and large interconnected network with shrinkage in
lateral dimension indicated by the blue arrows, and an increase in
thickness. In the presence of applied pressure, lateral contraction
of the a-ANFF during carbonization can be greatly suppressed
due to the frictional forces between the film and the pressed
graphite plates indicated by the red arrows, in turn, benefiting the
maintenance of the highly aligned structure and thin thickness.
When an even higher pressure of 1250 Pa was applied during the
carbonization process, the film cracked. Excessive pressure may
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severely limit the contraction of the fiber, causing the membrane
to crack along the fiber direction.

To verify the proposed mechanism of pressure-assisted
anisotropy, more control samples were made with different ap-
plied pressures of 250, 500, and 750 Pa and denoted as 1, 2, and
3-CNFF, respectively. As evidenced by the top-view and cross-
sectional SEM images in Figure 2a—d, the n-CNFF without pres-
sure treatment features a layered and interconnected porous
structure. The ANFFs tend to shrink and fuse during the car-
bonization process. If there is no pressure, the fibers will ad-
here to each other due to the overlap, and shrink to the inside
of the film until the fibers fuse with each other, leaving only
the holes left during the gas release process. When with pres-
sure, improved orientation can be achieved as observed in 1, 2,
and 3-CNFF (Figure 2b—e; Figure S5, Supporting Information),
and a-CNFF (Figure 2c—f). More importantly, the degree of align-
ment of CNFs is dependent on the magnitude of the applied
pressure. With increasing applied pressure from 0 to 1000 Pa,
the alignment of CNFs increases as well, from a partially inter-
connected fiber network to orderly aligned carbon nanofibers.
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The differences in alignment of the CNFFs were further con-
firmed by small-angle X-ray scattering (SAXS) analysis as illus-
trated in Figure 2h—j. From the azimuthal-integrated intensity
profiles, we can see that the n-CNFF is in pure isotropic phase.
With increasing applied pressure, the full width at half maximum
(FWHM) decreases from 81.68° to 31.22°. Hence, the a-CNFF
shows the highest order parameter of 0.82, higher than those for
1, 2, and 3-CNFFs (Figure S6, Supporting Information). These
results demonstrate a systematic and controllable manipulation
of CNF alignment. This proposed mechanism is also consistent
with the better size retention observed in CNFFs with increasing
applied pressures as shown in Figure S7 (Supporting Informa-
tion). Specifically, starting with identical a-ANFFs of size 50 cm?,
the obtained n-CNFF and a-CNFF exhibited final size of 4.5 and
23.8 cm?, respectively after carbonization at 1600 °C. As a result,
the a-CNFF exhibits a much thinner thickness of ~47 um and a
much lighter density of ~0.17 g cm™ compared to the n-CNFF
(Figure S8, Supporting Information). In addition, according to
Brunauer-Emmett-Teller (BET) surface area analysis, the spe-
cific surface area of n-CNFF is only 28.8556 m? g~!, while that
of a-CNFF is as high as 115.5261 m? g~! (Table S1, Supporting
Information).

Further physiochemical characterizations including Fourier
transform infrared spectroscopy (FTIR), X-ray photoelectron
spectroscopy (XPS), X-ray diffraction (XRD), and Raman spec-
troscopy were carried out to investigate the compositional and
structural information of the obtained CNFFs. The decreased
peak intensity at #3300 cm~! (N—H stretching), 1540 cm~! (C—N
stretching), and 1306 cm™! (Ph-N vibration) that are characteris-
tic of ANF absorption after carbonization at 600 °C evidence the
effective elimination of functional groups in ANF (Figure S9a,b,
Supporting Information). After the second carbonization process
at 1600 °C, the absorption peaks of C=0 located at #1600 cm™!
disappeared, indicating a high degree of carbonization (Figure
S9c, Supporting Information). This is further corroborated by the
XPS survey spectra and high-resolution C 1s spectra in Figure
S10 (Supporting Information). XRD patterns of the CNFFs re-
veal clear but broad peaks at 26 = 26°, which can be indexed to the
(002) diffraction planes of graphite, indicating the formation of
layered graphite-like structure but with a low degree of graphiti-
zation and crystallization (Figure S11, Supporting Information).
This is consistent with the Raman results in Figure S12 (Sup-
porting Information). After carbonization at 600 °C, two char-
acteristic peaks emerged at 1350 cm™! (D-band) and 1580 cm™
(G-band) (Figure S12a,b, Supporting Information), which are re-
lated to disordered carbon and sp? hybrid carbon, respectively.
The D and G peaks represent the defects of the carbon lattice
structure and the hybrid carbogen of the sp? vibration mode in
the graphene plane. The calculated I,/I; ratios of CNFFs car-
bonized at 600 °C are ~1 with broad peaks, indicating the ex-
istence of plentiful defects in the films. Further carbonization at
1600 °C decreased the peak widths, but the I, /I ratios remained
unchanged (Figure S12¢, Supporting Information), which once
again verifies the disordered and amorphous structure of
CNFFs.

The two films with no anisotropy (n-CNFF) and with the most
pronounced anisotropy (a-CNFF) were selected to investigate
EMI shielding ability. Using a vector network analyzer, the to-
tal EMI SE (EMI SE;) values were measured over the entire X-
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band (8.2-12.4 GHz). The a-CNFF and n-CNFF maintained EMI
SE; values above 23 and 43 dB for the entire X-band, respectively,
corresponding to a shielding ratio of 99.5% and 99.995%. The n-
CNFF shows higher EMI SE; than the a-CNFF due to its larger
thickness that allows longer travel distance for the EM wave, thus
greatly increasing the loss of electromagnetic wave. To eliminate
the effects of material density and thickness on EMI SE;, EMI
SSE/t defined as the SE divided by density and thickness is there-
fore a more reasonable parameter to evaluate the EMI shielding
ability. Benefiting from its lightweight and micrometer thickness,
the a-CNFF reveals an outstanding SSE/t value of 34 000 dB cm?
g~! with a thickness of ~47 um (Figure 3a), which outperforms
most of the reported EMI shielding materials (Figure 3b; Table
S2, Supporting Information). At the same time, the EMI shield-
ing effectiveness per unit thickness (SE/t) of a-CNFF is calculated
to be 5791 dB cm ™. This seemingly mediocre value is reasonable
considering the substantial inter-fiber spacing in the a-CNFF,
which inevitably leads to lower SE/t compared to dense materials
like Al foil. However, the areal density of a-CNFF is only 1/3 of Al
foil, fulfilling the requirements for miniaturization and reduced
weight in EMI shielding applications.

To gain more insight into the outstanding performance of EMI
shielding, the electrical conductivities of the CNFFs were mea-
sured with a four-point probe system, giving ultrahigh conduc-
tivity of 1572 S m™' for a-CNFF and 4675 S m™~! for n-CNFF, con-
sistent with the EMI SE results. Compared with the nanofiber
network structure of a-CNFF, n-CNFF has a higher density, pro-
viding a larger space for the migration of free electrons within
the film, resulting in superior electrical conductivity and better
EMI SE. It was expected that the orientation of CNFs would lead
to anisotropic electrical properties, thus, the electrical conductiv-
ities of the a-CNFF were measured both parallel (denoted as ‘X’)
and transverse (denoted as ‘Y’) to the axial direction of the fibers
as illustrated in the inset of Figure 3c. The conductivity of CNFFs
in the X direction and Y direction were measured by volume re-
sistance measurement. In contrast to the direction-independent
conductivity of n-CNFF, the a-CNFF exhibits obvious anisotropy
in conductivity with an X/Y ratio of ~4.58 (Figure 3c; Table S3,
Supporting Information). Inspired by this, direction-dependent
EMI shielding performance was evaluated by rotating the sam-
ple while fixing the polarization direction of the incident
wave.

As illustrated in Figure 3d, the rotation angle is defined as
0° when the alignment direction of carbon nanofibers is trans-
verse to the polarization direction of the incident electric field.
The EMI SE; values were recorded in the X-band (Figure S13,
Supporting Information) and the average SE,, SE;, and SE; val-
ues were obtained (Table S4, Supporting Information) when ro-
tating the a-CNFF from 0° to 180° with a step size of 30°. Obvious
anisotropy in EMI SE can be observed when plotting the average
EMI SE,, SEg, and SE; values in the X-band as a function of ro-
tation angle (Figure 3e). Specifically, the EMI SE; increases as
the rotation angle increases from 0° to 90° and then decreases
from 90° to 180°, showing an expected axial symmetric variation
~90°. This monotonous increase/decrease in SE; values allows
a controllable and dynamic EMI shielding performance with a
modulating range of 23.0-35.6 dB. Meanwhile, to explore the
EMI SE of a-CNFF in 1-12.4 GHz, it was investigated by coax-
ial method (Figure S14, Supporting Information). The EMI SE

© 2025 Wiley-VCH GmbH

85U8017 SUOWIWIOD BAIER.D 8|qedl|dde ay) Aq peusenob afe se[ole VO ‘@SN Jo SN 10} Aeiq i 8ulUO A8]IM UO (SUONIPUCD-pUe-SLIRI A0 A8 | 1M Afelq 1 [BU1|UO//:SANY) SUORIPUOD PUe SWB | 3U} 88S *[5202/60/70] Uo AriqiTauluo Aeim ‘AISeAIUN aXeISeM AQ 99E80K202 |IUS/Z00T OT/I0P/W0" A 1M Aeaq 1 Buluoy//:Sdiy WOy papeojumod ‘9T ‘SZ0Z ‘6289€TIT


http://www.advancedsciencenews.com
http://www.small-journal.com

ADVANCED
SCIENCE NEWS

smidll

www.advancedsciencenews.com

www.small-journal.com

(a) (b) (c)
4x10* 0.5 4x10" =
~ 34000 . < High SSE/t with low density 5
2 L - *r\ o + =l- x
£ 310 04T E TW o | EY + T - v
m 2 M e Metal-based =
Z %104 25 2x10* _ W CNT-based = 31 . Conductivity
E 0.3 é E 1510 s A\ Graphene-based g rato= Conductivity y
[75] % wn 4 % A \‘\\ @ MXene-based E 21
Z 1x1 g 2 1x10 ‘13.; Lk This work 3
E F0.2 E 15 @ * " H
0<
a-CNEF n-CNFF 0 1 ) 3 4 5 a-CNFF n-CNFF
. -3
(d) (e) Density (g-cm™) (f)
1.0
oy 351 .
SE =
60° 120° | 809 /
= % o 8 5= \\ﬁ
\\ // \:,25 % 0.8 ——
30° 150° 7 Q —a—A
§ / Z 20 (é o
\ b m 154 g B
—————— a9

10+

/

1

\
\

0 30

Incident waves

Reflected waves

\ />  Transmitted waves

©

T T T T T

0.0+
60 90 120 150 180 0
Angle (°)

30 60 90 120 150 180
Angle (°)

L

Iy
o

Figure 3. a) SSE/t and density of a-CNFF and n-CNFF. b) Comparison of SSE/t and density between the a-CNFF and other reported films.[4b,5¢7h-1,17¢,18]
c) Conductivity ratios along X and Y of a-CNFF and n-CNFF. d) Schematic diagram of polarization-dependent electromagnetic shielding test. €) EMI SE
of a-CNFF at various angles (0°-180°). f) Coefficients of reflection and absorption of a-CNFF at various angles (0°-180°). g) Proposed mechanism of

polarization-dependent EMI SE in a-CNFF.

obtained via the coaxial and waveguide methods are not entirely
consistent, primarily due to differences in the polarization modes
of the electromagnetic waves in the two methods. In the waveg-
uide method, the electromagnetic wave is linearly polarized, re-
sulting in significant variations in EMI SE at different rotation an-
gles (e.g., 0° and 90°, corresponding to the alignment of carbon
nanofibers being parallel and perpendicular to the polarization
direction of the incident electric field, respectively). In contrast,
the electromagnetic wave in the coaxial method is not linearly po-
larized, and the EMI SE remains consistent across different rota-
tion angles (e.g., 0° and 90°, defined as the initial and rotated sam-
ple placements, respectively) in Figure S15, (Supporting Infor-
mation). To gain further insight into the dynamic interaction be-
tween linearly polarized EM waves and the alignment of carbon
nanofibers, the reflection and absorption ratios were calculated.
As depicted in Figure 3f, the reflection coefficients vary with ro-
tation angle following the same trend as EMI SE; with a mini-
mum of 0.839 at 0°/180° and a maximum of 0.941 at 90°. Mean-
while, the absorption coefficients exhibit an opposite trend with
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a minimum of 0.058 at 90° and a maximum of 0.155 at 0°/180°.
These results illustrate a dominating role of reflection and re-
veal the possible mechanism for the dynamic EMI shielding ef-
fectiveness of a-CNFF as depicted in Figure 3g and Figure S16
(Supporting Information). When the rotation angle is set to 90°,
the incident electric field aligns parallel to the fiber arrangement.
The continuous conductive path within the a-CNFF facilitates the
maximization of the electric conductivity. A high impedance mis-
match can be realized at the interface, consequently leading to
a more efficient attenuation of the electromagnetic waves. As a
result, higher SE; is generated, multiple reflections of electro-
magnetic waves in the membrane are enhanced, and SE, is im-
proved. When the rotation angle is set to 0° or 180°, the incident
electric field is perpendicular to the fiber arrangement. Due to the
discontinuous conductive path, the minimized impedance mis-
match allows more incident EM waves to penetrate the a-CNFF,
and only a relatively low EMI SE is displayed. In addition, the elec-
tromagnetic shielding effectiveness of n-CNFF,1-CNFF,2-CNFF,
and 3-CNFF in the X-band was also measured (Figure S17 and
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Figure 4. Time-dependent temperature curves of a-CNFF under different applied voltages along a) X direction and b) Y direction. c) Linear fitting of
saturation temperature to the square of the voltage. d) Infrared thermal images of the film at various voltages with different test configurations.

Tables S5-S8, Supporting Information). With the increase in
pressure, the anisotropy of electromagnetic shielding gradually
became obvious.

Carbon-based materials have the potential to convert electri-
cal energy into heat due to their much lighter density and higher
current-carrying capacity compared to metals. Given the merits
of high and direction-dependent conductivity, bio-compatibility,
and flame retardancy, the proposed a-CNFF can serve as a com-
pelling candidate material for smart electric heaters. The Joule
heating performance of a-CNFF (12 X 10 mm?) was tested at
various voltages by connecting it to a DC power supply and
adjusting the voltages to 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, and 1.6 V
(Table S9, Supporting Information). Intriguingly, by applying
the voltage along different directions of the film as depicted in
the insets of Figure 4a,b, the film showed distinctively differ-
ent heating performances. Specifically, the voltage is applied ei-
ther parallel (X) or transverse (Y) to the alignment direction of
the carbon nanofibers while keeping the heating area the same.
When being applied with the same voltage, the parallel case
showed a much higher saturation temperature than the trans-
verse case. For instance, at 1.6 V, the surface temperature can
reach 120.6 °C for the parallel configuration but can only reach
49.2 °C for the transverse case (Figure 4a,b). With both configura-
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tions, the steady-state saturation temperature T, can be reached
within 3 s, revealing a rapid and voltage-sensitive thermal re-
sponse. By fitting the steady-state temperature on the surface of
the film to the square of the voltage (Figure 4c), a perfect lin-
ear relationship can be obtained, which proves the consistency
of Joule’s law. IR images were also recorded to vividly show the
evolution of surface temperature upon increasing applied volt-
age for the two cases (Figure 4d; Figures S18, S19, Supporting
Information). The much more efficient electro-thermal conver-
sion in the parallel case can be attributed to the higher con-
ductivity along the axial direction of the a-CNFF. Overall, the a-
CNFF exhibits unique electro-thermal conversion effectiveness
and fast thermal response, making it promising in the applica-
tions of wearable electric heaters that work at low voltage under
12 V for safety reasons. Notably, the Joule heating effectiveness
of other reported electrothermal materials!’e'’] was also sum-
marized and compared with that of a-CNFF (Table S10, Sup-
porting Information), where a-CNFF demonstrated advantages
over most prior works. The a-CNFF exhibits anisotropic char-
acteristics in terms of Joule heating efficiency and can achieve
higher surface temperature when lower voltage and power den-
sity are applied, making it promising in the field of intelligent
heating.

© 2025 Wiley-VCH GmbH
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3. Conclusion

In summary, anisotropic carbon nanofiber films were pre-
pared by electrospinning and subsequent pressure-assisted car-
bonization. The electrical conductivity of the a-CNFF is notably
anisotropic, with values of 2134 S m™! in the X direction and 466
S m~! in the Y direction, yielding a conductivity ratio of X to Y
as high as 4.58. Concurrently, the a-CNFF has a low density of
0.17 g cm? and a porosity reaching 76%, complemented by a spe-
cific surface area of 115.5261 m? g='. The highly aligned carbon
nanofibers in the film with micrometer thickness enable an ef-
ficient and smart adjustment of EMI SE from 23.0 to 35.6 dB
for linearly polarized electromagnetic waves within the entire X-
band. The a-CNFF exhibits a superior SSE/t of 33 400 dB cm? g1,
along with an EMI SE per unit thickness of 5791 dB cm™!. Also,
given the lightweight and high current-carrying capacity, the a-
CNFF demonstrates superb and tailorable Joule heating perfor-
mances with direction-dependent steady temperature control-
lable within the range of 49.2-120.6 °C under the same applied
voltage of 1.6 V. It is also worth noting with the proposed fabrica-
tion method, the degree of anisotropy can be easily controlled by
applying different pressures during carbonization, rendering the
films with more possible applications in electronic communica-
tions, military, aerospace, microelectronics, and smart wearable
electronics.

4. Experimental Section

Materials:  Poly (m-phenylene isophthalamide) (PMIA) was purchased
from Dongguan Haiyuan Textile Co., Ltd. Lithium chloride (LiCl, AR,
>99.995%) and N,N-Dimethylacetamide (DMAc, AR) were purchased
from Aladdin Reagent Co., Ltd. All chemicals were used as received with-
out further purification.

Fabrication of CNFFs: LiCl (0.5 g) was first added into 25 mL DMAc
followed by constant magnetic stirring for 30 min to obtain a uniform
LiCl/DMAc solution. Then 2.5 g of PMIA was added into the obtained solu-
tion and dissolved by constant stirring at 80 °C for 12 h to prepare the uni-
form dispersion of ANFs with a weight fraction of 10 wt.%. The obtained
ANFs dispersion (2 mL) was loaded into a syringe for electrospinning (ET-
1, Beijing Yongkang Leye Technology Development Co., Ltd.). Specifically,
the extrusion rate, output voltage, relative humidity, and temperature were
set to be 0.02 mm min~', 18 kV, 50%, and 25 °C, respectively. By using the
rotating drum collector with a rotating speed of 140 rev min~', a-ANFF
can be obtained. The prepared a-ANFF film sample was sandwiched in
two graphite plates with a length of 100 mm and a width of 50 mm, and
the film was subjected to different pressures uniformly by adding weights
(Figure S20, Supporting Information). The carbonization process was car-
ried out in a high-temperature tube furnace (GSL-1700X, Hefei Kejing Ma-
terial Technology Co., LTD.). At the same time, the prepared a-ANFF was
sandwiched in two graphite sheets, and the film was subjected to different
pressures uniformly by adding heavy objects. Two-step carbonization pro-
cess was then carried out in N, atmosphere at 600 °C for 1h and 1600 °C
for 30 min with a ramp rate of 1 and 4 °C min~', respectively to obtain
CNFFs. In the first carbonization process, five different samples were ob-
tained under different pressures of 0, 250, 500, 750, and 1000 Pa, namely
n-CNFF, 1-CNFF, 2-CNFF, 3-CNFF, and a-CNFF.

EMI Shielding and Joule Heating Performance: Electromagnetic inter-
ference shielding measurements of carbon nanofiber films were carried
out in a rectangular waveguide using a vector network analyzer (VNA,
Keysight N5225A) in X-band frequency range (8.2-12.4 GHz). The sam-
ples were cut into a rectangular shape, slightly larger in dimension
(25 mm X 25 mm) as compared to the opening of the sample holder
(10.2 mm x 22.9 mm). While mounting the film onto the sample holder,

Small 2025, 21, 2408366

2408366 (7 of 9)

www.small-journal.com

extra care was taken to avoid any leakage paths from the edges. The sam-
ple holder was tightly fixed with screws. Based on the measured results,
the coefficients of reflection (R), transmission (T), and absorption (A) can
be determined using the following formula.

R=|Sp U]
T=|5,/ @
A=1-R-T (3)

The reflection loss (SEg), absorption loss (SE,), and total shielding ef-
fectiveness (SEy) can then be determined as:

SEx = —10log (1 - R) @)
T

SEA——1O|og<ﬁ> )

SE; = SEg + SE, )

The absolute effectiveness of EMI shielding (SSE/t) taking account of
both the density and thickness of a material is defined as below:

SSE__ SE @
t density X thickness

For Joule heating tests, the applied voltage was provided by a direct cur-
rent (DC) power supply (Rigol, DP832), and the surface temperature distri-
bution was recorded using an infrared (IR) camera (HM-TPK20-3AQF/W).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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