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Electronic packaging materials with efficient heat dissipation and anti-electromagnetic-interference performance
are highly desirable to realize the long-term stable operation of highly integrated electronic devices. Such
combined functions of heat dissipation and anti-electromagnetic-interference are achieved here by filling 3D
CNF@C-Ni network skeleton in epoxy resins (EP). The CNF@C-Ni is a carbon nanofibers network skeleton
embedded with micron flower-like C-Ni particles and has been obtained by carbonizing nickel metal-organic
frameworks (Ni-MOF) embellished bacterial cellulose. The 3D CNF@C-Ni network skeleton provides a highly
efficient heat transfer channel for EP, rendering a high thermal conductivity of 0.5 W-m 'K~! at room tem-
perature for the 5 wt% CNF@C-Ni filled EP, ~2.8 times higher than that of pristine EP. In addition, the flower-
like C-Ni particles realize an optimization in the impedance matching of CNF@C-Ni/EP, enabling a high elec-
tromagnetic wave absorption performance in the wave-transparent epoxy resins. In particular, a lowest reflection
loss value of —49.77 dB at 13.44 GHz with a maximum effective bandwidth of 5.44 GHz (from 12.08 to 17.52
GHz) has been achieved in the 5 wt% CNF@C-Ni filled epoxy resins with a thickness of 2.2 mm. Such a new dual-
functionated epoxy resin with combined high electromagnetic wave absorption and thermal management per-

formance shows great potential in manufacturing of highly integrated electronic devices.

1. Introduction

Packaging materials serve as a key component for electronic devices,
which offer heat dissipative pathways for electronic circuits [1,2] and
keep them away from environmental effects (e.g., humidity, chemicals
and radiation) [3,4]. Electronics packaging materials encompass a wide
range of objects, including ceramics [5], metals [6], polymers [7] and so
on. Among them, polymers, especially epoxy resins, are intensively used
today because of their easy processibility, low cost, high electrical
resistance, corrosion resistance and mechanical strength [8-11]. How-
ever, the intrinsically low thermal conductivity (e.g., ~0.2 W-m~'K! at
room temperature) [12] of epoxy resins derived from their amorphous
polymer chains makes itself difficult to quickly dissipate the heat created
by electronic devices. Thus, the application of epoxy resins for pack-
aging of highly integrated and high-power density electronic devices is
largely limited. In addition, the electromagnetic interference has grad-
ually become serious due to the broad application of high-frequency
electromagnetic waves (EMW) in both civil and military fields (e.g.,

* Corresponding authors.

5G/6G wireless communication systems) [13,14]. Unfortunately, most
of the epoxy resins are good EMW transmitting materials, namely they
cannot attenuate the unwanted EMW thus keeping the electronic devices
away from the EM interference problems. Therefore, epoxy resins with
good electromagnetic waves absorption and thermal conductivity are
highly desired in packaging of highly integrated and high-power density
electronic devices, which have attracted increasing attentions from the
academic and industrial fields.

In order to improve the thermal conductivity of epoxy resins, high
thermal conductive materials (e.g., SiO2, AIN, BN, and Al,03) have been
filled into epoxy resins [15-17]. Meanwhile, the size distribution and
orientation of the fillers as well as the interface tailoring between the
filler and the polymer matrix have also been intensively studied and
optimized [18-20]. Enhanced thermal conductivity has been obtained
in the fillers/epoxy resins composites with a high filler content. For
example, the thermal conductivity of 40% SiO; filled epoxy resins rea-
ches 0.4 W-m™'K! at room temperature, 122% higher than that of pure
epoxy resins [21]. It is noted that such a high filling content will
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significantly increase the density of epoxy resins, violating the require-
ment of light weight for highly integrated micro-electronic devices.
Thereby, carbon-based fillers (e.g., graphite, graphene, 3D carbon
skeleton) are highly desirable because of their low density and high
electrical conductivity [22]. In which, graphene is widely studied due to
its high thermal conductivity of ~4000 W-m ™K' at room temperature
[23]. But the graphene/epoxy resins composition has significantly
anisotropic thermal conductivities, thus an isotropic three-dimensional
skeleton is an emerging strategy to optimize the thermal conductivity
of epoxy resins [24,25]. For example, the 3D thermal conductivity of the
graphene and sponge composite [26] is up to 2.19 W-m~!K~!. However,
the complex preparation process and high cost of graphene largely limit
its applications. Therefore, developing alternative 3D thermally
conductive carbon skeleton fillers lies in the core of EP packaging ma-
terials research.

In addition to the heat dissipation requirement, reducing the elec-
tromagnetic waves interference to electronic devices is also an urgent
requirement for epoxy resins based electronic packaging materials.
However, the electromagnetic waves absorption performance of pure
carbon materials itself is relatively low due to the poor impedance
matching/mismatched impedance [27-29], thus the epoxy resins filled
with pure carbon materials also show poor electromagnetic waves ab-
sorption performance. Recently, surface modification and the three-
dimensional structure design have been carried out to enhance imped-
ance matching and electromagnetic wave loss [30-33].In particular, the
minimum reflection loss (RL) of the NiAl layered double hydroxide/
graphene (NiAl-LDH/G) 3D composite material is —41.5 dB, and its
effective absorption bandwidth reaches 4 GHz [34]. Unfortunately, such
performance is still, or the thermal conductivity of the NiAl-LDH/G is
low. How to enhance the thermal performance and extend the electro-
magnetic waves absorption performance of epoxy resins as much as
possible is still a big challenge needed to be resolved.

Herein, we introduce an epoxy resin filled with 3D carbon nanofibers
embedded with micron flower-like C-Ni particles (i.e., CNF@C-Ni/EP)
as a promising candidate for dual-functionalized electronic packaging
materials. A natural, non-toxic, low-cost biological material, bacterial
cellulose (BC), has been employed as the precursor of 3D carbon skel-
eton, because of its high aspect ratio and good 3D carbon network after
carbonization [35-38]. Nickel metal-organic frameworks (Ni-MOF)
with a size of ~2 pm has been grown on the surface of bacterial cellulose
(BC) using a hydrothermal reaction. The 3D CNF fillers are obtained by
carbonizing BC at 900 °C, and amorphous C and nanoscale Ni particles
are formed on the surface of CNF, (i.e., CNF@C-Ni). The CNF@C-Ni/EP
composites with a thickness of 1.8 mm are obtained by vacuum
impregnation method. In which, the CNF@C-Ni reserves the 3D skeleton
of 3D CNF, which serves as the heat propagation path in CNF@C-Ni/EP
composite. The thermal conductivity of CNF@C-Ni/EP reaches ~0.5
W-m 'K~! with an ultralow filling content of CNF@C-Ni (5 wt%),
double the value of pure epoxy resin. Meanwhile, the introduction of
CNF@C-Ni into epoxy resin enhances the impedance matching between
CNF@C-Ni/epoxy resin composites and air, and causes more interface
polarization in the composites. It enables us to achieve a high reflection
loss value of —49.77 dB combined with an effective bandwidth of 5.44
GHz. The high thermal conductivity and EMW absorbing performance
indicate that our dual-functionalized CNF@C-Ni/epoxy resin composite
is highly desirable for electronic packaging application.

2. Experimental section
2.1. Materials

Bacterial cellulose (BC) membranes were provided by Hainan Yide
Foods Co., Ltd, China. NaOH and dimethylformamide (DMF) were ob-
tained from Sinopharm Chemical Reagent Co., LTD. Nickel nitrate
hexahydrate (Ni(NOg3)2-6H20) was purchased from Shanghai Aladdin
Industrial Corporation. p-Phthalic acid was purchased from Shanghai
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Macklin Biochemical Technology Co., Ltd. All reagents mentioned above
were of analytical grade and used without any further purification.

2.2. Pretreatment of BC

Dipped BC membranes in a 0.5 M NaOH solution (80 °C) and stirred
for 6 h to remove impurities in the BC, and then washed the BC with
deionized water until pH of washing solution was about 7. Finally
freeze-dried washed BC at —45 °C, 1 Pa for 48 h, and samples thus ob-
tained were denoted as BC.

2.3. Synthesis of BC@Ni-MOF

BC decorated by Nickel metal-organic frameworks (Ni-MOF) were
obtained by a simple hydrothermal reaction. First, x mg (x = 200, 400,
600) of Ni(NOs3)2-6H20 and 200 mg of BC were immersed in 70 ml DMF
solution, the obtained mixture was magnetically stirred at 40 °C for 1 h.
Then 70 mg, 140 mg, 210 mg p-Phthalic acid were added into the
mixture respectively followed by stirring for 30 min. The precursor so-
lution was transferred to an autoclave lined with Teflon (150 °C, 3 h).
Hereafter, the product was washed with deionized water and ethanol to
remove residual impurities and DMF in BC. At last, the samples were
freeze-dried at —45 °C, 1 Pa for 48 h. The samples thus obtained were
denoted as BC@Ni-MOF (200, 400, 600).

2.4. Preparation of CNF and CNF@C-Ni

The freeze-dried BC and BC@Ni-MOF were processed under Ar at-
mosphere at 900 °C for 2 h to obtain CNF and CNF@C-Ni, respectively.
The obtained samples were denoted as CNF, CNF@C-Ni (200), CNF@C-
Ni (400), CNF@C-Ni (600), respectively.

2.5. Preparation of CNF@C-Ni/EP composites

95 mg CNF@C-Ni was placed in a special mold, then slowly added
100 mg of epoxy resin (EP) precursor. (provided by Changshu Jiafa
Chemical Co., Ltd.), the sample was then transferred to a vacuum drying
oven for forming process at 120 °C, 1 Pa. Similarly, as a comparison,
pure EP tablets were also prepared under the same process. The thick-
ness of the CNF@C-Ni/EP was 1.8 mm.

2.6. Characterization and measurements

The microscopic morphologies of BC, BC@Ni-MOF, CNF and
CNF@C-Ni were characterized by Scanning Electron Microscopy
(Gemini SEM 300). The electromagnetic data including the relative
permittivity and permeability of the samples were obtained with with
the transmission/reflection coaxial line method by a vector network
analyzer in 2-18 GHz, Agilent (N5244A). The specimens used for eval-
uating the electromagnetic properties were prepared by dipping 5 wt%
CNF@C-Ni into epoxy resin, a toroid with outer diameter of 7.00 mm,
inner diameter of 3.04 mm and thickness of 2 mm. The Nitrogen
adsorption—desorption curves were obtained by specific surface area
analyzer (Micromeritics ASAP2020), Brunauer-Emmett-Teller method
and Barrett-Joyner-Halenda method were used to analyze specific sur-
face area and pore size distribution of samples respectively. The crystal
structure of the sample was analyzed by X-ray diffraction (XRD) on a
PANalytical B.V X-ray diffractometer. The sample composition was
studied in air atmosphere at a heating rate of 10 °C/min by using Pyris1
TGA. The FTIR spectra were obtained by Nicolet iN10 spectrometer, the
thermal conductivity was collected using transient hot wire method
through a XIATECH TC3010 instrument. The temperature and infrared
images during the heating and cooling process were recorded by an
infrared thermal imaging device (FLUKE Ti480 PRO).
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3. Results and discussion
3.1. Phase, microstructure and composition

The preparation process of the dual-functionalized EP with micro-
scale flower-like C-Ni decorated 3D carbon nanofibers (CNF) skeleton (i.
e., CNF@C-Ni/EP) is schematically shown in Fig. 1a. First, BC with a
natural 3D porous structure was purchased and washed using a 0.5 M
NaOH solution to remove impurities. Ni-MOF was in-situ grown on the
surface of BC by hydrothermal reaction method at 150 °C. In order to
study the effect of Ni-MOF content on the performance of CNF@C-Ni/
EP, different masses of Ni(NO3),-6H20 (200, 400, 600 mg) were
added to obtain samples with different Ni-MOF loading content, which
are marked as BC@Ni-MOF (200, 400, 600) respectively. Then, high-
temperature carbonization procedure at 900 °C was carried out to
obtain CNF@C-Ni with a 3D network structure under an Ar atmosphere.
Finally, a certain amount of EP was filled into the interspace of 3D
network in CNF@C-Ni under vacuum at 120 °C.

Fig. 1b shows the X-ray diffraction patterns for BC, Ni-MOF, BC@Ni-
MOF, CNF and CNF@C-Ni. The Bragg peaks of BC@ Ni-MOF (blue line)
can be well index to BC and Ni-MOF, confirming that Ni-MOF has been
grown on the surface BC successfully. After carbonization at 900 °C, CNF
only shows a broad Bragg peak of (002) of graphite around 24° (green
line), indicating partial the CNF was graphitized during carbonizing
process. The XRD pattern of CNF@C-Ni (purple line), besides the Bragg
peak of (002) of graphite, other Bragg peaks detected at 44.5°, 51.8°
and 76.4° can be well indexed to (111), (200) and (220) planes of face-
centered cubic Ni (JCPDS No. 87-0712) [39], respectively. It implies
that metallic Ni was created in CNF@C-Ni owing to the decomposition of
Ni-MOF, which is consistent with our EDS spectrum shown in Fig. S1. In
addition, the components of BC, CNF, BC@Ni-MOF and CNF@C-Ni were
analyzed by Fourier transform infrared (FTIR) spectroscopy (Fig. 1c).
Compared with pure BC, BC@Ni-MOF has a clear infrared absorption
peak around 816 cm™!, we attribute it to the C-H in-plane bending vi-
bration generated by the para-substitution of organic ligands in Ni-MOF,
confirming the formation of Ni-MOF. After high-temperature carbon-
ization, no obvious infrared absorption peaks can be observed in the
FTIR spectra of CNF and CNF@C-Ni, implying the functional groups in

a
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BC and Ni-MOF have been eliminated during high-temperature
carbonization procedure [40]. Thermogravimetric analysis (TGA)
(Fig. S2) indicates the contents of Ni in CNF@C-Ni (200), CNF@C-Ni
(400) and CNF@C-Ni (600) are about 18.28%, 44.33%, 66.22%,
respectively.

In order to study the porous structure of the samples, we carried out
N, adsorption-desorption measurements on CNF and CNF-C-Ni, Fig. 1d.
The isotherms of CNF and CNF-C-Ni (400) show typical type-IV curves,
indicating the existence of mesoporous and macroporous structures in-
side the samples [41,42]. Furthermore, the specific surface areas of CNF
and CNF@C-Ni (400) are 372.71 and 462.94 ng’l, respectively. Pore
size distribution shows that CNF@C-Ni (400) may have a microporous
structure based on Barrett-Joyner-Halenda (BJH) method (Fig. S8). It
means the introduction of C-Ni porous structure could effectively in-
crease the specific surface area of CNF. Such a high specific surface area
observed in CNF@C-Ni (400) not only facilitates the multiple scattering
or reflection of microwaves, thus enhancing the attenuation of micro-
waves (Table S1), but also greatly reduces the density of the material
and adjusts impedance matching, which is beneficial to the preparation
of lightweight microwave absorbers [43].

The macroscopic morphology and microstructure of BC, BC@Ni-
MOF and CNF@C-Ni are shown in Fig. 2. The bacterial cellulose (BC)
itself is white (Fig. 2a) with a 3D porous network structure (Fig. 2b, c).
The color of BC turns to green (Fig. 2d) after modified with Ni-MOF.
Field-emission scanning electron microscopic (FESEM) images (Fig. 2e
and f) show that the BC@Ni-MOF remains the 3D porous network
structure of BC. Besides, some petal-like Ni-MOFs sizing in ~2 pm,
which is the reason for the color change, are readily observed in BC@Ni-
MOF. Fig. 2g shows the product of BC@Ni-MOF after high temperature
treatment (i.e., CNF@C-Ni), which exhibits an excellent light weight
property and could be supported by stamens. FESEM images of CNF@C-
Ni show that diameter of the obtained carbon fiber (~60 nm) is smaller
than that of the pristine BC fiber (~90 nm) due to the elimination of
organic components on the BC surface. The size of the flower-like C-Ni in
CNF@C-Ni is similar to that of petal-like Ni-MOF in BC@Ni-MOF
(Fig. 2e and h). In addition, CNF@C-Ni presents an excellent multi-
layer structure, which is beneficial to improve impedance matching and
promotes more microwave scattering.
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Fig. 1. (a) Schematic diagram of the preparation process for CNF@C-Ni/EP. (b) XRD patterns of BC, Ni-MOF, BC@Ni-MOF, CNF and CNF@C-Ni. (c) FTIR analysis of
BC, BC@Ni-MOF, CNF and CNF@C-Ni. (d) Nitrogen adsorption-desorption curves of CNF and CNF@C-Ni (400) samples.
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Fig. 2. Digital images of (a) BC, (d) BC@Ni-MOF and (g) CNF@C-Ni supported by stamens. Field-emission scanning electron microscopic (FESEM) images of (b, c)

BC, (e, f) BC@Ni-MOF and (h, i) CNF@C-Ni.
3.2. Electromagnetic wave absorption performance

In order to study the electromagnetic wave absorption properties of
CNF and CNF@C-Ni, the electromagnetic parameters of CNF and
CNF@C-Ni were measured by the coaxial method, and the reflection loss
(RL) values of the samples were calculated using the following formulas
[44,45]:

Zin =7y \/izmnh P(@) VIEr } (@D)]

Zin _ZO

RL(dB) = 201
(dB) ogl; ——

@

where, Z;, and Z, are the input impedance in free space and the char-
acteristic impedance of absorber materials, respectively. p is complex
permeability (ur=p’ — ju’’), - is complex permittivity (e, = ¢’ — je’). fis
frequency of the electromagnetic wave, d is the thickness of absorber,
and c is speed of the electromagnetic wave in free space (i.e., speed of
light), respectively. RL value lower than —10 dB is usually needed for
electromagnetic wave absorption materials, which means that more
than 90% of electromagnetic waves could be absorbed. The electro-
magnetic wave frequency range with the RL values lower than —10 dB is
defined as effective absorption bandwidth (EAB).

Fig. 3a-d show the RL values for CNF, CNF@C-Ni (200), CNF@C-Ni
(400) and CNF@C-Ni (600), respectively. The thickness of these sam-
ples varies from 1 to 5 mm, and the measuring frequency ranges from 2
to 18 GHz with a frequency resolution of 5 MHz. The CNF shows a
relatively poor microwave absorption performance with a lowest RL
value of —6 dB, which can be ascribed to impedance mismatching
originated from exorbitant conductivity of CNF, thus considerable
electromagnetic waves were reflected on the surface of CNF rather than
absorbed. The electromagnetic wave absorption performance of CNF is
largely enhanced by introducing of micro C-Ni flower. In which,

CNF@C-Ni (400) shows the lowest RL of —49.77 dB (Fig. 3g) at 13.44
GHz, and EBA reaches to 5.44 GHz from 12.08 to 17.52 GHz, Fig. 3e. As
we all know, microwave absorbing materials are required to meet the
characteristics of thin, light, wide, and strong [46]. Therefore, in addi-
tion to ensuring strong microwave loss capability and wide absorption
bandwidth, thickness and filling volume are also important parameters
that need to be considered. As shown in Fig. 3f, a high RL values of
—37.5 dB combined with an EAB value of 3.68 GHz can be reached in
CNF@C-Ni (400) when its thickness is only 1.8 mm. Such a high RL
value can be further increased to —49.77 dB with the thickness
increasing to 2.2 mm. It is noted that the electromagnetic wave ab-
sorption performance is achieved with only 5 wt% of CNF@C-Ni (400)
(Fig. S3). We then compared our absorber with other carbon-based
microwave absorbers by considering content-mass ratio, thickness as
well as the EMW absorption performance, Fig. 3h. The excellent
comprehensive capability enables CNF@C-Ni (400) to provide a broad
application value for light-weight packaging materials in electromag-
netic protection [47-54].

To better understand the mechanism in the difference of EMW ab-
sorption performance of the samples, we analyzed their electromagnetic
parameters (e.g., permittivity, permeability). The frequency dependent
real parts ¢’ and imaginary parts ¢’ of complex permittivities for CNF,
CNF@C-Ni (200), CNF@C-Ni (400) and CNF@C-Ni (600) are depicted
in Fig. 4a and b, respectively. The ¢’ and ¢’’ gradually decrease with
increase of frequency owing to the relaxation phenomenon caused by
electric dipole polarization, this trend with frequency is conducive to
increasing the effective bandwidth of EMW absorption. In addition, the
¢’ and ¢”’ reduce obviously with increasing content of C-Ni in CNF@C-
Ni. indicating that the dielectric loss performance of CNF@C-Ni com-
posites is mainly determined by the content of C-Ni. For example, the ¢’
at 2 GHz is 34.21, 6.97, 5.88 and 1.68 for CNF, CNF@C-Ni (200),
CNF@C-Ni (400) and CNF@C-Ni (600), respectively. We noted that
the ¢’ and ¢ values of individual C-Ni are relatively low in entire
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frequency range, especially the ¢’ values are around 0 (Fig. S4). It
means that the dielectric loss caused by C-Ni nanoflowers is relatively
low. Therefore, as the content of C-Ni increased in CNF@C-Ni, the
content of CNF with high dielectric loss was relatively reduced, resulting
in a significant decrease in the value of ¢’". In addition, there are mul-
tiple fluctuation peaks in ¢’ and &'’ curves, indicating that multiple
relaxation phenomena occur. This might be related to the interface
polarization and dipolar polarization in the materials. Where the dipolar
polarization can be attributed to asymmetric distribution of charge at
defects in CNF or C-Ni, and interface polarization might occur in a
heterogeneous interface with different charge accumulation at the
boundary between CNF and C-Ni [53,55]. Further, it can be confirmed
by Cole-Cole diagram (as shown in Fig. S5). Compared with pure CNF,
CNF@C-Ni (400) has multiple semicircles in Cole-Cole diagram, indi-
cating that there are multiple Debye relaxations [54]. It is worth noting
that there is an obvious straight line at the end of the curve, indicating
that the three-dimensional CNF conductive network has a certain con-
ductivity loss ability provided by the microwave absorber.

Fig. 4d and e show the real parts (¢’) and imaginary parts (u’’) of
permeability values of all samples. The y’ values are about 1.0, while the
u’’ values are stabilized around 0.2 for all the samples. Such a low u’’
indicates magnetic loss in these samples is marginal compared to
dielectric loss, which can be ascribed to the small size and content of
nickel nanoparticles in the samples. Interestingly, 4’ has a negative
value at high frequencies, and appearance of complex permeability
might be attributed to magnetic energy radiation generated by sample in
an electromagnetic field. Generally speaking, in 2-18 GHz, magnetic
loss mainly comes from natural resonance, exchange resonance and
eddy current loss effects. In addition, multiple fluctuations in Cy (Cp =
1’ () ~2f ~1) throughout the test range were observed, indicating that
there are multiple magnetic loss mechanisms rather than only eddy
current loss. For instance, the vibration peaks at ~6 GHz and ~12 GHz
are caused by natural resonance and exchange resonance [56] (Fig. S6).
Moreover, by comparing the dielectric loss tangent (Fig. 4c) and mag-
netic loss tangent (Fig. 4f), the dielectric loss tangent values are much
larger than the magnetic loss tangent value, thus the dielectric loss is the

main contributor for EMW absorption in our samples.

Attenuation constant a refers to material’s intrinsic attenuation
ability for electromagnetic waves, which can be calculated by following
equation [57]:

Varf [, .
a= cj (” gn_”ags)_i_\/(ﬂ 8”—ﬂ’S’)Z—F(H’S”“rM”E,)Z (3)

Typically, a larger attenuation constant value means a better ability
to consume electromagnetic waves of the material. However, for high
EMW absorption performance, a high impedance matching (Z = |Z/
Zo|) is also needed, because a high impedance matching means more
EMW can easily enter the inside of the material and be effectively
dissipated. As shown in the Fig. 5a, although the « value of CNF is higher
than that of CNF-C-Ni composite material, its overall microwave ab-
sorption capacity is very low due to its low impedance matching (i.e., Z
= 0.5, Fig. S7). As a result, more electromagnetic waves are reflected
rather than absorbed. The low Z value increases with increasing content
of C-Ni, which are 0.8, 1 and 1.1 for CNF@C-Ni (200), CNF@C-Ni (400)
and CNF@C-Ni (600), respectively (Fig. 5c, d, e). It is generally believed
that impedance of absorber and air is almost the same when Z = 1, which
means that more electromagnetic waves can easily enter absorber from
the air instead of being reflected [58]. Therefore, CNF@C-Ni (4 00) with
a suitable attenuation constant and good impedance matching shows the
highest EMW absorption performance.

Based on the above analysis, the main EMW wave attenuation
mechanisms of CNF@C-Ni are summarized in Fig. 5b. Firstly, absorption
mechanisms for high-performance microwave absorption materials are
usually related to two aspects: impedance matching and attenuation
ability. Good impedance matching signifies that microwave can fully
enter into the materials, which is an essential prerequisite for microwave
absorption. Outstanding attenuation ability requires that materials can
transform microwave energy into thermal or other energy for con-
sumption. Secondly, the high specific surface area of CNF@C-Ni makes
the incident microwave reflect multiple times at the active site, thereby
enhancing energy dissipation [46,59]. Meanwhile, interface



Y. Qian et al.

as(m

——CNF
—— CNF@C-Ni (200)
—— CNF@C-Ni (400)
600 {—— CNF@C-Ni (600)

Attenuation constant

==

0 T T T T T T T
2 4 6 $§ 10 12 14 16 18
Frequency (GHz)

Chemical Engineering Journal 425 (2021) 131608

=
EE
&g
==
=
< 8
S E
sE
]
< 2
S5
I
5§
S
g2
2 g
g8
5]

CNF@C-Ni (200) CNF@C-Ni (400) CNF@C-Ni (600)
C ] e
~ —~ ~
=] =] @
= =
< < <
2 204 2 204 2
g T g g-
= 1 = =
S S S
g 1 g =
153 1 137 Q
9 1 Q )
% i K K
& -40 1 & 40 & -
1
1
1
1
1
1
1
1
10+ — = —— - - = - == == — =~ [ [P |
3 057 e e
N N N
-= -= -=
[io.o——umm i . i X
—1.4mm
1.6 mm
——1.8 mm
051 —20mm
———2.2mm
——2.4mm
10 28mm . ; ; — 10 ; ; ; : ; ; 10 ; : ; ; — ;
2 4 6 8 0 12 14 16 18 2 4 6 8 10 12 14 16 18 2 4 6 8 10 12 14 16 18
Frequency (GHz) Frequency (GHz) Frequency (GHz)

Fig. 5. (a) Attenuation constant, (b) Schematic diagram of the EMW absorption mechanisms of CNF@C-Ni. The reflection loss and the impedance matching
characteristics of CNF@C-Ni(200) (¢), CNF@C-Ni(400) (d) and CNF@C-Ni(600) (e) with different thickness.

polarization and dipolar polarization caused by the multiple interfaces
between CNF and C-Ni and the accumulation of different charges at the
interface, further enhances the attenuation of microwaves. In addition,
the high aspect ratio CNF three-dimensional network structure consti-
tutes a conductive path to optimize the conduction loss, thereby
improving the microwave loss efficiency to a certain extent.

3.3. Thermal conductivity and thermal management property

We measured the thermal conductivity of EP and CNF@C-Ni/EP by
transient test method. As shown in Fig. 6a, the thermal conductivity is
only ~0.18 W-m ™K~ for pure EP at room temperature, which rises to
~0.5 W-m'K~! for CNF@C-Ni/EP composite. It is very exciting to be
able to achieve such a high thermal conductivity when the filling con-
tent of CNF@C-Ni is only 5 wt%, which is an important guarantee to
meet the lightweight requirements of epoxy resin based electronic
packaging materials [60,61]. Generally, the efficiency » of thermally
conductive fillers is evaluated according to the thermal conductivity
enhancement (TCE) [62]:

100(x — k)

K

n%) = @)

where the thermal conductivity of the composite material is represented
by «, as well as kp, is the thermal conductivity of the matrix material. We
calculated the TCE value of CNF@C-Ni/EP using equation (4), which
reaches ~178. Such a high TEC value is much higher than that of other

epoxy resin-based composites with similar filling content as we listed in
Table 1. The main reason for this high thermal conductivity enhance-
ment is that CNF@C-Ni not only has a high aspect ratio and a high
thermal conductivity itself, but also perfectly retains the 3D network
structure of BC, thus providing a good 3D heat propagation path to
€poxy.

In order to practically verify the thermal management capability of
CNF@C-Ni/EP composites, we tested the changes in upper surface
temperature of EP and CNF@C-Ni/EP during heating and cooling using
an infrared thermal imager. When we placed pure EP and CNF@C-Ni/EP
on a heating table with a temperature of ~49 °C, the upper surface of
CNF@C-Ni/EP can be heated to 47 °C in 60 s, while the pure EP is only
38.06 °C (Fig. 6b and e), reflecting the higher thermal conductivity of
CNF@C-Ni/EP composite than EP. Similarly, when we placed EP and
CNF@C-Ni/EP which had the same initial temperature (~50 °C) in air
(~22 °C) for cooling, the upper surface temperature of CNF@C-Ni/EP
dropped faster than that of EP (Fig. 6¢ and f). Fig. 6d shows the heat
conduction mechanism of CNF@C-Ni/EP composite, which mainly de-
pends on the 3D CNF@C-Ni in EP. The low filling volume and high
thermal conductivity enable CNF@C-Ni/EP to be a promising electronic
packaging material.

4. Conclusion
This work demonstrates a promising dual-functionated epoxy resin

based electronic packaging material for highly integrated electronic
devices, which was obtained by filling 3D CNF@C-Ni network skeleton
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Table 1
Comparison of thermal conductivity (k) of our CNF@C-Ni/EP composite with
other epoxy-based composites.

Fillers Loading k of Epoxy k of Composite n Ref.
(wt %) resins material (%)
(W-m™K™) (W-m~'K™)
NGF/BFs 10 0.16 0.39 140 [63]
VmhBN 5 0.15 0.2 30 [64]
RmhBN 5 0.15 0.3 100 [64]
CNT/ 5 0.2 0.33 70 [65]
MoS,
GBN50 5 0.2 0.48 140 [66]
Al,O3 5 0.17 ~0.25 50 [21]
Diamond 29.4 0.17 0.35 110 [671
MF-10 15 0.22 0.46 110 [68]
SiOy 20 0.18 0.25 39 [21]
CNF@Ni- 5 0.18 0.5 178  This
C work

in EP using a vacuum impregnation strategy. The filler CNF@C-Ni was
prepared by high-temperature carbonizing flower-like Ni-MOF embel-
lished bacterial cellulose (BC, a natural, non-toxic, low-cost biological
material). In which, the CNF remains the 3D network structure of BC, the
C-Ni particles size in ~2 pm with a multilayer structure. On one hand,
the C-Ni particles increase the impedance matching of pure CNF as well
as the CNF/EP composites, thus a high electromagnetic wave absorption
performance has been achieved for CNF@C-Ni/EP composites. Specif-
ically, when the CNF@C-Ni filling amount is 5 wt%, the minimum
reflection loss value is up to —49.77 dB at a frequency of 13.44 GHz and
a thickness of 2.2 mm, and the maximum effective bandwidth reaches
5.44 GHz in the frequency range of 12.08-17.52 GHz. On the other
hand, due to the introduction of 3D CNF heat transfer network, the
CNF@C-Ni/EP also exhibits a high thermal conductivity of 0.5
W-m 'K ! at room temperature, an increase of ~280% comparing with
pure EP. The lightweight, high electromagnetic wave absorption per-
formance and good management capability promote the CNF@C-Ni/EP

composite to be an ideal electronic packaging material.
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