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HIGHLIGHTS

e 3D printable functional inks incorporated with graphene and carbon nanotube nanoparticles were well-formulated by manipulating

their rheological performance
e The frame with ultralight structure (0.076 g cm™) and high-efficiency electromagnetic interference shielding (61.4 dB) was assembled

e 3D-printed c-SE module was in situ integrated onto the electronics, affording multiple functions of electromagnetic compatibility and

thermal dissipation.

ABSTRACT Electromagnetic interference
shielding (EMI SE) modules are the core com-
ponent of modern electronics. However, the tra-

ditional metal-based SE modules always take

up indispensable three-dimensional space inside
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tion of electronics. The innovation of integrating
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3D-printed conformal shielding (c-SE) modules Hiy
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with packaging materials onto core electronics

offers infinite possibilities to satisfy ideal SE func-
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tion without occupying additional space. Herein,
the 3D printable carbon-based inks with various T TTTTTTITTTTmTmmmmmmmmmmmmmmmmmmee
proportions of graphene and carbon nanotube nanoparticles are well-formulated by manipulating their rheological peculiarity. Accordingly,
the free-constructed architectures with arbitrarily-customized structure and multifunctionality are created via 3D printing. In particular, the SE
performance of 3D-printed frame is up to 61.4 dB, simultaneously accompanied with an ultralight architecture of 0.076 g cm™ and a superhigh
specific shielding of 802.4 dB cm® g~'. Moreover, as a proof-of-concept, the 3D-printed c-SE module is in situ integrated into core electronics,
successfully replacing the traditional metal-based module to afford multiple functions for electromagnetic compatibility and thermal dissipa-
tion. Thus, this scientific innovation completely makes up the blank for assembling carbon-based c-SE modules and sheds a brilliant light on

developing the next generation of high-performance shielding materials with arbitrarily-customized structure for integrated electronics.
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1 Introduction

The Internet of Things (IoT) system has accelerated the rapid
development of wireless communication networks, which
relies on millimeter-level electromagnetic waves (EMWs)
to achieve the information propagation and interaction of
advanced electronics [1-3]. With the wide-spread popular-
ity of 5G or future 6G wireless communication technology,
EMWs have brought great convenience to national innova-
tion and daily life, widely serving in smart sensing, naviga-
tional positioning, satellite communication, telemedicine,
and other technological fields [4—7]. In this regard, the
undesirable electromagnetic radiation generated by EMWs
has attracted considerable attention because of its probable
hazards for electronic security and human health [8—11]. The
electromagnetic (EM) functional materials play a crucial
role in solving EM interference problem [12—14]. Generally,
the traditional approach to achieving electromagnetic com-
patibility involves the metal-based electromagnetic interfer-
ence shielding (EMI SE) modules for attenuating EMWs
energy [15-17]. Nevertheless, these SE modules would take
up additional three-dimensional space inside electronics,
which pose a major obstacle to the integration and minia-
turization of electronics, and meanwhile, the existing air gap
between elements may cause thermal management issue for
the whole framework [18, 19]. In addition, the intrinsic defi-
ciencies of metals, e.g., high density, difficulty to form, and
potential environmental pollution also constrain their practi-
cal applications [20]. Hence, employing new ingredients and
designing appropriate structures are the anticipated require-
ments for promoting the development of EMI SE materials
in multi-scenario electromagnetic environments.
Advanced carbon nanomaterials, typically for carbon
nanotube (CNT) [17, 21] and graphene (Gr) [22, 23], have
been regarded as attractive candidates instead of metals
owing to their prominent characteristics, e.g., robust elec-
trical conductivity, well-fitting for EMI shielding. Currently,
various strategies have been developed to fabricate carbon-
based EMI materials by incorporating carbon nanoparticles
into different supporting templates, e.g., ceramics, thermo-
plastic polymers, etc. [24, 25]. However, the poor interac-
tion between carbon nanoparticles and matrix always limits
the assembly and fabrication of multifunctional materials,
especially in loading with high-concentration nanoparticles.
Cellulose as a biomass polymer, mainly derived from plants,
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presents a promising potential in promoting the uniform dis-
persion of Gr and CNT nanoparticles in solution systems,
since there exist abundant functional groups in molecular
chains, imparting a positive contribution to the interaction
between cellulose and carbon nanoparticles, thus realizing
a strong interfacial binding in their composites [26, 27].
Hence, cellulose and its derivatives as organic templates
were employed to develop some novel and versatile EMI
shielding materials [28, 29].

Except for high-performance EMI materials, the optimi-
zation of shielding structures may expand their potential
advantages in electromagnetic compatibility, better adapt-
ing to the miniaturization of integrated electronics [20, 30,
31]. Recently, a novel concept of “conformal-shielding”
(c-SE) has been innovatively purposed, which means that
the shielding layer is fully integrated with the packaging
materials, thereby eliminating the need for additional space
to complete SE functions [32, 33]. Noteworthily, the design
principle of c-SE module lies in the arbitrary customization
of structures according to electronics [34, 35]. In this regard,
various techniques, including electroplating, spraying, and
sputtering methods, are applied to achieve the c-SE module
in integrated electronics [36—38]. However, these traditional
methods are mainly serving for metal-based materials, there
is almost no relevant technique for satisfying the manipula-
tion of advanced carbon-based c-SE module to the best of
our knowledge. Therefore, the innovation of manufactur-
ing strategy suitable for carbon-based materials, has been
attracted considerable attention from scientific vision [35,
39]. 3D printing technology, owing to the unique layer-by-
layer manufacturing manner, illuminates infinite possibili-
ties in designing and fabricating the novel architectures with
arbitrarily-customized structures, thereby a serious of 3D
printable carbon-based functional materials with free-con-
structed structures are reported [40—42]. Our group also con-
centrates on the development and utilization of 3D printable
functional materials [43, 44]. However, employing 3D print-
ing technology to manufacture carbon-based c-SE modules
with ideal SE peculiarity has not been successfully achieved,
because of the exiting challenges in accurately manipulat-
ing 3D printable carbon-based materials, and programmati-
cally assembling target SE modules suitable for integrated
electronics.

In this article, the well-formulated 3D printable func-
tional inks, involving the elaborated manipulation of Gr@
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CNT nanoparticles with various hybrid proportions, were
fabricated with the assistance of cellulose as adherent tem-
plates that delivered unique capabilities to resolving the
interfacial issue between carbon nanoparticles and matrix,
and affording desired rheological behaviors for direct ink
writing (DIW) 3D printing. As expected, the 3D-printed
patterns with arbitrarily-customized structures and ideal
functionalities were manufactured, where the EMI SE effi-
ciency of the optimal one was up to 61.4 dB, accompanied
with 802.4 dB cm? g~!, far beyond the previously reported
SE materials [45—-47]. More impressively, as a proof-of-
concept, the 3D-printed c-SE modules were successfully
designed and integrated with the packaging materials, which
performed prominent SE function and thermal management
capability for electronics. Overall, the scientific innovation
created in this work paves a novel way for manufacturing
carbon-based c-SE modules for integrated electronics, and
unleashes a promising illumination for the next-generation
SE materials with lighter, stronger, and fitter characteristics.

2 Experimental Section
2.1 Materials

Multi-walled carbon nanotubes (CNT,

length: ~ 1.5 pm, average diameter: ~9.5 nm) were pro-

average

vided by Nanocyl S.A., Belgium. Graphene (Gr, thickness
range: 3.4 ~8.0 nm, flake size: 5~20 pm) was supplied by
Suzhou Tanfeng Graphene Technology Co., Ltd., China.
Carboxylated cellulose nanofibers (CNF, carboxyl content:
1.2 mmol g™, chain length range: 1~3 pm, average diam-
eter: ~7 nm) were purchased from Guilin Qihong Tech. Co.,
Ltd., China. Polyvinylpyrrolidone (PVP, average molecular
weight: 101,200~ 110,000) was provided by Macklin Co.
Ltd, China. Deionized water was supplied by Kelong Chemi-
cal Reagent Factory, China. All chemicals were used directly
without purification treatment.

2.2 Preparation of 3D Printable Gr@CNT Inks

1.0 g of Gr@CNT nanoparticles with a mass ratio of x:y
(5:0, 4:1, 3:2, 2:3, 1:4, and 0:5), 0.3 g of CNF, and 0.15 g
of PVP as a surfactant were dispersed in 300 mL deionized
water under the ultrasonic treatment at 2 °C for 0.5 h by
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an ultrasonic cell disruptor (Ymnl-1800Y, Nanjing YMNL
Instrument and Equipment, China). Noticeably, the detailed
compositions of carbon-based functional inks are provided
in Table S1. After uniform dispersion, the solution was
mechanically stirred and concentrated at 80 °C to obtain the
pseudo-solid inks (14.5 g). Then, the inks were centrifuged
to remove the internal bubbles. After treatment, the prepared
inks were stored at 4 °C for 3D printing. It is worth noting
that the proportion of carbon-based inks were well-formu-
lated by the principles of 3D printability and functionality.
Particularly, the lacking of CNF would deteriorate the 3D
printability of carbon-based ink, whereas the excessive CNF
would sacrifice the electrical conductivity of as-fabricated
frames, resulting in a weak EMI SE performance for mate-
rials. Moreover, for the sake of convenience, the Gr@CNT
functional inks were signed as G,C, to represent the relative
ratio of Gr and CNT, where “x” and “y” represent the rela-
tive ratio of Gr and CNT in Gr@CNT nanoparticles, e.g.,
GsCy. G,C,, G5C,, G,C;, G,C,, and GCs.

2.3 Direct Ink Writing (DIW) 3D Printing of Gr@CNT
Frames

According to the pre-programmed 3D printing program, the
as-prepared Gr@CNT functional ink was loaded into the
syringe and extruded by a desktop dispenser (TS-200BN,
Shenzhen Tensun Precision Equipment, China) with a nozzle
diameter of 800 pm, a step resolution of 20 pm, an appropri-
ate pressure of 30 psi, and a writing speed of 5 mm s~! (more
detailed printing information is supported in Table S2).
After printing, the assembled samples were placed into an
ultra-low temperature freezer (MDF-382, Panasonic Appli-
ances Cold Chain, Co. Ltd, China) and freeze for 2 h, and
then moved to a freeze dryer (Ymnl-10N, Nanjing YMNL
Instrument and Equipment Co. Ltd., China) for freeze-dry-
ing 10 h to obtain 3D-printed Gr@CNT frames.

2.4 Characterization

The Zeta potentials of CNF, Gr@CNT and Gr @ CNT/CNF
dispersions with a dilutional concentration of ~5.0 mg mL~!
were measured by a Malvern Zetasizer NANO-ZS (Malvern
Instruments, Worcestershire, UK). The rheological proper-
ties of Gr@CNT functional inks with a diameter of 25 mm
and a gap of 1 mm were evaluated at 25 °C by a rotational

@ Springer
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rheometer (AR2000ex, TA Instruments, USA), the oscil-
latory angular frequency sweep was assessed in the range
of 0.01-100 rad s~! at a fixed strain of 5%, and the time
sweep was tested at a step change of shear rates in 0.01 and
10 s=!. The oscillatory stress sweep was conducted on a
shear rate range of 0.1-1000 Pa at a fixed angular frequency
of 1 rad s™!. The thermal conductivity (1) of packaging
material and Gr@CNT frames with a size of 10X 10X 2.5
mm? was tested by a laser flash analyzer (LFA467, NEX-
TZSCH, Germany), and the representative infrared images
were obtained using an infrared camera (FLIRONE Pro,
FLIR, USA). The surface and cross-sectional morphologies
of 3D-printed frames were characterized by a field-emission
scanning electron microscopy (SEM) (SU8020, Hitachi,
Japan). The electrical conductivity of 3D-printed frames
was evaluated by a multifunctional digital four-probe tester
(ST2258C, Suzhou Crystal Electronic Co., Ltd., China). The
radiation intensity generated by electronics of mobile phone
was recorded by a radiation test instrument (620A, Ningbo
Kemai Instrument and Equipment, China). The scattering
parameters (S;;, Sy, S;, and S,;) of 3D-printed frames with
a diameter of 13.0 mm and a thickness of ~2.50 mm and
compacted sample with a diameter of 13.0 mm and a thick-
ness of ~0.40 mm in the 2.0-6.0 GHz and 8.2-12.4 GHz
frequency range were measured by a vector network analyzer
(N5230, Agilent Technologies, USA). The relevant electro-
magnetic characteristics of EMI shielding materials, e.g.,
absorption shielding (SE,), reflection shielding (SEy), total
SE (SE,,1)- specific SE value (SSE) and skin depth (6) were
calculated by the scattering parameters according to Eqgs.
(1-7) [31, 43, 48].

R= |Sll|2 = |522|2; T= |512|2 = |S21|2 (1)
A=1-R-T 2
SE, = —-10log(T/(1 = R)) 3
SE, = -10log(1 - R) 4)
SE,.; = SEg +SE, + SE, 5)
SSE = SE,.,,/¢’ (6)

6 =\1/zfou @)
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where R, T, and A, represent reflection coefficient, trans-
mission coefficient, and absorption coefficient, respectively;
SE,. SEg, and SE,, represent absorption attenuation, reflec-
tion attenuation and multiple-internal reflection attenuation;
SE,. and SSE represents the total EMI SE value and spe-
cific SE value; p’ represents apparent density, according to
the equation: p’=m/V, where m and V are the weight and
the apparent volume of 3D printing models, respectively;
besides, the p’ of compacted sample is 0.692 g cm™; frep-
resents frequency; o and u represents electrical conductiv-
ity and permeability. Noticeably, when SE, ,,,> 10 dB, SE ,
could be neglected [43].

3 Results and Discussion

3.1 Rheological Performance and 3D Printability
of Gr @ CNT Functional Inks

A schematic regarding on the Gr@CNT functional inks
and their potential application in integrated electronics is
depicted in Fig. 1a, wherein Gr@CNT nanoparticles as func-
tional mediums were well-formulated to uniformly disperse
in CNF matrix for 3D printing. Noteworthily, as a character-
istic biopolymer, CNF made a non-negligible contribution
to the ink formulation, playing the multiple roles in adherent
template, dispersing accelerant, and viscosity management.
Due to the promising CH-7 interaction between CNF and
Gr@CNT nanoparticles [49], CNF molecules provided suf-
ficient active sites for adsorbing nanoparticles to form the
robust intertwined networks (Fig. S1). Besides, a negative
surface charge owing to the carboxylate functional groups
evidenced by the high zeta potential of CNF dispersion,
exerted a strong electrostatic repulsion in molecular chains,
which in turn improved the dispersion stability of Gr@CNT
nanoparticles in CNF dispersion (Fig. S2). Moreover, the
thickening effect of CNF molecules endowed the ink with
appropriate viscoelastic characteristics for 3D printing. The
pseudo-solid ink was strong enough to withstand its load-
ing at a static state (Fig. S3), and meanwhile the smooth
extrusion was realized through the narrow printing nozzle
upon the suitable pressure (Fig. S4). Followingly, the rheo-
logical peculiarity of formulated inks with various Gr@
CNT proportions are assessed in Fig. 1b—d. Generally, all
inks performed ideal viscoelastic characteristics, including
shear thinning, thixotropy and appropriate yield moduli. As
shown in Fig. 1b, a typically shear-thinning behavior was

https://doi.
org/10.1007/s40820-023-01317-w
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Fig. 1 Rheological performance of Gr@CNT functional inks with various proportions. a Schematic of 3D printable Gr@CNT functional inks
and their potential application in integrated electronics. b Complex viscosity (#*) as a function of oscillatory shear rate (w). ¢ #* upon the loads
of two alternating shear rates of 0.01 and 10 s~!, respectively. d Moduli (G’ and G") as a function of oscillatory shear stress. e, f Digital images
of 2D patterns and 3D architectures featuring ultralight and strong characteristics

demonstrated, suggesting a non-Newtonian peculiarity for
the well-formulated inks, which is essential to uniformly
flow out of a convergent nozzle under external pressure
[50-52]. The power-law property is revealed synchronously
in Fig. S5. The result further confirmed the viscoelastic char-
acteristics of inks. Moreover, the thixotropic capability was
investigated by examining the change in viscosity upon the
alternating loads with a low (0.01 sHor high (10 s~ shear

SHANGHAI JIAO TONG UNIVERSITY PRESS

rate (Fig. 1¢). Each ink afforded a similar behavior, exhibit-
ing a steady-state viscous contribution as fixed shear rate.
Initially, a high viscosity over 10% Pa s was detected in an
extremely low shear rate (0.01 s™") to simulate the pre-load-
ing process, whereas the viscosity dropped below 10! Pa-s
when the shear rate increased to 10 s, indicating that the
formed CNF and Gr@CNT intertwined networks were
partially destroyed to resist the applied shear rate, thereby

@ Springer
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exhibiting a shear-thinning behavior. Meanwhile, the viscos-
ity would rapidly recover to its initial state as the shear rate
returned to the low one, and a perfect cycle was confirmed
in response to the repeated shear rates. This reversible trans-
formation in viscoelastic performance induced by shear rates
provides a guarantee for inks with fluid appearance suitable
for 3D printing and shape stability of 3D-printed architec-
tures during depositing onto substrate [51]. Besides, the stor-
age and loss moduli (G’ and G"') of inks were examined by
dynamic rheological scanning as a function of wide oscilla-
tory stress (107"~ 10° Pa) in Fig. 1d. Generally, the moduli of
all inks showed a similar tendency and presented a terminal
plateau at the region below the yield point (G'=G""), imply-
ing that the networks were strong enough to withstand the
loaded stress, performing a quasi-solid peculiarity. When the
stress monotonously increased, the pseudo-solid inks were
completely yielded and exhibited fluid characteristic, imply-
ing the partial broken of networks. Notedly, the appropriate
yield moduli would endow the inks with ideal 3D print-
ability and robust supportability, thus laying an essential
foundation for the layer-by-layer printing [52]. Thus, these
ideal rheological behaviors fully demonstrate that the 3D
printability of Gr@CNT functional inks with the assistance
of CNF.

Thereafter, the representative ink with Gr@CNT propor-
tion of 2:3 (signed as G,C;) was employed to experimen-
tally evaluate 3D printability. According to the systematic
trajectories, the various 2D patterns were designed and
printed in Fig. le. The well-organized shapes demonstrated
that the ink possessed desired printability for manufactur-
ing arbitrarily-customized geometries. Moreover, the 3D
architectures including pyramid and lattice structures were
programmatically assembled by layer-by-layer stacking
(Fig. 1f). In addition, due to the extremely low density of
Gr@CNT nanoparticles and CNF, the assembled archi-
tecture imparted ultralight characteristic (~0.076 g cm™>),
and simultaneously afforded more than 4000 times its own
weight without any destruction and collapse. Besides, with
the same loading, the good shape-stability of 3D architec-
ture was demonstrated under a relatively high-temperature
environment to simulate the effects of the internal heating
of electronics on designed structure (Fig. S6). Hence, these
physical characteristics provide essential guarantees for the
fabrication of high-performance functional frames via 3D
printing technique.

© The authors

3.2 Structural Characterizations of 3D-Printed Frames

Owing to the intrinsic electrical performance of Gr and CNT
nanoparticles, the assembled architectures are anticipated to
exploit their potentialities in electromagnetic compatibility
for integrated electronics. In this context, the representa-
tive 3D-printed frames with various stacking modes signed
as full-filling (FI) and full-mismatch (FM) architectures are
depicted in Fig. 2a, b. Accordingly, the surface and cross-
section morphologies of as-designed frames are exhibited
in Fig. 2c, d, and the regular stacks of FI and FM structures
manifested the well tailorability of free-constructed shapes
via 3D printing, whether in full-filling or full-mismatch
modes. Moreover, the artificial porous structures were
densely distributed in the interior of frames, exhibiting the
lightweight characteristic for frame. In addition, the high-
resolution SEM images in the cross-section of FM archi-
tecture are performed in Fig. 2e, f. As displayed in Fig. 2e,
the porous structures assembled by CNF were formed and
provided sufficient sites for the loading of CNT and Gr nan-
oparticles. More visualized in Fig. 2f, a large number of
Gr@CNT nanoparticles were densely entangled on the CNF
frameworks, which is mainly attributed to the interaction
between CNF and Gr@CNT nanoparticles [27, 49].

3.3 EMI SE peculiarity of 3D-Printed Frames

Generally, the intertwined networks of Gr@CNT nano-
particles would endow the materials with robust electri-
cal conductivity, which plays a positive contribution on
EMI SE performance [28, 53, 54]. The SE behaviors of
3D-printed frames with various stacking modes assembled
by the as-formulated functional inks are evaluated in Fig. 3.
As displayed in Fig. 3a, a similar tendency for shielding
properties of 3D-printed frames was revealed, whether in
FI or FM modes, i.e., the EMI SE value climbed first and
then decreased with the sequential replacement of two-
dimensional Gr by one-dimensional CNT nanoparticles.
Typically, the optimum one of FI-G,C; sample was higher
than 60 dB in whole X-band region, corresponding to an
extremely low transmittance of 0.000001 for EMWs energy,
which far exceeds commercial SE standard (20 dB) [31, 55].
This outstanding SE behavior was mainly attributed to the
excellent electrical performance of intertwined networks
assembled by Gr@CNT nanoparticles (Fig. S7). To make a

https://doi.
org/10.1007/s40820-023-01317-w
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Fig. 2 Morphologies of 3D-printed full-filling (FI) and full-mismatch (FM) frames with G,C; ink. a, b Schematic of 3D printing FI and FM
models. ¢, d SEM images of the surface (left) and cross-section (right) structures. e, f The high-resolution SEM images of FM sample
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visualized comparison, the average EMI SE and SSE of all ~ FM sample at the same Gr@CNT proportion, which is pre-

FI and FM frames are calculated in Fig. 3b, c. Generally, the =~ dominantly attributed to a richer number of pores, impart-
EMI SE value of FI sample was slightly better than that of  ing longer propagation paths to EMWs, thereby affording
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a higher internal dissipation of EMWs energy [56]. Nev-
ertheless, the ignorable sacrifice for the EMI SE value of
FM samples was in exchange for a significant enhancement
in SSE performance. For instance, the SSE value of FM-
G,C, frame was up to 802.4 dB cm? g™!, 88.4% higher than
that of FI-G,C; one, meanwhile the total SE value of FM-
G,C; frame still maintained at 61.4 dB as compared with
the FI-G,C; one (65.7 dB). Particularly, for the convention-
ally compacted sample with the same Gr@CNT proportion
and weight, the EMI SE and SSE values were only 44.2 dB
and 63.9 dB cm?® g~!, respectively, implying the significant
advantage of designed porous structures than solid struc-
tures (Fig. S8). Taken together, the 3D-printed FM frames
made an excellent reconciliation in lightweight structure
and high-performance SE behavior, thus realizing lighter
and stronger shielding characteristics for potential shield-
ing application. Moreover, owing to the free construction
via 3D printing, the designed frames also possessed fitting
feature for assembling arbitrarily-customized architectures
onto integrated electronics.

Followingly, the potential shielding mechanism of
3D-printed frames was investigated by assessing the rel-
evant shielding parameters including SE,,;, SE,, and SEy
(Figs. 3d and S9). Whether in FI or FM frames, SE, followed
the change of SE
nearly constant value, below 5 dB, i.e., the characteristic

wotal S€quentially, while SE; maintained a
of SE, played a dominating role for the total shielding
property (SE,,) of as-designed carbon-based frames. The
essence is mainly due to the positive contribution of the
porous structures to the electromagnetic interference shield-
ing performance of materials. As EMWs is transmitted into
the shielding material, the porous structures allow EMWs
to travel a longer distance inside the materials, thus promot-
ing the SE, by increasing the reflection and multiple reflec-
tions inside the pores, and attenuating the EMWs energy as
Joule heat [53, 56]. More importantly, another parameter of
skin depth (8) representing for the depth where the EMWs
energy dissipates to e~! [43] is further evaluated in Fig. 3e.
Obviously, all FM frames existed an extremely low 6, and
the optimum one was down to ~246 pm, implying that the
micron-level thickness of FM frame could be responsible
for SE requirements, well-fitting for the application in inte-
grated electronics. More importantly, the trinity advantages
of 3D-printed frames on “lighter-stronger-fitter” shielding
features were demonstrated as compared to other EMI SE

© The authors

materials previously reported in the literature (Fig. 3f) (the
detailed references inside this plot are listed in Table S3).

3.4 Electrothermal Performance of 3D-Printed Frames

The porous structures of 3D-printed frames as well as the
densely intertwined Gr@CNT nanoparticles provided a
promising potential in the thermal management of elec-
tronics under complicated thermal environments, e.g.,
high-efficiency heat compensation/dissipation capabilities
[29, 44, 57, 58]. Hence, a schematic concerning on the
evaluation of electrothermal performance of 3D-printed
FM frames is depicted in Fig. 4a. Initially, the Joule heat-
ing performance of FM frames with various Gr@CNT
proportions was investigated under a fixed voltage of 3 V
(Fig. 4b). Apart from FM-G;sC, frame, others presented
a similar tendency, that the time-dependent temperature
increased first and then reached an equilibrium, and the
temperature was down to the initial stage as unloaded volt-
age. Comparatively, the FM-G,C; frame possessed the
optimal electrothermal behaviors, including high equi-
librium temperature and remarkable heating/dissipating
efficiencies. Thereafter, the multiple input voltages from
0.5 to 2.5 V were separately conducted on the FM-G,C;
sample in Fig. 4c. The superior electrothermal response
time of less than 20 s was detected in the loading/unload-
ing voltage process, suggesting the high heating/dissipat-
ing efficiencies. In addition, the differential equilibrium
temperature was clearly observed, corresponding to 41.4,
56.5, 78.0, 110.6, and 147.4 °C, respectively. This strong
voltage dependence was ascribed to the positive correla-
tion between the equilibrium temperature and the square of
input voltage (U?) in potential electrothermal energy con-
version. Moreover, the linear correlation between U? and
temperature is revealed in Fig. 4d, which was accompanied
by a coefficient of determination (R?) of 0.999, suggesting
the stable impedance of frame during electrothermal meas-
urement, thus providing a fundamental guarantee for their
long-term thermal management application [59]. There-
after, the generated temperature was detected in real time
by loading step-wise voltages from 0.5 to 2.5 V in Fig. 4e,
and the inset presented the representative infrared images.
The step-wise and rapid response of temperature to various
voltages laid an essential foundation on the tailorability of

https://doi.
org/10.1007/s40820-023-01317-w
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Fig. 4 Electrothermal performance of 3D-printed FM frames with various Gr@CNT proportions. a Schematic of electrothermal energy con-
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insets in e & g shows the representative infrared images)

the electrothermal capability of 3D-printed frames, thereby
using in the thermal management of electronics. The elec-
trothermal reliability and stability are synchronously
investigated in Fig. 4f, g. As shown in Fig. 4f, the multiple
cycling measurements were conducted at two fixed volt-
ages of 1.0 and 2.5 V, respectively. The steady step-change
of temperature suggested the well repeatability for the ther-
mal management of 3D-printed frame. What’s more, the
long-time electrothermal stability of designed frame was
confirmed by loading the same voltages over 10 h (Fig. 4g).

SHANGHAI JIAO TONG UNIVERSITY PRESS

Wherever inputting the voltages of 1.0 or 2.5 V, the equi-
librium temperature almost maintained a constant, corre-
sponding to about 56.6 and 146.6 °C, respectively, indicat-
ing the good thermal-stability of 3D-printed frame during
the electrothermal measurement and excellent reliability
for thermal management application. Hence, these ideal
electrothermal behaviors posed the promising potentials
in efficient heat compensation/dissipation capabilities for
better serving electronics in complicated thermal thermal
management environments.

@ Springer
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3.5 3D-printed Conformal-shielding Module
for Integrated Electronics

The 3D-printed frames have been fully demonstrated the
prominent functionalities on EMI SE and thermal manage-
ment capabilities. Toward the potential application of high-
efficiency EMI shielding in integrated electronics, a novel
alternative strategy regarding on 3D-printed conformal-
shielding (c-SE) module was purposed, aiming to replace the
traditional metal-based SE module. As a proof-of-concept,
a schematic containing 3D-printed c-SE module with FM
frame in-situ integrating onto core electronics by the assis-
tance of packaging material is depicted in Fig. Sa. Accord-
ingly, the representative models and digital images including
traditional metal-based module, disassembled core elec-
tronic, and 3D-printed c-SE module are displayed in Fig. 5b.
Owing to the outstanding capability of 3D printing technol-
ogy in the customization of structure, the integrated c-SE
module could be assembled the arbitrary-designated archi-
tecture to satisfy the demanding geometries for electronics.
In addition, the good coordination between c-SE module and
core electronic didn’t occupy the additional space to realize
a positive contribution to the thermal management of the
entire framework. Followingly, the principled capabilities
of EMI shielding and thermal dissipation of assembled c-SE
module are assessed in Fig. Sc—h. Notedly, due to opera-
tional difficulty in real-time monitoring EMWs shielding and
thermal dissipation behaviors, the equivalent confirmatory
experiments were designed to evaluate the functionalities of
c-SE module. As displayed in Fig. 5c, a shielding detection
regarding on the blocking of EMWs signal generated by
electronics in mobile phone was carried out by a radiation
tester. As anticipated, the designed c-SE module possessed
the equivalent SE capability to traditional metal-based mod-
ule disassembled from integrated electronics, exhibiting a
completely shielding action to EMWs signal, where the cor-
responding radiation intensity was down from 1366.26 to 0
uT cm~2 as loaded c-SE module. Meanwhile, the multiple
cycles were conducted to detect the radiation intensity before
and after loading module in Fig. 5d. The pulse-like fluctua-
tion of signal intensity indicated the well reliability of c-SE
module for shielding EMWs inside electronics. Moreover, its
SE performance in 2.0 ~6.0 GHz covering the commercial
EMWs signals is recorded in Fig. Se. The total shielding
values were higher than 30 dB, fully satisfying the SE appli-
cation for the commercial SE standard (20 dB) of electronics

© The authors

[44, 60]. Thereafter, the thermal dissipation contribution
of ¢-SE module assembling with packaging material was
equivalently evaluated on a LED heater, and the representa-
tive infrared images is exhibited in Fig. 5f (the measured
digital image is shown in Fig. S10). As comparison to the
pure packaging materials, commonly used in electronics
for facilitating thermal dissipation, the packaging materi-
als incorporated with c-SE module posed the better ther-
mal dissipation efficiency than the pure one, and a maximal
working-temperature difference could reach~9 °C. Besides,
the real-time temperature curves are synchronously provided
in Fig. 5g. Indeed, the packaging materials with the assis-
tance of c-SE module possessed a well thermal dissipation
efficiency in the initial stage and a lower thermal equilibrium
after reaching the energy balance, which is mainly attributed
to the existing Gr@CNT networks inside packaging mate-
rials, leading to a high-efficiency thermal conduction for
materials [29, 44, 58]. Moreover, the simulated results con-
cerning on the thermal dissipation behavior in the same pre-
set environment are investigated in Fig. 5h, and the detailed
thermal-conductivity parameters and the geometrical grids
are supported in Table S4, Figs. S11 and S12. Obviously,
the resultant profiles confirmed the better capability of the
packaging materials with c-SE module in facilitating the
thermal dissipation of core electronics, which was consist-
ent with the experimental results. Overall, these 3D-printed
c-SE modules with high-efficiency EMI SE performance and
well thermal management capability illuminate the infinite
possibilities for assembling the next-generation multifunc-
tional modules suitable for integrated electronics.

4 Conclusions

In this study, to better serve the electromagnetic com-
patibility of integrated electronics, a novel Gr@CNT
conformal-shielding (c-SE) module with arbitrarily-
customized architectures and prominent functionalities
was assembled by taking full advantages of 3D print-
ing. Initially, the systematic experiments involving that
the well-formulated inks featuring appropriate rheologi-
cal capabilities were elaborately manipulated by incor-
porating various proportions of Gr and CNT nanopar-
ticles into cellulose matrix. The as-prepared functional
inks possessed ideal viscoelastic characteristics, taking
charge of 3D printability. Thus, a series of 2D patterns

https://doi.
org/10.1007/s40820-023-01317-w
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and 3D architectures were free-constructed based on the
pre-programmed printing trajectories. Meanwhile, the
as-fabricated 3D-printed frames afforded expected func-
tionalities, showing outstanding EMI SE performance and
superior thermal management capability. As a representa-
tive, the optimum frame assembled by G,C; ink exhibited
an ultralight architecture (0.076 g cm™>) and remarkable
SE capability (61.4 dB), as well as superhigh SSE pecu-
liarity (802.4 dB cm® g!), far exceeding the reported
carbon-based SE materials. Besides, the well tailorability
for equilibrium temperature of designed frames was con-
firmed, imparting efficiency heat compensation/dissipation
capabilities to electronics. What’s more, in order to expand
the promising application of these high-performance archi-
tectures, an innovative concept concerning on 3D-printed
c-SE module was purposed to replace traditional metal-
based module to afford multiple functions for advanced
electronics. The resultant behaviors of c-SE module on
EMI SE performance and thermal dissipation full dem-
onstrated their potentials on integrated electronics. Thus,
the outstanding features of 3D-printed c-SE modules illu-
minate the infinite possibilities for assembling the next
generation of high-performance carbon-based SE materi-
als for integrated electronic.

Acknowledgements This work is financially supported by the
National Natural Science Foundation of China (52303036), the
Natural Science Foundation of Guangxi Province (2020GXNS-
FAA297028), the Guangxi Science and Technology Base and
Talent Special Project (GUIKE AD23026179), the Interna-
tional Science & Technology Cooperation Project of Chengdu
(2021-GHO03-00009-HZ), the Program of Innovative Research
Team for Young Scientists of Sichuan Province (22CXTD0019),
the Natural Science Foundation of Sichuan Province
(2023NSFSC0986), and the Opening Project of State Key Lab-
oratory of Polymer Materials Engineering (Sichuan University)
(Sklpme2023-3-18).

Declarations

Conflict of interest The authors declare no conflict of interest. They
have no known competing financial interests or personal relationships
that could have appeared to influence the work reported in this paper.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party

© The authors

material in this article are included in the article’s Creative Com-
mons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of
this licence, visit http://creativecommons.org/licenses/by/4.0/.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/
s40820-023-01317-w.

References

1. Y. Xie, S. Liu, K. Huang, B. Chen, P. Shi et al., Ultra-broad-
band strong electromagnetic interference shielding with fer-
romagnetic graphene quartz fabric. Adv. Mater. 34, €2202982
(2022). https://doi.org/10.1002/adma.202202982

2. H.Lv, Y. Yao, S. Li, G. Wu, B. Zhao et al., Staggered circular
nanoporous graphene converts electromagnetic waves into
electricity. Nat. Commun. 14, 1982 (2023). https://doi.org/
10.1038/s41467-023-37436-6

3. D.lJiang, M. Lian, M. Xu, Q. Sun, B.B. Xu et al., Advances in
triboelectric nanogenerator technology—applications in self-
powered sensors, Internet of Things, biomedicine, and blue
energy. Adv. Compos. Hybrid Mater. 6, 57 (2023). https://doi.
org/10.1007/s42114-023-00632-5

4. S.Dang, O. Amin, B. Shihada, M.-S. Alouini, What should 6G
be? Nat. Electron. 3, 20-29 (2020). https://doi.org/10.1038/
541928-019-0355-6

5. K. Zhang, L. Zheng, M.A. Aouraghe, F. Xu, Ultra-light-
weight kevlar/polyimide 3D woven spacer multifunctional
composites for high-gain microstrip antenna. Adv. Compos.
Hybrid Mater. 5, 872—-883 (2022). https://doi.org/10.1007/
s42114-021-00382-2

6. J.Singh, Z. Din, Energy efficient data aggregation and density-
based spatial clustering of applications with noise for activity
monitoring in wireless sensor networks. Eng. Sci. 19, 144-153
(2022). https://doi.org/10.30919/es8d694

7. Z.Zeng, F. Jiang, Y. Yue, D. Han, L. Lin et al., Flexible and
ultrathin waterproof cellular membranes based on high-con-
junction metal-wrapped polymer nanofibers for electromag-
netic interference shielding. Adv. Mater. 32, e1908496 (2020).
https://doi.org/10.1002/adma.201908496

8. Y. Zhang, K. Ruan, K. Zhou, J. Gu, Controlled distributed
Ti3 C2 tx hollow microspheres on thermally conductive
polyimide composite films for excellent electromagnetic
interference shielding. Adv. Mater. 35, 2211642 (2023).
https://doi.org/10.1002/adma.202211642

9. D. Lan, Y. Wang, Y. Wang, X. Zhu, H. Li et al., Impact
mechanisms of aggregation state regulation strategies on the

https://doi.
org/10.1007/s40820-023-01317-w


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s40820-023-01317-w
https://doi.org/10.1007/s40820-023-01317-w
https://doi.org/10.1002/adma.202202982
https://doi.org/10.1038/s41467-023-37436-6
https://doi.org/10.1038/s41467-023-37436-6
https://doi.org/10.1007/s42114-023-00632-5
https://doi.org/10.1007/s42114-023-00632-5
https://doi.org/10.1038/s41928-019-0355-6
https://doi.org/10.1038/s41928-019-0355-6
https://doi.org/10.1007/s42114-021-00382-2
https://doi.org/10.1007/s42114-021-00382-2
https://doi.org/10.30919/es8d694
https://doi.org/10.1002/adma.201908496
https://doi.org/10.1002/adma.202211642

Nano-Micro Lett.

(2024) 16:85

Page 13 of 15 85

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

microwave absorption properties of flexible polyaniline. J.
Colloid Interface Sci. 651, 494-503 (2023). https://doi.org/
10.1016/j.jcis.2023.08.019

Y. Hao, Z. Leng, C. Yu, P. Xie, S. Meng et al., Ultra-light-
weight hollow bowl-like carbon as microwave absorber own-
ing broad band and low filler loading. Carbon 212, 118156
(2023). https://doi.org/10.1016/j.carbon.2023.118156

P. Xie, Y. Liu, M. Feng, M. Niu, C. Liu et al., Hierarchi-
cally porous Co/C nanocomposites for ultralight high-
performance microwave absorption. Adv. Compos.
Hybrid Mater. 4, 173-185 (2021). https://doi.org/10.1007/
$42114-020-00202-z

F. Li, N. Wu, H. Kimura, Y. Wang, B.B. Xu et al., Initiat-
ing binary metal oxides microcubes electrsomagnetic wave
absorber toward ultrabroad absorption bandwidth through
interfacial and defects modulation. Nano-Micro Lett. 15, 220
(2023). https://doi.org/10.1007/s40820-023-01197-0

Y. Cheng, X. Li, Y. Qin, Y. Fang, G. Liu et al., Hierarchically
porous polyimide/Ti3C2Tx film with stable electromagnetic
interference shielding after resisting harsh conditions. Sci. Adv.
7, eabj1663 (2021). https://doi.org/10.1126/sciadv.abj1663

J. Ruan, Z. Chang, H. Rong, T.S. Alomar, D. Zhu et al., High-
conductivity nickel shells encapsulated wood-derived porous
carbon for improved electromagnetic interference shielding.
Carbon 213, 118208 (2023). https://doi.org/10.1016/j.carbon.
2023.118208

R.Zhu, Z. Li, G. Deng, Y. Yu, J. Shui et al., Anisotropic mag-
netic liquid metal film for wearable wireless electromagnetic
sensing and smart electromagnetic interference shielding.
Nano Energy 92, 106700 (2022). https://doi.org/10.1016/j.
nanoen.2021.106700

Y. Zhang, J. Gu, A perspective for developing polymer-
based electromagnetic interference shielding composites.
Nano-Micro Lett. 14, 89 (2022). https://doi.org/10.1007/
s40820-022-00843-3

Q.-M. He, J.-R. Tao, Y. Yang, D. Yang, K. Zhang et al.,
Effect surface micro-wrinkles and micro-cracks on micro-
wave shielding performance of copper-coated carbon nano-
tubes/polydimethylsiloxane composites. Carbon 213, 118216
(2023). https://doi.org/10.1016/j.carbon.2023.118216

X. Shen, J.-K. Kim, Building 3D architecture in 2D thin film
for effective EMI shielding. Matter 1, 796-798 (2019). https://
doi.org/10.1016/j.matt.2019.09.007

W.-Y. Chen, X.-L. Shi, J. Zou, Z.-G. Chen, Thermoelectric
coolers for on-chip thermal management: materials, design,
and optimization. Mater. Sci. Eng. R. Rep. 151, 100700
(2022). https://doi.org/10.1016/j.mser.2022.100700

J. Liu, M.-Y. Yu, Z.-Z. Yu, V. Nicolosi, Design and advanced
manufacturing of electromagnetic interference shielding mate-
rials. Mater. Today 66, 245-272 (2023). https://doi.org/10.
1016/j.mattod.2023.03.022

L.A. Kinloch, J. Suhr, J. Lou, R.J. Young, P.M. Ajayan, Com-
posites with carbon nanotubes and graphene: an outlook. Sci-
ence 362, 547-553 (2018). https://doi.org/10.1126/science.
aat7439

/‘\ SHANGHAI JIAO TONG UNIVERSITY PRESS

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

Y. Gao, D. Bao, M. Zhang, Y. Cui, F. Xu et al., Millefeuille-
inspired thermal interface materials based on double self-
assembly technique for efficient microelectronic cooling and
electromagnetic interference shielding. Small 18, 2105567
(2022). https://doi.org/10.1002/sml11.202105567

P. Song, Z. Ma, H. Qiu, Y. Ru, J. Gu, High-efficiency electro-
magnetic interference shielding of rGO @FeNi/epoxy compos-
ites with regular honeycomb structures. Nano-Micro Lett. 14,
51 (2022). https://doi.org/10.1007/s40820-022-00798-5

Y. Chen, Y. Yang, Y. Xiong, L. Zhang, W. Xu et al., Porous
aerogel and sponge composites: assisted by novel nanomateri-
als for electromagnetic interference shielding. Nano Today 38,
101204 (2021). https://doi.org/10.1016/j.nantod.2021.101204

T. Wang, W.-W. Kong, W.-C. Yu, J.-F. Gao, K. Dai et al., A
healable and mechanically enhanced composite with segre-
gated conductive network structure for high-efficient electro-
magnetic interference shielding. Nano-Micro Lett. 13, 162
(2021). https://doi.org/10.1007/s40820-021-00693-5

W. Kang, L. Zeng, S. Ling, C. Zhang, 3D printed supercapaci-
tors toward trinity excellence in kinetics, energy density, and
flexibility. Adv. Energy Mater. 11, 2100020 (2021). https://doi.
org/10.1002/aenm.202100020

M. Aramfard, O. Kaynan, E. Hosseini, M. Zakertabrizi, L.M.
Pérez et al., Aqueous dispersion of carbon nanomaterials with
cellulose nanocrystals: an investigation of molecular interac-
tions. Small 18, 2202216 (2022). https://doi.org/10.1002/
smll.202202216

E. Erfanian, R. Moaref, R. Ajdary, K.C. Tam, O.J. Rojas et al.,
Electrochemically synthesized graphene/TEMPO-oxidized
cellulose nanofibrils hydrogels: highly conductive green inks
for 3D printing of robust structured EMI shielding aerogels.
Carbon 210, 118037 (2023). https://doi.org/10.1016/j.carbon.
2023.118037

P. Song, B. Liu, C. Liang, K. Ruan, H. Qiu et al., Light-
weight, flexible cellulose-derived carbon Aerogel@Reduced
graphene oxide/PDMS composites with outstanding EMI
shielding performances and excellent thermal conductivi-
ties. Nano-Micro Lett. 13, 91 (2021). https://doi.org/10.1007/
s40820-021-00624-4

C. Wang, H. Gao, D. Liang, S. Liu, H. Zhang et al., Effec-
tive fabrication of flexible nickel chains/acrylate composite
pressure-sensitive adhesives with layered structure for tun-
able electromagnetic interference shielding. Adv. Compos.
Hybrid Mater. 5, 2906-2920 (2022). https://doi.org/10.1007/
s42114-022-00482-7

C. Liang, Z. Gu, Y. Zhang, Z. Ma, H. Qiu et al., Structural
design strategies of polymer matrix composites for electro-
magnetic interference shielding: a review. Nano-Micro Lett.
13, 181 (2021). https://doi.org/10.1007/s40820-021-00707-2

L.-X. Liu, W. Chen, H.-B. Zhang, Q.-W. Wang, F. Guan et al.,
Flexible and multifunctional silk textiles with biomimetic
leaf-like MXene/silver nanowire nanostructures for electro-
magnetic interference shielding, humidity monitoring, and
self-derived hydrophobicity. Adv. Funct. Mater. 29, 1905197
(2019). https://doi.org/10.1002/adfm.201905197

@ Springer


https://doi.org/10.1016/j.jcis.2023.08.019
https://doi.org/10.1016/j.jcis.2023.08.019
https://doi.org/10.1016/j.carbon.2023.118156
https://doi.org/10.1007/s42114-020-00202-z
https://doi.org/10.1007/s42114-020-00202-z
https://doi.org/10.1007/s40820-023-01197-0
https://doi.org/10.1126/sciadv.abj1663
https://doi.org/10.1016/j.carbon.2023.118208
https://doi.org/10.1016/j.carbon.2023.118208
https://doi.org/10.1016/j.nanoen.2021.106700
https://doi.org/10.1016/j.nanoen.2021.106700
https://doi.org/10.1007/s40820-022-00843-3
https://doi.org/10.1007/s40820-022-00843-3
https://doi.org/10.1016/j.carbon.2023.118216
https://doi.org/10.1016/j.matt.2019.09.007
https://doi.org/10.1016/j.matt.2019.09.007
https://doi.org/10.1016/j.mser.2022.100700
https://doi.org/10.1016/j.mattod.2023.03.022
https://doi.org/10.1016/j.mattod.2023.03.022
https://doi.org/10.1126/science.aat7439
https://doi.org/10.1126/science.aat7439
https://doi.org/10.1002/smll.202105567
https://doi.org/10.1007/s40820-022-00798-5
https://doi.org/10.1016/j.nantod.2021.101204
https://doi.org/10.1007/s40820-021-00693-5
https://doi.org/10.1002/aenm.202100020
https://doi.org/10.1002/aenm.202100020
https://doi.org/10.1002/smll.202202216
https://doi.org/10.1002/smll.202202216
https://doi.org/10.1016/j.carbon.2023.118037
https://doi.org/10.1016/j.carbon.2023.118037
https://doi.org/10.1007/s40820-021-00624-4
https://doi.org/10.1007/s40820-021-00624-4
https://doi.org/10.1007/s42114-022-00482-7
https://doi.org/10.1007/s42114-022-00482-7
https://doi.org/10.1007/s40820-021-00707-2
https://doi.org/10.1002/adfm.201905197

85 Page 14 of 15

Nano-Micro Lett. (2024) 16:85

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

J. Xu, H. Chang, B. Zhao, R. Li, T. Cui et al., Highly stretch-
able and conformal electromagnetic interference shielding
armor with strain sensing ability. Chem. Eng. J. 431, 133908
(2022). https://doi.org/10.1016/j.cej.2021.133908

H.-C. Kuo, C.-W. Kuo, C.-C. Wang, Effective low-frequency
EMI conformal shielding for system-in-package (SiP) mod-
ules. Micro Opt. Tech. Lett. 65, 1892—-1897 (2023). https://
doi.org/10.1002/mop.33658

J. Liu, L. McKeon, J. Garcia, S. Pinilla, S. Barwich et al.,
Additive manufacturing of Ti3C2-MXene-functionalized con-
ductive polymer hydrogels for electromagnetic-interference
shielding. Adv. Mater. 34, 2106253 (2022). https://doi.org/10.
1002/adma.202106253

R. Li, Q. Fu, X. Zou, Z. Zheng, W. Luo et al., Mn-Co-Ni-
O thin films prepared by sputtering with alloy target. J.
Adv. Ceram. 9, 64-71 (2020). https://doi.org/10.1007/
s40145-019-0348-y

Z. Wang, B. Mao, Q. Wang, J. Yu, J. Dai et al., Ultrahigh
conductive copper/large flake size graphene heterostructure
thin-film with remarkable electromagnetic interference shield-
ing effectiveness. Small 14, 1704332 (2018). https://doi.org/
10.1002/sml1.201704332

F. Ning, Z. Chai, X. Dan, P. Liu, Q. Wen et al., Integrated gas
diffusion electrode with high conductivity obtained by skin
electroplating for high specific power density fuel cell. Small
Methods 7, 2201256 (2023). https://doi.org/10.1002/smtd.
202201256

H. Abbasi, M. Antunes, J.I. Velasco, Recent advances in
carbon-based polymer nanocomposites for electromagnetic
interference shielding. Prog. Mater. Sci. 103, 319-373 (2019).
https://doi.org/10.1016/j.pmatsci.2019.02.003

F. Liu, Y. Gao, G. Wang, D. Wang, Y. Wang et al., Laser-
induced graphene enabled additive manufacturing of multi-
functional 3D architectures with freeform structures. Adv. Sci.
10, 2204990 (2023). https://doi.org/10.1002/advs.202204990

J. Liu, J. Garcia, L.M. Leahy, R. Song, D. Mullarkey et al.,
3D printing of multifunctional conductive polymer composite
hydrogels. Adv. Funct. Mater. 33, 2214196 (2023). https://doi.
org/10.1002/adfm.202214196

K.P.M. Lee, T. Baum, R. Shanks, F. Daver, Electromagnetic
interference shielding of 3D-printed graphene—polyamide-6
composites with 3D-printed morphology. Addit. Manuf. 43,
102020 (2021). https://doi.org/10.1016/j.addma.2021.102020

Q. Ly, X. Tao, S. Shi, Y. Li, N. Chen, From materials to com-
ponents: 3D-printed architected honeycombs toward high-per-
formance and tunable electromagnetic interference shielding.
Compos. Part B Eng. 230, 109500 (2022). https://doi.org/10.
1016/j.compositesb.2021.109500

S. Shi, M. Dai, X. Tao, F. Wu, J. Sun et al., 3D printed polylac-
tic acid/graphene nanocomposites with tailored multifunction-
ality towards superior thermal management and high-efficient
electromagnetic interference shielding. Chem. Eng. J. 450,
138248 (2022). https://doi.org/10.1016/j.cej.2022.138248
P.R. Agrawal, R. Kumar, S. Teotia, S. Kumari, D.P. Mondal
et al., Lightweight, high electrical and thermal conducting
carbon-rGO composites foam for superior electromagnetic

© The authors

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

interference shielding. Compos. Part B Eng. 160, 131-139
(2019). https://doi.org/10.1016/j.compositesb.2018.10.033
C. Fu, Z. Sheng, X. Zhang, Laminated structural engineering
strategy toward carbon nanotube-based aerogel films. ACS
Nano 16, 9378-9388 (2022). https://doi.org/10.1021/acsnano.
2c02193

X. Liu, Y. Li, X. Sun, W. Tang, G. Deng et al., Oft/on switch-
able smart electromagnetic interference shielding aerogel.
Matter 4, 1735-1747 (2021). https://doi.org/10.1016/j.matt.
2021.02.022

Y.-N. Gao, Y. Wang, T.-N. Yue, B. Zhao, R. Che et al., Super-
structure silver micro-tube composites for ultrahigh electro-
magnetic wave shielding. Chem. Eng. J. 430, 132949 (2022).
https://doi.org/10.1016/j.cej.2021.132949

H. Wu, W. Yuan, X. Yuan, L. Cheng, Atmosphere-free acti-
vation methodology for holey graphene/cellulose nanofiber-
based film electrode with highly efficient capacitance per-
formance. Carbon Energy 5, €229 (2023). https://doi.org/10.
1002/cey2.229

A. Gevorkian, S.M. Morozova, S. Kheiri, N. Khuu, H. Chen
et al., Actuation of three-dimensional-printed nanocolloidal
hydrogel with structural anisotropy. Adv. Funct. Mater. 31,
2010743 (2021). https://doi.org/10.1002/adfm.202010743
G. Zhou, M.-C. Li, C. Liu, Q. Wu, C. Mei, 3D printed
Ti3C2Tx MXene/cellulose nanofiber architectures for solid-
state supercapacitors: ink rheology, 3D printability, and elec-
trochemical performance. Adv. Funct. Mater. 32, 2109593
(2022). https://doi.org/10.1002/adfm.202109593

M.A.S.R. Saadi, A. Maguire, N.T. Pottackal, M.S.H. Thakur,
M.M. Ikram et al., Direct ink writing: a 3D printing technol-
ogy for diverse materials. Adv. Mater. 34, 2108855 (2022).
https://doi.org/10.1002/adma.202108855

J. Li, H. Sun, S.-Q. Yi, K.-K. Zou, D. Zhang et al., Flexible
polydimethylsiloxane composite with multi-scale conductive
network for ultra-strong electromagnetic interference protec-
tion. Nano-Micro Lett. 15, 15 (2022). https://doi.org/10.1007/
$40820-022-00990-7

G. Cao, S. Cai, H. Zhang, Y. Tian, High-performance con-
ductive adhesives based on water-soluble resins for printed
circuits, flexible conductive films, and electromagnetic
interference shielding devices. Adv. Compos. Hybrid
Mater. 5, 1730-1742 (2022). https://doi.org/10.1007/
s42114-021-00402-1

Z.Ma, S. Kang, J. Ma, L. Shao, Y. Zhang et al., Ultraflexible
and mechanically strong double-layered aramid nanofiber-
Ti3C2Tx MXene/silver nanowire nanocomposite papers for
high-performance electromagnetic interference shielding.
ACS Nano 14, 8368-8382 (2020). https://doi.org/10.1021/
acsnano.0c02401

Q. Liu, J. Gu, W. Zhang, Y. Miyamoto, Z. Chen et al., Biomor-
phic porous graphitic carbon for electromagnetic interference
shielding. J. Mater. Chem. 22, 21183-21188 (2012). https://
doi.org/10.1039/C2IM34590K

L. She, B. Zhao, M. Yuan, J. Chen, B. Fan et al., Joule-
heated flexible carbon composite towards the boosted
electromagnetic wave shielding properties. Adv. Compos.

https://doi.
org/10.1007/s40820-023-01317-w


https://doi.org/10.1016/j.cej.2021.133908
https://doi.org/10.1002/mop.33658
https://doi.org/10.1002/mop.33658
https://doi.org/10.1002/adma.202106253
https://doi.org/10.1002/adma.202106253
https://doi.org/10.1007/s40145-019-0348-y
https://doi.org/10.1007/s40145-019-0348-y
https://doi.org/10.1002/smll.201704332
https://doi.org/10.1002/smll.201704332
https://doi.org/10.1002/smtd.202201256
https://doi.org/10.1002/smtd.202201256
https://doi.org/10.1016/j.pmatsci.2019.02.003
https://doi.org/10.1002/advs.202204990
https://doi.org/10.1002/adfm.202214196
https://doi.org/10.1002/adfm.202214196
https://doi.org/10.1016/j.addma.2021.102020
https://doi.org/10.1016/j.compositesb.2021.109500
https://doi.org/10.1016/j.compositesb.2021.109500
https://doi.org/10.1016/j.cej.2022.138248
https://doi.org/10.1016/j.compositesb.2018.10.033
https://doi.org/10.1021/acsnano.2c02193
https://doi.org/10.1021/acsnano.2c02193
https://doi.org/10.1016/j.matt.2021.02.022
https://doi.org/10.1016/j.matt.2021.02.022
https://doi.org/10.1016/j.cej.2021.132949
https://doi.org/10.1002/cey2.229
https://doi.org/10.1002/cey2.229
https://doi.org/10.1002/adfm.202010743
https://doi.org/10.1002/adfm.202109593
https://doi.org/10.1002/adma.202108855
https://doi.org/10.1007/s40820-022-00990-7
https://doi.org/10.1007/s40820-022-00990-7
https://doi.org/10.1007/s42114-021-00402-1
https://doi.org/10.1007/s42114-021-00402-1
https://doi.org/10.1021/acsnano.0c02401
https://doi.org/10.1021/acsnano.0c02401
https://doi.org/10.1039/C2JM34590K
https://doi.org/10.1039/C2JM34590K

Nano-Micro Lett.

(2024) 16:85

Page 15 of 15 85

58.

59.

Hybrid Mater. 5, 3012-3022 (2022). https://doi.org/10.1007/
$42114-022-00530-2

M. Zhou, S. Tan, J. Wang, Y. Wu, L. Liang et al., “three-in-
one” multi-scale structural design of carbon fiber-based com-
posites for personal electromagnetic protection and thermal
management. Nano-Micro Lett. 15, 176 (2023). https://doi.
org/10.1007/s40820-023-01144-z

W. He, J. Zheng, W. Dong, S. Jiang, G. Lou et al., Efficient
electromagnetic wave absorption and Joule heating via

60.

ultra-light carbon composite aerogels derived from bimetal-
organic frameworks. Chem. Eng. J. 459, 141677 (2023).
https://doi.org/10.1016/j.cej.2023.141677

L. Wang, Z. Ma, Y. Zhang, L. Chen, D. Cao et al., Polymer-
based EMI shielding composites with 3D conductive net-
works: a mini-review. SusMat 1, 413-431 (2021). https://doi.
org/10.1002/sus2.21

@ Springer


https://doi.org/10.1007/s42114-022-00530-2
https://doi.org/10.1007/s42114-022-00530-2
https://doi.org/10.1007/s40820-023-01144-z
https://doi.org/10.1007/s40820-023-01144-z
https://doi.org/10.1016/j.cej.2023.141677
https://doi.org/10.1002/sus2.21
https://doi.org/10.1002/sus2.21

	3D-Printed Carbon-Based Conformal Electromagnetic Interference Shielding Module for Integrated Electronics
	Highlights
	Abstract 
	1 Introduction
	2 Experimental Section
	2.1 Materials
	2.2 Preparation of 3D Printable Gr@CNT Inks
	2.3 Direct Ink Writing (DIW) 3D Printing of Gr@CNT Frames
	2.4 Characterization

	3 Results and Discussion
	3.1 Rheological Performance and 3D Printability of Gr@CNT Functional Inks
	3.2 Structural Characterizations of 3D-Printed Frames
	3.3 EMI SE peculiarity of 3D-Printed Frames
	3.4 Electrothermal Performance of 3D-Printed Frames
	3.5 3D-printed Conformal-shielding Module for Integrated Electronics

	4 Conclusions
	Acknowledgements 
	Anchor 18
	References


