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Abstract Next-generation smart textiles are
regarded as the most straightforward and effective
solution to address the growing threats from envi-
ronment including excessive electromagnetic radia-
tion and global warming. Incorporation of novel
materials using advanced fabrication technology
has been the reliable technology in developing these
smart textiles. Herein, a novel fabrication strategy
integrating multi-layer spraying and mechanical
compression is proposed to fabricate a liquid metal
(LM) and carbon nanotubes (CNT)-decorated multi-
functional cotton fabric (CF/LM/CNT). The results
demonstrate that the double face-sprayed CF/LM/
CNT possess electrical resistance of 0.07 Q, which
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is primarily responsible for its unprecedented elec-
tromagnetic shielding effectiveness of about 85 dB
over the X-band. Moreover, the CF/LM/CNT exhib-
its excellent heat dissipation and thermal insulation
behavior, which is an essential prerequisite for effec-
tive thermal management. More importantly, the as-
prepared CF/LM/CNT is recycled and reconfigured.
This fundamental research work provides a facile and
scalable approach to fabricate multifunctional textile
materials.
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Introduction

Electromagnetic interference (EMI) and excessive
heat from massive use of electronic equipment is a
big concern posing threats to human health and pos-
sible danger, e.g., fire (Lee et al. 2016; Bhattachar-
jee et al. 2018; Yang et al. 2020). Therefore, there is
an urgent need to develop electromagnetic shielding
materials with excellent heat dissipation ability. Met-
als with conductive and heat-conducting functions are
the preferred materials to achieve excellent electro-
magnetic shielding, but their high density, poor anti-
oxidant properties, difficulty in processing and easy
to be contaminated by secondary reflection limit their
practical application (Sankaran et al. 2018; Wang
et al. 2021; Hao et al. 2022).

In recent years, liquid metals (LMs) have shown a
great application potential in the field of EMI shield-
ing due to their good machinability and excellent
thermal conductivity. Liao et al. provided a novel
strategy including ball-milling dispersion, freeze-
drying and compression molding to prepare LM/
cellulose nanofiber composites for electromagnetic
shielding properties (Liao et al. 2021). Yu et al. pre-
pared a stretchable LM foam elastomer with the
electromagnetic shielding value increased from 48
to 83 dB under tensile deformation (Yu et al. 2020).
Yao et al. developed a flexible composite material by
introducing three-dimensional liquid metal networks
into elastomeric foams, which exhibited significantly
increased electromagnetic shielding effects under
compression (Yao et al. 2021). Zhang et al. produced
porous and anisotropic liquid metal matrix compos-
ites as low temperature electromagnetic shielding
materials (Zhang et al. 2020). However, the applica-
tion of LM in EMI shielding is seriously hampered by
its high surface tension, insulated oxide shells formed
during processing and uncontrollable flowability
(Dobosz et al. 2021; Mwesigye and Yilmaz 2020).
Therefore, large-scale processing of flexible LM
materials with encapsulation capacity and excellent
electromagnetic shielding remains a great challenge.

Textiles as the interface between human and envi-
ronment is a perfect substrate for developing EMI and
thermal management for protecting human (Mondal
et al. 2017; Cheng et al. 2020a, b; Xu et al. 2021;
Guo et al. 2021). Textiles are flexible and friendly to
human and well-settled in human civilization. How-
ever, the intrinsic properties of textiles result in poor
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EMI and thermal management performance. Recent
years have seen great advances in developing nano-
composite textiles with the application potential in
smart textiles including EMI and thermal manage-
ment. Novel active nanomaterials such as CNT and
graphene have grown great potential in developing
the next-generation textiles (Ji et al. 2014; Cheng
et al. 2020c; Chen et al. 2021). Searching for other
novel materials to bring new functions, such as EMI
and protection, is always on the agenda of developing
protective clothing.

Here, EMI shielding fabrics with excellent heat
dissipation properties from liquid metals (LM) and
carbon nanotubes (CNTs) are fabricated by simple
spray-assisted mechanical pressure. The presence of
CNT plays an encapsulation role to prevent the oxi-
dation of LM. Interestingly, the LM is impregnated
into the yarn under auxiliary mechanical pressure,
which not only fills the inter fiber gap and form a
highly conductive LM “network cake”. The CF/LM/
CNT has an extremely high conductivity with an EMI
SE of 68 dB only at 20 pm thickness. In addition, the
heat dissipation and heat insulation of fabrics coated
with LM/CNT were studied. Finally, LM and CNT
can be recycled from CF/LM/CNT to solve the prob-
lem of e-waste recycling. This work provides new
strategies of developing recyclable electromagnetic
shielding materials for future development of recycla-
ble electronic products.

Experimental
Materials

A pure cotton woven fabric (plain weave, 135 g/m?)
was purchased from Wuhan Yudahua Textile Co.,
Ltd., China. It was washed and cleaned with acetone
and deionized water before using, and then dried in
an oven at 60 ‘C. The eutectic gallium-indium lig-
uid metal (LM, 75.5% Ga and 24.5% In, by weight;
melting point of 16 ‘C) was purchased from Dong-
guan Dingguan Metal Technology Co., Ltd., China.
The carbon nanotube solution (0.15 wt%) was pur-
chased from Nanjing Xianfeng Nanomaterials Tech-
nology Co., Ltd., China. Note that all the chemicals
are analytical grade and were used without further
purification.
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Preparation of CF/LM/CNT

The schematic of fabrication procedure of a CF/
LM/CNT fabric is graphically illustrated in Fig. 1.
Firstly, 2 g of LM was ultrasonically dispersed in 10
mL ethanol solution followed by spraying onto CF
and using hairdryer to dry. The resultant dried fabric
was marked as CF/LM. Secondly, the dried CF/LM
sample was mechanically pressed under a pressure of
1 MPa for 2 min at room temperature. Finally, a CNT
solution (20 mL, 0.15 wt%) was sprayed onto the
pressed CF/LM followed by oven drying. The single-
side LM/CNT-decorated CF was marked as CF/LM/
CNT-S. In addition, the fabric sample with double
side coating LM and CNT (i.e., CF/LM/CNT-D) were
prepared for comparison. Note that if not otherwise
specified the fabric of CF/LM/CNT-S was abbrevi-
ated as CF/LM/CNT.

Characterization of the CF/LM/CNT

The surface morphology and chemical element of
the sprayed fabric sample were determined using
scanning electron microscopy (SEM, JSM-5600LV,
JEOL, Japan) equipped with energy dispersive X-ray
spectroscopy (EDS, Oxford Instruments, Oxford,
UK). Specifically, the samples were cut into the same
dimensions of 5 X 5 mm. To further enhance the
conductivity of the samples during the scanning, all
the samples were coated with Au via sputtering depo-
sition. The accelerating voltage applied in the scan-
ning process was 15 kV. The crystal structure of the
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fabric samples was measured by scanning them with
the X-ray (with the wavelength of 0.154 nm) gener-
ated by a Cu Ka radiation source of an X-ray pow-
der diffractometer (XRD) analyzer (D/MAX 2500
type) in the reflection mode. To eliminate the pos-
sible phase change of the LM, the samples were cut
into the dimensions of 2 X 2 cm and directly fixed in
the sample holder for XRD scanning without further
processing. The surface chemical state of as-prepared
fabric was characterized by X-ray photoelectron spec-
troscopy (XPS, Perkin-Elmer, PHI 5000 C, Amer-
ica). The samples were cut into the dimensions of
5 X 5 mm and mounted on a sample holder without
further treatment prior to the XPS tests. The electrical
resistance of fabric sample with an electrode gap of
1 cm was tested by resistance meter (CHI604E Instru-
ments, China) and each specimen was tested 10 times.

Electromagnetic shielding measurement

The electromagnetic shielding effectiveness (EMSE)
performance of various fabric samples was investi-
gated in X-band (8.2-12.4 GHz) frequency range.
Measurements were made over the X-band range
using a vector network analyzer (VNA; Rohde &
Schwarz ZVL6). The samples were prepared to
a geometric shape (4 cm X 3 cm) to fit the wave-
guide. Prior to the tests, a Thru-Reflect-Line (TRL)
calibration was performed in order to remove the
errors. The S-parameters (S,;, S5, Sy, and S,;) were
recorded. Based on the above S-parameters, the total
EMSE, absorption, reflection (i.e., SEy, SE,, SER),
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and the coefficient of transmissivity, reflectivity and
absorptivity (i.e., 7, R, A) could be calculated and
given. Five replicates were tested for each sample,
and the average value of each sample was obtained
accordingly.

Thermal performance measurement

A self-designed experimental setup was built to
investigate the heat dissipation behavior of the fabric
samples. The setup consists of three parts: a thermal
imager connected to a phone, a matrix of LED lights,
and a power supply (see Fig. 6a). The fabric sample
with an exact size of 4 cm X 3 cm was placed onto
the surface of the matrix of LED lights, and then the
LED lights were heated by controlling the voltage of
18 V of the power supply. The heating process would
be stopped when the temperature of fabrics reached
the predetermined value. Meanwhile, the temperature
change of the fabrics during the dissipating process
was real-time monitored by a thermal imager, and
finally, the curve (temperature vs. time) of each fabric
can be plotted.

Further, a self-designed experimental setup was
built to investigate the thermal insulation behavior of
the fabric samples. The setup consists of two parts: a
thermal imager connected to a phone, and a hot plate
whose temperature can be precisely controlled (see
Fig. 7a). The two fabric samples with the exact size of
4 cm X 3 cm were tightly contacted with the surface
of the hot plate (with initial temperature of 50 °C).
Similarly, the temperature change of the fabrics dur-
ing the experimental process was real-time monitored
by a thermal imager, and the curve (temperature vs.
time) of each fabric was plotted.

Results and discussion
Characterization of CF/LM/CNT

The SEM-EDS images of as prepared CF/LM/CNT
are presented in Fig. 2. As shown in Fig. 2a, the
appearance colors of the pristine CF, CF/LM, and
CF/LM/CNT are white, silvery and black, respec-
tively. Further, the overall and partially enlarged SEM
images of the pristine CF were shown in Fig. 2b,
c. The CF with plain weave can be seen in Fig. 2b,
and the micro-grooves of CF can be observed (see
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Fig. 2c). The surface morphology of LM/CF is pre-
sented in Fig. 2d, e. The LM component has been
tightly attached to the fabric surface, and the LM units
in irregular cake shape with inter-connection to each
other. Figure 2f, g present the appearance of CF/LM/
CNT. The CNTs are uniformly attached onto the LM
as suggested by Fig. 2g. The CNTs layer play a key
role in encapsulating the liquid metal and preventing
its oxidation. Figure 2h shows the cross-section of
CF/LM/CNT. A typical three-layered CF/LM/CNT
fabric sample can be observed, and the components
of the top, middle and bottom layers are CNTs, LM
and CF, respectively. In addition, Fig. 2i displays the
EDS spectrum of as-prepared CF/LM/CNT. Four ele-
ments (i.e., C, O, Ca and In) can be detected from the
spectrum (as summarized in the inset table), and the
proportions of the four elements are 26.32%, 12.80%,
51.17% and 9.71%, respectively.

The crystal structure of both CF, CF/LM, and
CF/LM/CNT was investigated by X-ray diffraction
analysis. Figure 3a illustrates the typical XRD spec-
tra of the three fabric samples. Pristine CF exhibits
four significant characteristic peaks around 14.5°,
16.1°, 22.4° and 33.7°, corresponding to the crystal
faces (1-10), (110), (200), and (004) of cellulose Ip,
respectively (Cheng et al. 2018; Ran et al. 2020). As
for CF/LM and CF/LM/CNT fabrics, a broad charac-
teristic peak around 35.0° corresponding to the liquid
metal is detected (Wei et al. 2019; Luo et al. 2020).
At the same time, the characteristic peaks of the cot-
ton are weakened. Figure 3b shows the XRD pattern
of CF/LM/CNT. Due to the introduction of CNT, a
new characteristic peak at 26.5° indexed to the (002)
facet of graphitic carbon can be observed (Hu et al.
2014; Dong et al. 2020). The above analysis reveals
that the LM and CNT have been successfully loaded
onto the surface of the pristine CF.

X-ray photoelectron spectroscopy (XPS) analy-
sis of the CF/LM/CNT fabric surface was also per-
formed. The wide scan XPS spectrum of the CF/
LM/CNT is shown in Fig. 3c. Except for Cls and
Ols peaks, some extra peaks of Ga and In have been
detected. For Ga 3d spectrum (Fig. 3d), three obvi-
ous peaks can be found. The characteristic peaks at
around 16.8 eV, 18.5 eV, and 20.3 eV are assigned to
In 4d, Ga and Ga,0;, respectively (Peng et al. 2016).
The intensity peaks of Ga,O5 can also be observed,
indicating that part of the Ga metal has been oxi-
dized into Ga,0O; (He et al. 2021). This is because
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Fig. 2 Optical photos (a) and SEM images of CF (b, ¢), CF/LM (d, e), CF/LM/CNT(f, h) and EDS spectra (i) (Bar =100 pm and

10 pm for overview and magnified view SEM images, respectively)

when LM is exposed to air, its surface can be easily
oxidized to a thin Ga,0j; layer. The XPS spectrum for
In 3d (Fig. 3e) consists of two peaks at 444 eV and
445 eV relating to In and In,0;, respectively (Guo
et al. 2019). The XPS of C 1s could be deconvoluted
into three peaks at 284.8 eV, 286.3 eV and 287.4 eV,
attributing to C-C, C-O and C=O, respectively
(Fig. 3f) (Bi et al. 2021). These XPS results further
confirm that the LM and CNT have been successfully
loaded onto the surface of CF.

Electromagnetic shielding performance

Owing to the excellent electrical conductivity of LM
and CNT, the as-prepared CF/LM/CNT has shown a

broad application potential in electromagnetic shield-
ing field. As shown in Fig. 4a, the pure CF is non-
conductive because the cotton fiber is an electrical
insulator. With LM and LM/CNT sprayed on the
fabric surface separately, the electrical resistance of
the coated fabric was 0.84 and 0.07 Q, respectively
(Fig. 4a). It is evident that LM or LM/CNT has a high
electrical conductivity.

Figure 4b shows the results of EMSE of different
fabric samples (i.e., CF/LM/CNT-D, CF/LM/CNT-S,
CF/LM and CF) over the X-band. The results indi-
cate that all the coated fabrics are effective for elec-
tromagnetic shielding purpose, and the EMSE of the
coated fabrics is dependent on the types and contents
of the coated components. In comparison, the CF/

@ Springer
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Fig. 3 Whole (a) and partial enlarged XRD patterns (b) of CF/LM/CNT and CF/LM samples; ¢ The wide scan XPS spectrum of the
CF/LM/CNT; d—f High resolution XPS spectra of Ga 3d, In 3d, and Cls, respectively

LM/CNT-D has the best EMSE capability with an
EMSE value of about 85 dB, followed by CF/LM/
CNT-S (about 68 dB) and CF/LM (about 54 dB). As
expected, the EMSE of CF is almost zero because the
cotton fiber is an electrical insulator, therefore it is
transparent to the electromagnetic radiation. Further-
more, the response to the frequency across the EMSE
of the three coated fabric samples is also presented in
Fig. 4b. The value of EMSE generally decreases with
the increase of frequency over the X-band. This result
reveals that the EMSE capability of electromag-
netic shielding fabrics is slightly higher for lower-
frequency/longer waves than for higher-frequency/
shorter waves.

Taking the frequency of 9 GHz for example, it
is apparent from Fig. 4c, d that the EMSE of CF is
only about 0.366 dB, whereas that for CF/LM, CF/
LM/CNT-S, and CF/LM/CNT-D is 53.66, 68.31
and 84.89 dB, respectively. Furthermore, the SE,
was always higher than the SE; from CF/LM to
CF/LM/CNT samples irrespective of single or dou-
ble coated considered. As a proof-of-concept, we
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constructed a simple device by employing a Tesla
coil and a green light-emitting diode (LED), as
shown in Fig. 4e—g. Herein, our prepared CF/LM/
CNT was used to demonstrate its electromagnetic
shielding capacity. The Tesla coil will radiate high
frequency electromagnetic waves. When the CF fab-
ric sample was place in between the coil and LED,
the LED remains on. When the CF/LM/CNT was
introduced, the LED was off immediately, and it
returned to illuminated immediately when remov-
ing the CF/LM/CNT. The process can be repeated
for many times with confidence. This result reveals
the excellent electromagnetic shielding capacity of
the as-prepared CF/LM/CNT. Further, a comparison
of the total value SE; and main shielding mecha-
nism with other reported available electromagnetic
shielding materials is given in Table 1. The as-
prepared CF/LM/CNT exhibits outstanding elec-
tromagnetic shielding capability over X-band when
compared to currently available fabric-based EMI
shielding materials.
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Fig. 4 a Comparison of the electrical resistance of CF, CF/
LM and CF/LM/CNT samples; b Total EMSE of CF/LM/
CNT-D, CF/LM/CNT-S, CF/LM and CF samples over the
X-band; ¢, d The contributions from absorption SE, and

Electromagnetic shielding mechanism

The underlying electromagnetic shielding mechanism
of the as-prepared multilayer CF/LM/CNT-D fabric
is graphically illustrated in Fig. 5. When the electro-
magnetic waves reach to the carbon nanotube layer on

CF/LM/CNT-S  CF/LM/CNT-D

CF CFILM CFLM/CNT-S CF/LM/CNT-D

CF/LM/CNT

reflection SEy to the total SE; of CF/LM, CF/LM/CNT-S, CF/
LM/CNT-S at frequency of 9 GHz; e-g Comparison of CF/
LM/CNT and CF used as an electromagnetic barrier material

the surface of the fabric, a part of the incident waves
reflect while the others enter the fabric (i.e., the liquid
metal layer). Since the liquid metal layer has a mul-
tilayer structure, the entered waves will be reflected
and absorbed many times, leading to attenuation of
the waves. Furthermore, when the transmitted waves
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Table 1 Comparison

Fabrics SE; (dB) Frequency (GHz) Main shield-  Refs.

of the total value SE ing mecha-

and main shielding nism

mechanism of fabric-based

elect@ilagneﬁc shielding CF/PPy/Cu 30-50 0.03-1 Reflection Zhao et al. (2016)

materials PANI/Co-Ni coated LyF ~ 34-46 8.2-12.4 Reflection  Zhao et al. (2017)
Cu plated PET 40-50 6-18 Reflection Qin and Guo (2015)
Fe-Si-B/Ni-Cu-P ~40 8.2-12.4 Absorption Zhang et al. (2017)
50Ni-Co-Fe-P/PANI/P 69.4 8.2-12.4 Absorption Wang et al. (2020)
PP/Ag/mCNTs 61.1 8.2-12.4 Absorption Hu and Kang (2021)
CF/LM/CNT-S 68 8.2-12.4 Absorption This work
CF/LM/CNT-D 85 8.2-12.4 Absorption This work

LM layer ‘

CNT layer

Fig. 5 The underlying electromagnetic shielding mechanism of the as-prepared CF/LM/CNT

pass through the last cotton layer, the reflection,
absorption as well as transmission will take place.
Finally, only few electromagnetic waves will pass
through the thickness direction of the multi-layer CF/
LM/CNT fabric. In addition, the mechanical pres-
sure have a beneficial effect on the EMI shielding of
fabric, because the gaps in the fabric were filled with
LM.

Thermal management performance

An experimental setup was developed to study the
heat dissipation behavior of CF/LM/CNT fabric. As
illustrated in Fig. 6a, the instrument consists of three
parts, i.e., a thermal imager connected to a phone, a
matrix of LED lights, and a power supply. The fab-
ric was placed onto the surface of the matrix of LED
lights, and the fabric temperature can be precisely
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controlled by the combination of a power supply and
the matrix of LED lights. Here, the initial temperature
of fabric is set to 50 “C. In addition, the temperature
change of fabric during the dissipating process was
monitored by a thermal imager. Figure 6b shows the
heat dissipation curves of pure CF and CF/LM/CNT.
The surface temperature of the two fabrics decreased
as a function of time, and the temperature dropped
severely in the beginning followed by gradually slow
declining irrespective of the fabrics considered. In
comparison, the temperature drop rate of CF/LM/
CNT fabric is higher than that of the CF fabric. The
captured images of two fabrics at varying times have
confirmed this difference, as shown in Fig. 6¢. The
temperature of CF dropped to 39.8 °C at 12 s, whereas
for the CF/LM/CNT fabric it was 32.5 “C. The above
analysis demonstrated that the prepared CF/LM/CNT
fabric has excellent heat dissipating performance.
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Fig. 6 a A self-designed experimental setup for investigating the heat dissipation behavior of CF/LM/CNT; b Comparison of the
heat dissipation curves of CF/LM/CNT and CF samples; ¢ The captured infrared images of CF/LM/CNT and CF at varying times

Another experimental device was established to
investigate the thermal insulation behavior of CF/
LM/CNT fabric. As illustrated in Fig. 7a, the instru-
ment consists of a thermal imager connected to a
phone and a hot plate with its temperature precisely
controllable. The prepared CF/LM/CNT and CF were
tightly attached to the surface of hot plate at an initial
temperature of 50 ‘C, and the temperature changes of
the two fabrics during the experimental process were
monitored by the thermal imager. Figure 7b shows
the thermal insulation curves of pure CF and CF/LM/
CNT at the same time intervals. The fabric tempera-
ture gradually increased as a function of time, but the
rate of temperature rise was obviously different. The
captured images of two fabrics at different time inter-
vals have confirmed this difference (see Fig. 7c). The
CF/LM/CNT has excellent thermal insulation per-
formance with the temperature increasing less than

5 °C within 20 s. However, the temperature for CF
increased more than 10 °‘C within the same 20 s. The
excellent thermal insulation capacity of CF/LM/CNT
is due to its special multilayer structure with promi-
nent absorption and reflection of thermal radiation
across the thickness. The incoming thermal radiation
from the hot plate will be absorbed and reflected by
the CNT and LM layers, and thus only part of heat
will finally reach the outside surface. In short, the as-
prepared CF/LM/CNT fabric has excellent thermal
insulation performance.

Recycling performance
Electronic waste as a thorny issue has been affect-
ing the environment and the economy, so it is very

important to realize the reconfiguration and recy-
cling of electronic equipment. As shown in Fig. 8a,
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Fig.7 a A self-made experimental setup for investigating the thermal insulation behavior of CF/LM/CNT; b Thermal insulation
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Fig. 8 a Dissolving of the
as-prepared CF/LM/CNT
in hot water, and separation
of LM and CNT; b A cycle
route of a reconfigurable
CF/LM/CNT sample

the as-prepared CF/LM/CNT fabric can be dis- strategy is green and environmentally friendly. In

solved in hot water under oscillation and stirring at a word, the as-prepared fabric-based material have
100 C. The LM and CNT were successfully sepa- great potential in effective EMI shielding and rapid
rated afterwards. Figure 8b shows a cycle route of heat dissipation, which can fill an important gap of

a reconfigurable CF/LM/CNT fabric sample. This flexible recyclable electronic products.
typical example proves that the surface-spraying
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Conclusion

Multilayered cotton fabric (CF/LM/CNT) was suc-
cessfully fabricated by multi-layer spraying and
mechanical compression. The double face-sprayed
CF/LM/CNT exhibited a highly conductive behavior
with an electrical resistance of 0.07 Q, and outstand-
ing electro-magnetic shielding capability of about 85
dB (which outperform those of most reported EMI
shielding materials). Introduction of LM and CNT
play an essential role in the enhanced electromag-
netic shielding capability of CF/LM/CNT. The value
of absorption EMSE (SE,) for CF/LM/CNT was
higher than that of the reflection EMSE (SEy), reveal-
ing the absorption-dominant electromagnetic shield-
ing mechanism. Moreover, the prepared CF/LM/CNT
exhibited superior heat dissipation and thermal insu-
lation performances. The as-prepared CF/LM/CNT
turned out to be recyclable and reconfigurable. This
work provides a facile and scalable method to fabri-
cate multifunctional conductive textiles for flexible
and wearable electronics.
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