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Abstract   In this study, an architecture featuring a gradient conductive network structure and three-dimensional dual-continuous network struc-

ture is constructed in a carbon nanotubes/cellulose-boron nitride/poly(vinyl alcohol) (CNT/cellulose-BN/PVA) composite. Using cellulose aerogel

as a template, CNT were incorporated into the cellulose template by vertically impregnating the CNT suspension. Following the impregnation of

BN/PVA and high-pressure compression,  three-dimensional  dual-continuous network structure was successfully  constructed in the CNT/cellu-

lose-BN/PVA composite.  The comprehensive performance of  the composite,  including electromagnetic  interference (EMI)  shielding and Joule

heating performance, was investigated. The results indicate that the total EMI shielding effectiveness (SE) for the CNT/cellulose-BN/PVA compos-

ite  reveals  similar  values  for  electromagnetic  waves  incident  from  different  directions,  but  totally  different  shielding  mechanisms.  For  the

CNT/cellulose-BN/PVA composite with three impregnation cycles of CNT, the EMI SE values exceeded 39 dB for electromagnetic waves incident

from both the high- and low-CNT-content  sides.  93% of  the microwaves were reflected when electromagnetic  waves were incident  from the

high-CNT-content side, while the reflection coefficient decreased to 0.44 for the transverse direction. In addition, the construction of the dual-

continuous network structure enabled the composite to exhibit both excellent electrical conductivity and good thermal conductivity simultane-

ously, endowing the material with good Joule heating performance. CNT/cellulose-BN/PVA composite films have significant potential for applica-

tion as EMI shielding materials in extremely cold weather.
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INTRODUCTION

In the booming 5G communication technology and Internet era,
electronic products are almost always accompanied by people’s
entire  life  cycle.  Electromagnetic  waves  bring  great  conve-
nience to people but  also lead to unwelcome electromagnetic
pollution  and  information  leakage.[1−3] Therefore,  the  develop-
ment  of  high-performance  electromagnetic  interference  (EMI)
shielding  materials  is  of  great  significance  for  protecting  elec-
tronic equipment against interference and human health.[4−6]

Traditional EMI shielding materials are mostly metal materi-
als  with  high  conductivity,[7] and  such  materials  have  the
characteristics  of  high  density,  high  rigidity,  easy  oxidation,

and  easy  corrosion,  which  severely  limit  their  application
fields.[8−10] Compared  with  traditional  metal  materials,  poly-
mer-based  EMI  shielding  composites  have  been  developed
rapidly  in  the  field  of  electromagnetic  protection  owing  to
their  advantages,  such  as  light  weight,  easy  processing,  and
strong designability.[11,12]

To  achieve  satisfactory  EMI  shielding  effectiveness  (SE)  in
polymer composites, the construction of a three-dimensional
(3D) conductive network structure is very effective.[13−15] Guo
et  al.[16] constructed  a  polyimide/boron  nitride  (BN)
nanosheet/Ti3C2Tx MXene  composite  film  with  a  3D  conduc-
tive  network;  the  EMI  SE  reached  49.2  dB.  Lu et  al.[17] devel-
oped an isolated conductive network structure in a multi-wall
carbon  nanotube  (CNT)/cellulose  composite.  The  composite
exhibited  an  EMI  SE  as  high  as  49.2  dB.  Acrylonitrile-butadi-
ene-styrene-based  composite  foams  were  fabricated  by
Wang et al.,[18] exhibiting an EMI SE as high as 73.5 dB. On the
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one  hand,  the  construction  of  the  3D  conductive  network
structure can effectively increase the conductivity, leading to
a satisfying total EMI SE. On the other hand, high conductivi-
ty will  inevitably increase the impedance mismatch between
the material surface and the air,  resulting in increased reflec-
tion when the electromagnetic waves reach the surface of the
material,  causing  serious  secondary  electromagnetic  radia-
tion pollution.[19,20] Therefore, the development of a compos-
ite  with  simultaneously  high  EMI  SE  and  absorption  coeffi-
cient  (A)  for  electromagnetic  waves  has  become  a  research
hotspot.[7]

The  preparation  of  EMI  shielding  materials  with  non-uni-
form  conductive  structures  is  a  highly  promising  strategy  to
address the contradiction between EMI SE and A in a uniform
substance. By controlling the upper and bottom surfaces with
different conductivities,  Luo et al.[21] revealed the anisotropic
EMI  shielding  performance  of  Janus  multi-walled  CNT/
cellulose  nanofibers/poly(3,4-ethylenedioxythiophene):poly-
styrene  sulfonate  composite  film,  achieving  an  improved A
and EMI SE as high as 61 dB. Lei et al.[22] prepared silver fractal
dendrite/thermoplastic polyurethane composite foams with a
gradient  conductive  structure  through  layer-by-layer  con-
struction, which presented an excellent EMI SE of 88.5 dB and
an  ultra-low  electromagnetic  microwave  reflection  shielding
effectiveness  (SER)  of  0.29  dB.  The  simultaneous  high  EMI  SE
and low reflection originate from the unique electromagnetic
wave  dissipation  path  of “low  reflection-absorption-high  re-
flection-reabsorption”.  Xu et  al.[23] constructed  a  gradient
shielding layer with a reflection coefficient (R)  of 0.39 and an
excellent  EMI  SE  (87.2  dB)  by  depositing  magnetic  iron/iron
oxide  on  reduced  graphene  oxide  (rGO@Fe3O4)  and  a  silver-
coated  tetraneedle.  The  construction  of  a  gradient  conduc-
tive structure is an effective strategy for achieving high EMI SE
while maintaining low reflection characteristics.[24,25]

In  addition  to  the  superior  EMI  shielding  performance,
good  comprehensive  performance  is  required,  considering
the practical application of EMI shielding materials. For exam-
ple,  many  large  outdoor  equipment  systems  require  mea-
sures  to  mitigate  the  impact  of  extreme  weather  conditions
on their EMI shielding performance,[26] which requires materi-
als  with  good  EMI  shielding  and  Joule  heating  performance.
To  obtain  better  Joule  heating  performance,  the  material
must  have  good  electrical  and  thermal  conductivities  at  the
same time. The construction of a 3D conductive structure can
endow the composite with good electrical conductivity. How-
ever, owing to the interfacial thermal resistance between the
3D network structure and matrix,  the thermal conductivity is
often  poor,  resulting  in  a  longer  Joule  heating  process  time
and  uneven  temperature  distribution.  Therefore,  the  con-
struction of an effective thermal conductive path and the re-
duction  of  the  interfacial  thermal  resistance  are  key  to  im-
proving the comprehensive performance of the material. Tak-
ing this into consideration, the architecture of a thermal/elec-
trical  dual-continuous  network  structure,  which  can  provide
multiple reflection interfaces for electromagnetic waves while
minimizing the interfacial thermal resistance, seems to be an
effective strategy for solving the current problem.[27,28]

In  this  study,  cellulose  aerogel  was  utilized  as  a  template,
and  a  gradient  conductive  3D  network  structure  was  con-

structed within the material by vertically impregnating a CNT
suspension.  After  subsequent  BN/poly(vinyl  alcohol)  (PVA)
impregnation-hot  pressing  molding,  the  CNT/cellulose-
BN/PVA  dual-continuous  network  structure  was  successfully
constructed.  The  obtained  CNT/cellulose-BN/PVA  composite
exhibited  excellent  EMI  shielding,  thermal  conductivity,  and
Joule  heating.  This  provides  a  solid  foundation  for  its  use  in
the construction of EMI shielding materials for applications in
extremely cold weather conditions.

EXPERIMENTAL

Materials
Cotton  linters  with  a  degree  of  polymerization  (DP)  of  500±50
were  supplied  by  Hubei  Jinhuan  Ltd.  (China).  Multi-wall  CNT
with a diameter of 5–15 nm and a length of 0.5–2 µm were pro-
vided  by  Jiangsu  Xianfeng  Nanomaterials  Technology  Co.,  Ltd.
(China).  Analytical  grade urea,  NaOH,  cetyltrimethylammonium
bromide  (CTAB),  and  tertiary  butanol  (TBA)  (analytical-grade)
were obtained from Xi’an Daosheng Chemical  Technology Co.,
Ltd. The PVA sample, which had a molecular weight (MW) rang-
ing  from  17600  g·mol−1 to  26400  g·mol−1,  was  obtained  from
Anhui Wanwei Unit Co., Ltd. (China). Hexagonal BN with an av-
erage particle  size  of  100 nm and 99.9% purity  was  purchased
from Jinan Zhiding Welding Materials, Ltd. (China).

Preparation of Cellulose Aerogel
First, a NaOH/urea/aqueous solution with a mass ratio of 7:12:81
was prepared. This solution was frozen in a refrigerator at −12.5
°C.  2.5  g  of  cellulose  was  added  to  100  g  of  the  NaOH/urea/
aqueous solution and mechanically stirred for 5 min to obtain a
cellulose/NaOH/urea/aqueous  solution.  The  solution  was  cen-
trifuged at 8000 r/min for 5 min, and the resulting solution was
poured  into  a  flat-bottom  cylindrical  mold,  and  placed  in  an
oven at 70 °C for 72 h to form a hydrogel. Subsequently, the cel-
lulose hydrogel was immersed in water. The water was changed
every 2 h until the pH of the water was approximately 7, indicat-
ing that NaOH and urea were completely removed. The hydro-
gel was completely immersed in 10 wt% TBA/water solution for
48 h. Finally, the cellulose hydrogel was first frozen in a refriger-
ator at −25 °C and then vacuum freeze-dried (−50 °C, 20 Pa) for
48 h to obtain the cellulose aerogel.

Preparation of CNT/Cellulose Composite Aerogel
As shown in Fig. 1, 2.5 g of CNT and CTAB (weight ratio of CNT
to CTAB was 1:0.8) were added to 81 g of deionized water and
ultrasonically treated for 30 min to prepare the CNT/water sus-
pension. A certain amount of CNT suspension was dripped into
a cylindrical mold. The cellulose aerogel was fixed on a sample
holder,  with the bottom of the cellulose aerogel parallel  to the
liquid level of the CNT suspension. The cellulose aerogel gradu-
ally absorbed the CNT suspension through capillary action. The
bottom of the cellulose aerogel was controlled to maintain con-
tact with the CNT suspension until all the CNT suspensions were
absorbed into the cellulose aerogel. The samples were frozen at
−25  °C  for  12  h.  After  freezing,  the  samples  were  placed  in  a
freeze dryer (−50 °C, 20 Pa) for 48 h. The weight content of CNT
was calculated by weighing the sample before and after the im-
mersion-drying  process.  The  vertical  immersion-drying  process
was  repeated  once,  twice,  and  thrice  to  obtain  CNT/cellulose
composite  aerogels  with  different  CNT  contents,  which  were
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coded as CNT-x, where x represents the “vertical immersion-dry-
ing” times.

Preparation of CNT/Cellulose-BN/PVA Composites
As shown in Fig.  1,  0.22 g of  BN powder was added to 38 g of
deionized water and ultrasonicated for 30 min to obtain the BN
suspension.  A BN/PVA solution was obtained by adding 2 g of
PVA to the BN suspension and magnetic stirring at 80 °C for 30
min. Subsequently, the prepared CNT/cellulose composite aero-
gel was completely immersed in the BN/PVA solution for 30 min
and then frozen at −45 °C for 12 h. Immediately after the freez-
ing process, the samples were vacuum-freeze-dried for 48 h. The
samples  were  weighed  before  and  after  the  "impregnation-
freeze drying" process to obtain the weight content of BN/PVA
in the CNT/cellulose-BN/PVA composite. Finally, the sample was
hot-pressed  at  100  MPa  and  100  °C  for  5  min  to  obtain  a
CNT/cellulose-BN/PVA composite.  For simplicity,  the CNT/cellu-
lose-BN/PVA composite is denoted as CNT-x/BN, where x repre-
sents the impregnation time of CNT.

Characterizations
To  observe  the  microstructure  of  the  CNT/cellulose-BN/PVA
composites,  the  samples  were  examined  using  scanning  elec-
tron microscopy (SEM, S-4800, Hitachi, Japan). The samples were
immersed  in  liquid  nitrogen  for  at  least  30  min  and  rapidly
quenched  to  obtain  quenched  cross  sections.  The  quenched
cross-sections were sprayed with gold and observed at an accel-
erating voltage of 5 kV. To observe the distribution state of CNT
in  the  CNT/cellulose-BN/PVA  composite,  a  piece  of  CNT/cellu-
lose-BN/PVA  composite  was  embedded  in  epoxy,  and  a  cross-
section  (about  800  μm)  was  obtained  using  a  microtome
equipped  with  a  steel  knife.  De-crossed  polarized  optical  mi-
croscopy  (dePOM)  observations  were  performed  on  the  cross-
sections  using  an  Olympus  BX51  microscope  (Olympus  Co.,
Japan).  The  resistivity  of  the  CNT/cellulose-BN/PVA  composites
was  measured  using  an  SDY-6  four-probe  tester.  Three  points
were measured for each sample and the average value was cal-
culated. The electrical conductivity was calculated using the for-
mula σ=1/ρ, where σ (S·m–1) is the electrical conductivity and ρ
(Ω·m) is the electrical resistivity. The EMI SE of the CNT/cellulose-

BN/PVA composites in the range of 8.2–12.4 GHz (X-band) was
characterized  using  an  ASTM  ES7-83  coaxial  test  system.  The
scattering  parameters  (S11,  S22,  S12,  and  S21)  of  the  samples
were obtained by recording their  data curves in  the frequency
range. R, A, transmission coefficient (T), SER, electromagnetic mi-
crowave  absorption  shielding  effectiveness  (SEA),  and  total
shielding  effectiveness  (SET)  were  calculated  according  to  Eqs.
S(1)–S(6) (in the electronic supplementary information, ESI). The
EMI  shielding  performance  was  tested  when  the  electromag-
netic waves were incident from the high-CNT side and when the
electromagnetic  waves  were  incident  from  the  low-CNT  side.
The  diffusion  coefficient  and  specific  heat  capacity  were  mea-
sured  using  a  laser  flash  thermal  conductivity  meter  (LFA  467
HyperFlash,  NETZSCH,  Germany).  Each  specimen  was  tested  5
times. Detailed testing and calculation procedures were provid-
ed in ESI. The heat-transfer process of the composite was simu-
lated using COMSOL version 6.3. The Joule heating properties of
the  samples  were  characterized  by  infrared  thermal  imaging
(CA73, FLIR, Chauvin Arnoux) at an applied voltage of 1–5 V. The
mechanical properties of the samples were determined using a
universal  tensile  instrument  (model  5576,  Instron  Instruments)
with a span length of 15 mm and a testing speed of 3 mm/min.
Before testing, the composite was cut into rectangular strips ap-
proximately 5 mm in width and 20 mm in length.

RESULTS AND DISCUSSION

Microstructures of the CNT/Cellulose-BN/PVA
Composites
As shown in Fig. 2(a), the CNT/cellulose composites exhibit a 3D
lamellar porous network structure with an average pore size of
approximately  200  μm.  After  the  uniform  impregnation  of
BN/PVA and hot  pressing,  the pore structure  disappeared,  and
the  composite  exhibited  a  dense  dual-continuous  network
structure.  To  observe  the  distribution  of  CNT  in  the  CNT-3/BN
composite,  two  parts  of  the  material  were  selected  for  magni-
fied observation (Fig. 2b). It is clearly observed that CNT aggre-
gate  at  the  interface  of  cellulose  and  PVA,  which  forms  a  con-
ductive  network  structure,  and  the  CNT  content  in Fig.  2(c2)  is
higher than that shown in Fig. 2(c1), which reflects the gradient
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Fig. 1    Schematic illustration of the preparation process of CNT/cellulose-BN/PVA composites.
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distribution of CNT in the CNT-3/BN composite. A dual-continu-
ous  network  structure  composed  of  the  CNT/cellulose  and
BN/PVA phases is shown in Fig. 2(d). It is worth noting that the
dual-continuous  network  structure  was  oriented  horizontally,
which was ascribed to the horizontal yield of the pore walls dur-
ing the hot-pressing process. As indicated, the relatively smooth
sections correspond to the BN/PVA phase, and the rough areas
originate  from  cellulose  and  CNT.  The  interface  between  the
CNT/cellulose and the BN/PVA phase is further observed under
higher magnification, as shown in Fig. 2(e). It can be clearly ob-
served  that  the  two  phases  are  closely  combined  without  any
cracks, which results from the fact that cellulose has good com-
patibility  with PVA.  The distribution of  BN in  the composites  is
shown in Fig. 2(f). It is obvious that BN is uniformly distributed in
the PVA phase, benefiting from the relatively good compatibili-
ty between BN and PVA, as well as the solution mixing method.
DePOM observations were performed, as shown in Fig. 3(a). The
distribution  of  CNT  in  the  CNT-3/BN  composite  can  be  easily
identified because of the light transmittance difference; that is,
the CNT-enriched region appears  to  be dark,  the cellulose ma-

trix exhibits higher brightness owing to less visible light absorp-
tion  and  birefringence  caused  by  high  crystallinity,[29] and  the
BN/PVA phase appears to be gray.  It  is  obvious that a horizon-
tally aligned dual-continuous network structure is formed in the
CNT/cellulose-BN/PVA  composite  after  compression  molding,
while  CNT  are  aggregated  at  the  cellulose-PVA  interface.  The
distribution  of  CNT  in  the  composite  exhibits  an  overall  gradi-
ent  trend along the impregnation direction;  that  is,  bundles  of
CNT are clustered densely at the bottom and become progres-
sively sparser towards the top of the material. Furthermore, the
brightness  distribution  of  the  composite  quantitatively  reflects
the gradient distribution of the CNT along the impregnation di-
rection (Fig. 3b).

Electrical Conductivity and EMI Shielding
Performance of the CNT/Cellulose-BN/PVA
Composites
The SEM results demonstrated that the CNT were gradationally
distributed  in  the  CNT/cellulose-BN/PVA  composites.  Accord-
ingly,  the  composites  were  expected  to  exhibit  gradient  con-
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Fig. 3    (a) DePOM image demonstrating the distribution state of CNT in the CNT/cellulose-BN/PVA composite and (b) the brightness distribution
along the impregnation direction.
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ductivities. As shown in Fig. 4(a), all the electrical conductivities
of the high-CNT-content side are higher than those of the low-
CNT-content  side.  Take  CNT-1/BN as  an  example,  the  electrical
conductivity for the high-CNT-content side is 23.29 S·m–1, which
is  3.93  times  higher  than  that  of  the  low-CNT-content  side.  In
addition,  the  electrical  conductivity  increases  with  increasing
impregnation  time,  which  is  ascribed  to  the  increase  in  CNT
content (Table S1 in ESI); thus, more CNT nanofillers participate
in the construction of the electrically conductive network struc-
ture, leading to a higher electrical conductivity. For example, the
electrical  conductivity  of  the  high-CNT-content  side  of  CNT-
1/BN is 23.29 S·m–1. With the increase of impregnation times to
3, the CNT content increases from 3.1 wt% to 9.6 wt%, and the
electrical  conductivity  reaches  109.86  S·m–1.  We  evaluated  the
EMI  shielding  performance  of  the  CNT/cellulose-BN/PVA  com-
posites when microwaves were incident from the high CNT con-
tent side to the low CNT content side (denoted as high-low) and
the  transverse  direction  (denoted  as  low-high),  respectively.
From Fig.  4(b),  it  can  be  seen  that  SET increases  with  CNT  im-
pregnation  time.  With  only  one  impregnation,  the  SET reaches
25.2  dB,  which  exceeded  the  commercial  standard  of  20  dB.
When  the  impregnation  is  increased  to  three  times,  the  SET

reaches 39.2 dB, which indicates that 99.98% of the electromag-
netic  waves  are  shielded  by  the  material.  In  addition,  the
CNT/cellulose-BN/PVA  composites  presented  almost  identical
EMI SE values for the low-high and high-low transmission direc-
tions.  Although the composite presents a  similar  SET when mi-
crowaves are incident from different directions,  the EMI shield-

ing mechanisms are distinctly different. For example, when elec-
tromagnetic waves are incident from the high-CNT-content side
of the CNT-3/BN composite, the SER, SEA, and SET are 12.8, 26.5,
and 39.3 dB (Fig. 4c), respectively. When electromagnetic waves
are  incident  from  the  low-CNT-content  side  of  the  CNT-3/
BN  composite,  the  SER,  SEA,  and  SET are  2.5,  36.6,  and  39.2  dB
(Fig.  4c),  respectively.  Although  the  SET are  similar,  the  SEA is
much  higher  when  the  electromagnetic  waves  are  incident
from  the  low-CNT-content  side,  proving  that  the  sample  ex-
hibits  a  higher  electromagnetic  wave  adsorption  capacity.  As
shown in Fig. 4(d), for the CNT-3/BN composite, when the elec-
tromagnetic  waves  are  incident  from  the  high-CNT-content
side, R is as high as 0.93, whereas A is only 0.07, demonstrating
that  most  microwaves  are  reflected.  Conversely,  when  electro-
magnetic waves are incident from the low-CNT-content side, R
decreases to 0.44 and A increases to 0.56, achieving an absorp-
tion-dominated  shielding  mechanism.  This  is  mainly  because
the low-CNT-content side has a lower conductivity,  so that the
material  surface  has  a  higher  impedance  match  with  the  sur-
rounding  air,[30,31] which  effectively  reduces  the  reflection  of
electromagnetic waves at the material surface, and incident mi-
crowaves  are  adsorbed  by  the  material.  To  investigate  the  ab-
sorption  mechanism,  the  electromagnetic  parameters  of  the
CNT/cellulose-BN/PVA composites were characterized (Fig. S3 in
ESI).  First,  the ɛ’ values  of  all  the  samples  are  observed  to  de-
crease with increasing frequency,  which could be attributed to
the polarization hysteresis at higher frequencies and typical fre-
quency  dispersion.  Moreover,  both ɛ’ and ɛ’’ of  CNT-3/BN  are
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Fig.  4    (a)  Conductivity,  (b)  SET,  (c)  SER and  SEA,  and  (d)  shielding  coefficients  of  CNT/cellulose-BN/PVA  composites  with  different  CNT  filler
contents.
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higher  than  those  of  CNT-1/BN.  This  result  is  ascribed  to  the
higher  CNT content,  which collectively  contributes  to  a  denser
electron transport network, enhancing the dielectric loss.[32] The
Cole-Cole  plots  for  both  CNT-1/BN  and  CNT-3/BN  display  two
distinct sections,  that is,  the linear relationship area in the low-
frequency region and the semicircle area in the high-frequency
region,  which correspond to dielectric  loss  caused by interface
polarization  and  Debye  relaxation  polarization,  respectively.
Furthermore,  the  relatively  high  electrical  conductivity  of  the
CNT/cellulose-BN/PVA composites plays a significant role in the
ohmic  loss.  Generally,  the  effects  of  interfacial  polarization,  de-
bye polarization, and ohmic loss facilitate the attenuation of mi-
crowaves in the material.[33]

EMI Shielding Mechanism of the CNT/Cellulose-
BN/PVA Composites
Fig. 5 shows the microwave dissipation process in the gradient
CNT/cellulose-BN/PVA  composite.  When  the  electromagnetic
waves  are  incident  from  the  low-CNT-content  side  of  the  con-
ductive  gradient  CNT/cellulose-BN/PVA  composite  (left),  the
impedance  between  the  material  surface  and  air  is  well
matched.  Thus,  only a small  amount of  electromagnetic  waves
are  reflected,  and  most  of  them  enter  the  material.  With  the
propagation  of  microwaves  in  the  material,  they  are  progres-
sively attenuated by ohmic and polarization losses between the
dual-continuous network structure, which converts electromag-
netic  energy  into  heat.  The  good  electrical  conductivity  of  the
CNT plays a significant role in ohmic loss, and this effect is con-
tinuously  amplified  with  the  increase  in  CNT  content  in  the
CNT/cellulose-BN/PVA  composite.  The  heterogeneous  inter-
faces of CNT/cellulose and CNT/PVA significantly contributed to
the  interfacial  polarization  loss.  Additionally,  the  3D  network
structure  allows  multiple  reflections  of  the  electromagnetic
waves  at  multiple  interfaces  in  the  dual-continuous  network
structure,[34,35] and  the  reflection  ability  of  later  interfaces  con-
tinues  to  increase,  forming  an  absorption-reflection-reabsorp-
tion transmission path inside the material.  As a result,  the elec-
tromagnetic  waves  are  trapped  in  the  CNT/cellulose-BN/PVA
composite until they are structurally absorbed or attenuated as
heat via microcurrent  and  interfacial  polarization  losses.  Upon
incidence  from  the  reverse  direction  (right),  that  is,  from  high

CNT  concentration  to  low  concentration,  most  of  the  electro-
magnetic waves are reflected on the surface of the material ow-
ing  to  the  impedance  mismatch  between  the  material  surface
and air,[21,34] resulting in a reflection-based EMI shielding mech-
anism.  The  significance  of  the  gradient  conductive  structure  is
that  it  can not only enhance the microwave adsorption ability,
but  also  tune  the  shielding  mechanism  by  simply  altering  the
incident direction.

Thermal Conductivity and Joule Heating Performance
of the CNT/Cellulose-BN/PVA Composites
As  can  be  seen  from Fig.  6(a),  the  thermal  conductivity  of  the
composite  gradually  increases  with  increasing  CNT  impregna-
tion  time.  In  addition,  relatively  lower  thermal  conductivities
along  the  cross-plane  direction  are  achieved  compared  to  the
in-plane direction at high CNT contents. The in-plane and cross-
plane  thermal  conductivities  of  CNT-1/BN  are  0.24  and  0.18
W·m–1·K–1, respectively, and the corresponding thermal conduc-
tivities of CNT-3/BN increase to 0.27 and 0.54 W·m–1·K–1, respec-
tively. This is mainly because, with the increase in the CNT con-
tent,  a  close  connection  between  the  CNT  was  established,
forming  a  horizontally  oriented  thermal  conduction  path  and
providing a fast transmission path for phonons, as schematical-
ly  illustrated  in Fig.  6(a).  To  elucidate  the  difference  in  thermal
conductivity  between  the  in-plane  and  cross-plane  directions,
the transient heat-transfer processes of the finite-element simu-
lations  were  analyzed.  The  model  geometry  and  detailed  pa-
rameters  are  provided  in  Table  S2  and  Fig.  S4  (in  ESI).  In  this
analysis,  the initial  temperature of the system was set to 20 °C,
and the bottom (during the cross-plane heat transport process)
or  left  side  (during  the  in-plane  heat  transport  process)  of  the
model was fixed at 80 °C as a thermostatic heat source. The sur-
roundings of the model were thermally insulated, and the heat
transfer conditions,  such as convection and radiation, were ne-
glected. Fig. 7 shows the temperature distribution in the model
over time. It is evident that the heat conduction is faster in the
in-plane  direction.  Owing  to  the  high  thermal  conductivity  of
CNT, the heat flow passes rapidly along the horizontally orient-
ed CNT network.  In  the cross-plane direction,  the heat  transfer
path involves numerous CNT/cellulose and CNT/PVA interfaces.
Owing to its  high interfacial  thermal  resistance,  the heat  trans-
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Fig. 5    Schematic illustration of EMI shielding mechanism for CNT/cellulose-BN/PVA composite.
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fer  process  was  significantly  slower.  High  thermal  conductivity
allows  the  material  to  quickly  conduct  heat  from  the  heating
area  to  other  parts,  achieving  a  uniform  temperature,  which  is
essential  for  good  Joule  heating  performance.[36,37] Fig.  6(b)
shows the change in the surface temperature of  the CNT-3/BN
composites under different applied voltages. It can be seen that
the  surface  temperature  of  the  CNT-3/BN  composite  increases
with  increasing  input  voltage.  When  the  input  voltage  is  in-
creased to 5 V, the surface temperature quickly reaches 81.3 °C
and remains stable for a long time, indicating that its response
time is fast,  and it  has sufficient heating stability and reliability.
When the voltage is removed after heating for 400 s, the surface
temperature of the composite film quickly drops to room tem-

perature, indicating that the composite film has good heat dissi-
pation performance. Moreover, as shown in Fig. 6(c), the surface
temperature  of  the  CNT-3/BN  composite  can  be  controlled  by
adjusting the step voltage, which once again confirms the rapid
response  characteristic  of  Joule  heating  of  the  composite.  The
relationship  between the  material  surface  temperature  and in-
put voltage was studied, as shown in Fig. 6(c). It can be seen that
the surface saturation temperature of CNT-3/BN composite has
a  good  linear  relationship  with U2,  which  conforms  to  Joule's
law.[38,39] Figs.  6(d)  and  6(e)  show  infrared  images  of  the  CNT-
3/BN composite under different input voltages. The thermal im-
ages  show  that  the  surface  temperature  is  relatively  homoge-
neous,  with  the  highest  temperature  at  the  center  and  lower
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temperatures  at  the  edge.  A  possible  reason  for  this  phe-
nomenon  is  the  fine  thermal  conductivity  of  the  composite,
which facilitates a rapid heat transfer at the edge. Furthermore,
cyclic  stability  testing  was  performed  on  the  sample,  and  the
surface temperature remained nearly unchanged after ten heat-
ing-cooling  cycles  (Fig.  6f,  Fig.  S5  in  ESI),  indicating  that  the
composite  had  excellent  cyclic  stability  for  practical  applica-
tions. Generally, the prepared CNT/cellulose-BN/PVA composite
with  a  gradient  conductive  and  dual  continuous  structure
achieves a relatively high EMI SE with enhanced A, fine thermal
conductivity,  and  good  Joual  heating  performance  simultane-
ously,  as  summarized  in  Table  S3  (in  ESI).  Therefore,  the  com-
posite  can  be  used  as  an  EMI  shielding  material  in  extremely
cold weather conditions.

Mechanical Property of the CNT/Cellulose-BN/PVA
Composite
Fig. 8 shows the stress-strain curve and mechanical properties of
CNT-3/BN. The stress-strain curve begins with a linear elastic re-
gion, showing a Young's modulus as high as 358.30 MPa. This is
followed by plastic deformation and fracture, with the material
exhibiting an average tensile strength of 12.93 MPa at a tensile
strain  of  approximately  13%.  The  strain  energy  density  up  to
fracture  is  calculated  to  be  98.13  J·m–3.  Generally,  the  material
demonstrates  high  strength  and  exceptional  resistance  to  de-
formation, which meet the practical requirements for electronic
devices. Finally, it must be noted that although we adopted the
vertical  impregnation-hot  pressing method,  it  is  generally  con-
sidered a highly regarded technique for producing high-perfor-
mance  composites  with  well-controlled  microstructures,  high
densities, and excellent mechanical properties. It should be rec-
ognized that this technique is better suited for the fabrication of
small,  flat,  or  simply curved high-performance materials,  which
can be integrated into larger, more complex structures by splic-
ing, laminating, or embedding.
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CONCLUSIONS

In this work, a CNT/cellulose-BN/PVA composite with a gradient
conductive  structure  and  dual-continuous  network  structure
was  prepared  by  vertically  impregnating  CNT  on  a  cellulose
porous template,  followed by BN/PVA impregnation-hot press-

ing molding. The gradient deposition of CNT on the porous cel-
lulose  template  facilitates  the  construction  of  a  gradient  con-
ductive network that endows the composite with an electrically
conductive structure. The construction of the gradient structure
enables  an  absorption-dominated  EMI  shielding  mechanism
and  satisfies  the  EMI  SE  through  the  prolonged  transmission
path  of  the  absorption-reflection-reabsorption  process.  Ulti-
mately,  a  SET of  39.2 dB and A of  0.56 was achieved.  The dual-
continuous network structure can further  improve the thermal
conductivity  for  good  Joule  heating  performance,  which
presents  a  Joule  heating  temperature  of  81.3  °C.  The  present
work offers a green and facile concept for designing multifunc-
tional  EMI-shielding  cellulose  composites,  which  can  broaden
the application of  EMI  shielding materials,  especially  under  ex-
treme weather conditions.
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Graphical Abstract

Multifunctional CNT/cellulose-BN/PVA Composites Integrating Dual-continuous Network Structure
with Gradient Conductivity for Electromagnetic Interference Shielding and Joule Heating

Xiao-Rui Wang, Ting-Ting Liu, Cheng-Hua Cui, Xin Xu, and Liang-Qing Zhang

Xi’an University of Science and Technology; Northwest Women’s and Children’s Hospital; Zhejiang University; Zhejiang Tongzheng Pipeline
Technology Co., LTD.

An  architecture  featuring  a  gradient  conductive  network  and  three-dimensional  dual-continuous  network  structure  is
constructed  in  carbon  nanotubes/cellulose-boron  nitride/poly(vinyl  alcohol)  (CNT/cellulose-BN/PVA)  composite,  which
presents excellent electromagnetic interference shielding and recyclable Joule heating performance.
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