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Abstract Although textiles decorated with elec-
troactive materials have gained significant develop-
ment in the field of wearable electronics and portable 
devices, the main issue is how to better exploit the 
synergy between conductive media for multi-scenario 
applications. Herein, we constructed a conductive 
network of 1D CNTs and 2D gallic acid-modified 
MXene (MG) alternating assembly of ‘wire-surface’ 
structure on the cotton fabric surface for wearable 
multifunctional personal protection. The introduc-
tion of gallic acid extended the lateral dimensions of 
MXene nanosheets, and the presence of CNTs pro-
tected MXene from oxidation and improved the bind-
ing of nanosheets to cotton fabric, contributing to an 
enhancement of the conductivity of the assembled 
fabric. Meanwhile, the conductivity of the assem-
bled fabric remains stable after cyclic bending (1000 
cycles) and nature storage (60 days). The assembled 
fabric could achieve more than 35 dB of electromag-
netic interference shielding effectiveness (X-band) 
and outstanding infrared thermal camouflage 

performance. Moreover, low-radiation, Joule and 
solar heating are integrated to respond to the heating 
needs of complex scenarios and to achieve efficient 
utilization of energy. Based on its simple and scalable 
fabrication process, along with durability and com-
fort, the assembled cotton is expected to be promis-
ing candidates for multifunctional personal protective 
fabric.

Keywords Electroactive materials · Alternating 
assembly · ‘Wire-surface’ structure · Protective fabric

Introduction

More recently, with the continuous development and 
expansion of human working life style and field, it 
faces more and more external threats, such as electro-
magnetic radiation, low temperature and harsh envi-
ronment. The development of personal protective fab-
rics, which can effectively avoid the body from being 
harmed by the outside in the course of activities, has 
been increasingly emphasized. The research of flex-
ible electronic devices in the fields of electromagnetic 
interference (EMI) shielding (Wang et  al. 2019; Su 
et  al. 2023), human health monitoring (Takei et  al. 
2015), personal thermal management (Liu et al. 2018; 
Zhang et  al. 2022) and human-machine interaction 
(Cao et  al. 2018) has gained rapid developments. In 
general, flexible electronic devices are usually made 
of soft plastic substrates and conductive materials 
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directly composite, with simple processability, easy 
to industrialize and fast manufacturing. However, the 
soft plastic substrate is less compatible with the skin, 
especially when the body sweats, bacteria can easily 
grow between the skin and the substrate, causing seri-
ous discomfort to the body (Guo et al. 2023). In con-
trast, natural fiber are candidates for ideal substrates 
for flexible wearable devices because of their out-
standing skin-friendliness, breathability, and inher-
ent biocompatibility (Heo et al. 2018; Jin et al. 2019). 
However, it is still challenging to further explore the 
potential of conductive materials for multifunctional 
and multi-scenario applications while making rational 
use of flexible textile substrates.

Many electroactive materials such as conductive 
polymers (Cui et  al. 2022; Allison et  al. 2017), metal 
nanowires (Guo et  al. 2021; Hsu et  al. 2015), carbon 
nanotubes (CNTs) (Li et  al. 2020; Yao et  al. 2021), 
graphene (Ji et al. 2017; Zhao et al. 2020) and MXene 
nanosheets (Yan et al. 2022; Li et al. 2022) have been 
efficiently coated on textile surfaces by diverse strate-
gies including in-situ polymerization, dip-coating, 
spraying, screen printing and vacuum-assisted deposi-
tion. Normally, conductive polymers such as polyani-
line, polypyrrole and polythiophene can be obtained 
by catalytic oxidation with oxidants or enzymes, and 
dopants need to be added to obtain better conductivity. 
For the conjugated polymers, the complex processing 
procedures and poor chemical stability limit their wider 
applications. Metal nanowires can be spontaneously 
stacked and welded on the substrate surface with flex-
ibility and high conductivity, but they also suffer from 
poor dispersion and the disadvantages of easy aggrega-
tion and oxidation (Gupta et al. 2016). The CNTs and 
graphene, both of which are carbon derivatives, have 
gained a lot of attentions and achieved more applica-
tions due to their excellent conductivity. Ghosh et  al. 
used CNTs coatings and beaded fibers to weave smart 
fabrics for enhancing the mechanical and electrical 
properties of the flexible functional materials (Ghosh 
et  al. 2023). In addition, they fabricated a carbona-
ceous coating to develop an intelligent cotton fabric 
with remarkable EMI shielding efficiency through the 
‘knife-over-roll’ strategy (Ghosh et al. 2018). However, 
the poor water dispersibility and binding fastness limit 
their wider diffusion (Lee et al. 2018; Yang et al. 2018). 
MXene is the collective name for transition metal car-
bides, nitrides or carbonitrides, and is one of the new-
est members of the 2D materials family (Naguib et al. 

2011). Among them,  Ti3C2Tx-MXene as the outstand-
ing representative has received the most extensive and 
intensive investigations. MXene nanosheets with excel-
lent water dispersion can be obtained by selective etch-
ing of its precursor MAX phase (Alhabeb et al. 2017). 
Unfortunately, due to structural vacancies and atomic 
defects in MXene, when exposed to air or water, it 
tends to degrade rapidly by oxidation in a short period 
of time, eventually forming titanium dioxide  (TiO2) and 
amorphous carbon (C) (Lipatov et al. 2016). We previ-
ously reported a conductive fabric prepared by coating 
with MXene as a single electroactive medium, which 
showed good personal protection capabilities (Yan et al. 
2022, 2023). However, the durability of a single electri-
cally conductive material for complex environments is 
challenging, and the large-scale preparation of fabrics 
remains difficult. In summary, it is necessary to conduct 
an in-depth study of the physicochemical properties of 
conductive materials and to draw on the advantages of 
each material in a rational way to bring out their syn-
ergy. Based on the preparation of conductive textiles 
with stability and reliability, it is pressing to further 
develop their great potential to adapt to the needs of 
multi-scenario applications.

Here, we report a novel ‘wire-surface’ conductive 
network configuration of fabrics with stable and reli-
able multifunctional personal protection properties. 
One-dimensional ‘wire’ and two-dimensional ‘surface’ 
structures of CNTs and MXene were selected as elec-
troactive raw materials for deposition on the surface of 
cotton fibers using a layer-by-layer alternating assem-
bly strategy. The service stability of conductivity for 
the assembled cotton under cyclic bending-recovery 
and nature storage conditions was investigated. On this 
basis, the EMI shielding effectiveness of the compos-
ite fabric and the corresponding shielding mechanism 
are discussed. Moreover, integrated exploration of 
low-radiation heating, Joule heating and solar heating 
of textiles was also carried out. As a next-generation 
wearable smart protection product, we expect this mul-
tifunctional fabric to benefit society in the future.

Experimental section

Materials

The cotton woven fabric (CF) (180  g/m2, thickness 
0.272  mm) were purchased from Shanghai Textile 
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Industry Technical Supervision Institute.  Ti3AlC2 
(400 mesh, 98%) was supplied by Jilin 11 Technology 
Co. Hydrochloric acid (HCl, 36-38wt%) was obtained 
from Sinopharm Chemical Reagent Co. Lithium 
fluoride (LiF, 99.99%), gallic acid (GA, 99%) and 
carboxylated multi-walled carbon nanotubes (inner 
diameter, 5–10 nm, outer diameter, 10–20 nm) were 
provided by Shanghai Aladdin Reagent Co.

Preparation of assembled fabrics

MXene dispersions were prepared according to 
the previously reported method (Yan et  al. 2021). 
Subsequently, the diluted MXene (3  mg/mL) was 
reacted with GA by hybridization at a mass ratio of 
5:1 for 1 h, the hybridized dispersion was named as 
MG. Meanwhile, the carboxylated carbon nanotubes 
(CNTs) dispersion (3  mg/mL) was sonicated for 
10 min to promote its dispersion. Next, one side of a 
CF (10 × 10   cm2) was sprayed with alternating elec-
troactive CNTs and MG dispersions. The operation of 
each cycle included spraying CNTs and MG disper-
sions separately for 30 s (0.1 mL/s) and drying under 
vacuum at 60 °C for 1 h, the final sample was named 
MG-Cm/CF (m represents the number of spraying 
cycles). In additon, as the controls, the fabric samples 
sprayed with CNTs, MXene and MG alone under the 
same conditions were prepared and named Cn/CF, 
Mo/CF and MGp/CF, respectively (n, o and p repre-
sent the number of spraying cycles, respectively).

Evaluation of thermal management performance

The reflectivity ( r ) and transmissivity ( t ) of fabrics 
in the wavelength range 200–2500 nm were obtained 
by a UV–Vis NIR spectrometer (Lambda 950, Perkin 
Elmer, USA) equipped with an integrating sphere. 
The absorptivity ( a ) of the fabrics at a specific wave-
length (�) and the average spectral absorptivity (A) in 
the range of 400–780 nm are calculated by Eqs.  (1) 
and (2), respectively (Jose et al. 2014):

(1)a = 1 − r − t

(2)A =
∫ 780
400

a(�)i(�)d(�)

∫ 780
400

i(�)d(�)

where a(�) and i(�) are the spectral absorptivity and 
solar spectral irradiance (W  m−2  nm−1, ASTM stand-
ard G173-03), respectively.

A simulated sunlight xenon lamp (CEL-S500, Bei-
jing Zhongjiao Jinyuan Technology Co., Ltd., China) 
was used as a light source to irradiate the fabrics, 
and the irradiation intensity could be controlled by 
adjusting the distance between the xenon lamp and 
the fabric surface. The Joule heating performance of 
the fabric was tested by a regulated DC power sup-
ply (TPR32-5 A, Antares, China). The low-radiation 
heating performance of fabrics was measured on a 
thermostatic silicone heating plate that simulates 
human skin. Specifically, a thermostatic silicone plate 
is covered with the fabric, and a K-type thermocou-
ple is fixed between the heating plate and the fabric 
to detect the real-time temperature of the skin sur-
face. A temperature detector (AS887, Sima, China) 
connected to a thermocouple was used to collect the 
temperature of a specific area of the sample. In addi-
tion, an IR thermal camera (Tis55, Fluke, USA) was 
used to acquire images of the surface temperature of 
the samples.

Characterization

The diluted CNTs, MXene and MG were dropped 
directly onto anodic aluminum oxide (AAO) (sin-
gle-pass, pore center spacing 125 nm, pore diameter 
80 nm, film thickness 150 nm) substrates, and dried 
under vacuum at 80  °C for 1  h. All samples were 
fixed on a metal table with conductive adhesive and 
sprayed with gold, and their micromorphology and 
element distribution were obtained using a scanning 
electron microscope (SEM) (SU8100, Hitachi Co., 
Japan) and an energy dispersive spectrometer (EDS) 
at an accelerating voltage of 4 kV, respectively. The 
UV–Vis spectra of hybrid dispersions was recorded 
by spectrophotometer (UV-1800, Shimadzu, Japan). 
The crystalline structure of assembled fabrics and 
lyophilized MXene powder was examined using an 
X-ray diffractometer (XRD) (D2 PHASER, Bruker, 
Germany). The measurement parameters of XRD 
were CuKα radiation (λ = 0.154  nm), scanning rate 
2°/min, and scanning range 4–60° (2θ). The spectral 
changes of fabrics in the range of 100–3200   cm−1 
were recorded using a Raman spectrometer (inVia 
Reflex, Renishaw, UK) equipped with a 785 nm laser. 
A digital multimeter (VC890C, Victory Instruments, 
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China) was used to evaluate the resistance value of 
the fabric surface. The air permeability and water 
vapor transmission rate of fabrics were evaluated 
by air permeability meter (YG461E, Ningbo Textile 
Instrument Factory, China) and computerized fabric 
moisture permeability meter (YG601H-II, Ningbo 
Textile Instrument Factory, China), respectively. The 
EMI shielding effectiveness (SE) of the fabrics was 
examined (8.2–12.4 GHz, X-band) by vector network 
analyzer (Keysight, E5063A, Germany). The EMI 
shielding performance was provided according to the 
following Eqs (Iqbal et al. 2020):

where  S11 and  S21 were the scattering parameters, R, 
T and A were the reflected, transmitted and absorbed 
power coefficients, respectively. Others,  SER,  SEA, 
 SET were represented reflected loss SE, absorbed loss 
SE, and the total SE, respectively.

Results and discussion

Fabrication and structure

Figure  1a illustrates a scalable layer-layer alternat-
ing assembly method for the fabrication of personal 
protection cotton fabrics with adjustable composi-
tion and structure. Firstly, carboxylated carbon nano-
tubes (CNTs) with well-dispersed properties were 
sequentially sprayed on the fabric surface to construct 
a conductive network with 1D ‘wire’ structure (C/
CF). Subsequently, the polyphenolic hydroxyl struc-
tured gallic acid (GA)-hybridized MXene (MXene@
GA, MG) nanosheet dispersions were prepared 
and sprayed on the C/CF surface. Based on the 1D 

(3)R = |S11|2

(4)T = |S21|2

(5)A = 1 − R−T

(6)SER = −10log(1 − R)

(7)SEA = −10log
(

T

1 − R

)

(8)SET = SER + SEA

structure, a highly conductive network with a 2D 
‘surface’ structure was further constructed, and the 
result was designated as MG-Cm/CF (where m rep-
resents the spray cycles) and applied to a multifunc-
tional personal protective fabric.

Figure  1b directly displays the microscopic mor-
phology of CNTs with high aspect ratios (5–10  μm 
in length, and 15  nm in average diameter), which 
are flexible and bendable, facilitating the formation 
of interconnected conductive networks on the fiber 
surfaces. The morphological changes of MXene 
nanosheets before and after GA modification are 
shown in Fig.  1c, d. The MXene nanosheet disper-
sions were prepared by in  situ synthesis of hydro-
fluoric acid to remove the aluminum layer from the 
precursor MAX phase  Ti3AlC2, followed by centrifu-
gal cleaning to neutrality, sonication and hand-shak-
ing separation (Yan et  al. 2021). The corresponding 
XRD patterns in Fig. S1  reflect the evolution of the 
crystalline structure from the MAX phase to mon-
olayer or layer less MXene nanosheets. It can be 
seen from Fig.  1c that the monolayer or layer less 
MXene nanosheets have a large specific surface area 
and translucent. Interestingly, Fig. 1d shows that the 
transverse dimension of MXene nanosheets after the 
GA hybridization reaction, except for maintaining 
the original translucent structure, was significantly 
expanded from the previous 1–3  μm (Fig. S2). Due 
to the cross-linking effect of GA that can interconnect 
MXene nanosheets thorough their own polyphenol 
hydroxyls (Lee et al. 2020). It is noteworthy that this 
lateral size expansion is expected to improve the elec-
trical conductivity after assembling the substrate.

Figure  1e indicates the migration of the extinc-
tion spectra of MXene nanosheet dispersions before 
and after GA hybridization, where 212 and 260  nm 
are the characteristic peaks of the organic small mol-
ecule GA benzene ring backbone, and 750 nm is the 
characteristic peak of MXene nanosheets (Yan et  al. 
2023). Clearly, the positions of the peaks did not 
change before and after the GA hybridization, indi-
cating that the uniqueness of the MXene nanosheets 
was retained. In addition, the inset in Fig. 1e shows 
that the laser passing through the MG dispersion can 
produce a significant Tyndall effect, confirming the 
good dispersion of the MG nanosheets.

Raman spectroscopy was used to determine the 
differences in the surface groups of fabrics before 
and after modification with electroactive materials. 
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Figure  1f reveals that the characteristic peaks of 
 A1g,  Eg and  A1g were detected at 200, 370 and 720 
 cm−1 for the assembled fabrics, which correspond 
well to the lamellar vibrations of Ti, C and  Tx, the 
vibrational stretching of oxygen atoms on the Ti 
surface, and the in-plane and out-of-plane vibra-
tions of carbon on the MXene surface, respectively 
(Sarycheva et  al. 2020). Furthermore, G′, G and D 
bands representing CNTs were observed on both 
C1/CF and MG-C1/CF surfaces (Cai et  al. 2018). 
In summary, the obtained results illustrate the suc-
cessful assembly of MXene and CNTs on the cotton 

surface. XRD was further used to trace the changes 
in the crystalline structure of the assembled fabrics, 
and the results are shown in Fig.  1g. Compared to 
the original CF, the assembled cotton fabrics still 
retain the cellulose (1–10), (110) and (200) crystal-
line planes, implying that the structure of the fabric 
was not evidently affected by the assembly behav-
ior. MG-C4/CF exhibited the typical characteristic 
peaks at approximately 6.8° and 27.1° for (002) 
crystalline planes representing MXene and (002) 
crystalline planes for CNTs, which is consistent 
with the results of Raman spectral analysis.

Fig. 1  a Schematic of fabrication of personal protective fab-
ric. The SEM images of b CNTs, c MXene and d MXene@GA 
(MG) nanosheets. e Extinction spectra of samples (the illus-

tration shows the laser passing through the MG dispersion). f 
Raman spectra and g XRD pattern of samples
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Micromorphology of fabrics

To construct a conductive network with tunable com-
positions and structures on the fabric surface, an effi-
cient and scalable layer-layer assembly spraying strat-
egies was employed. From Fig. 2a and b, the original 
CF surface is smooth and neat. Notably, the assem-
bled C/CF produced more fine villi on the surface 
(Fig. 2c, d), which is a direct evidence of the efficient 
deposition of 1D CNTs on the substrate. Further-
more, after cyclic layer-layer assembly, the MG-C4/
CF microscopically shows an impressive number of 
deposits (Fig. 2e, f), narrow gaps between the cotton 
fibers are filled and the adjacent fibers are bridged, 
constructing homogeneous networks of electroactive 
coatings. In addition, Fig.  2g displays that the con-
tent of the characteristic element Ti on the MG-C4/

CF surface is close to 30%, indicating that the deposit 
contained a large amount of 2D  Ti3C2Tx MXene.

The cross-sectional microscopic image of MG-C4/
CF in Fig.  2h reveals that a remarkable coating is 
assembled, and it is perfectly integrated with the fib-
ers on the surface of the substrate. Further, the EDS 
images clearly indicate that C and O elements are 
uniformly distributed over the entire cross-section 
of the fabric, while Ti elements are mainly concen-
trated in its upper layers (Fig. 2i). This is due to the 
fact that the original CF is mainly composed by C 
and O elements, while the Ti element is only from 
 Ti3C2Tx MXene. In addition, the front and back pho-
tographs of the assembled fabrics (Fig. S3) show that 
the conductive coating was mainly concentrated on 
the sprayed surface with little penetration to the other 
side, which ensured the efficiency of the utilization of 

Fig. 2  The SEM images of a, b CF, c, d C/CF, and e, f MG-C4/CF. g Elemental mapping spectrum and contents of MG-C4/CF. h, i 
Cross-sectional SEM and EDS images of MG-C4/CF
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the electroactive medium. As a result, a conductive 
coating network with a ‘wire-surface’ structure cre-
ated on the cotton surface was demonstrated, and it 
is expected to play a unique role in the field of func-
tional fabrics.

Conductivity and wearability

Each component plays a crucial role in the process 
of assembling coatings for the construction of ‘wire-
surface’ surface on the fabrics. Therefore, the suitable 
combination of CNTs and MXene and the spraying 
amount on the fabric surface were explored. From 
Fig.  3a, the average resistance value per cm of C1/
CF, M1/CF and MG1/CF were 121.5, 2.1 and 1.3 
kΩ for just assembling a single cycle, respectively. 

This is because that 2D ‘surface’ MXene nanosheets 
are easier to form smooth conductive pathways 
when stacked compared to the 1D ‘wire’ structure 
of CNTs. In addition, combining the data in Fig. S4, 
it can be seen that the sample of MG/CF exhibits a 
decrease in the resistance compared to M/CF due to 
the increased lateral size of the nanosheets, which is 
consistent well with the analytical results in Fig. 1d. 
It is gratifying to note that the resistance value of 
MG-C1/CF (MXene 0.084 mg/cm2, CNTs 0.084 mg/
cm2) can be reduced to 0.6 kΩ, indicating that the 
conductivity of the prepared fabrics can be signifi-
cantly improved when the ‘wire-surface’ combina-
tion was employed. Furthermore, the resistance of 
MG-Cm/CF was gradually reduced by increasing the 
spraying assembly cycles (Fig.  3b). Among them, 

Fig. 3  Conductivity of a the comparison sample (spraying 
one cycle), b the spraying cycle and c the comparison sample 
(spraying four cycles). Effects of d bending-recovering and e 

natural storage on the conductivity of fabrics. f Air permeabil-
ity and g water vapor transmission rate of fabrics



11852 Cellulose (2023) 30:11845–11860

1 3
Vol:. (1234567890)

the resistance values decreased to 24.6 and 20.1 Ω 
after four (MXene 0.336  mg/cm2, CNTs 0.336  mg/
cm2) and five (MXene 0.42 mg/cm2, CNTs 0.42 mg/
cm2) assembly cycles, respectively, which indicates 
that better conductivity of the composite fabric was 
achieved after four cyclic assembly. In addition, as 
depicted in Fig. 3c, the sample of MG-C4/CF also has 
excellent conductivity compared to the other three 
comparison samples when the number of control 
spraying cycles is equal. Based on the above-men-
tioned discussion, four cycles of spraying assembly 
were selected for preparation of the MG-C4/CF in the 
following work.

The service stability of conductive fabrics is a 
critical factor in realizing their practical application 
potential. The bending resistance of the MG-C4/CF’s 
conductivity was examined and the results are shown 
in Fig.  3d. After being subjected to 1 000 bending-
recovering cycles, the surface resistance of the fab-
ric remained essentially unchanged (10 Ω), proving 
its excellent flexible bending performance. It is well 
known that MXene is susceptible to oxygen and 
water attack in the natural environment, easily caus-
ing a dramatic decrease of its conductivity. For this 
purpose, the resistance values of the assembled fab-
rics were examined after a period of storage in the 
natural environment, and the results are presented in 
Fig. 3e. Obviously, the resistance of M4/CF increases 
dramatically (from 60 to 450 Ω) after 60 days of stor-
age. In contrast, the sample of MG4/CF exhibited a 
slow increase in resistance, which was attributed 
to the phenolic hydroxyl structure of GA that had a 
scavenging effect on free radicals and retarded the 
oxidation of MXene nanosheets. Satisfactorily, both 
M-C4/CF and MG-C4/CF exhibit excellent storage 
stability, maintaining their resistance values within 
100 Ω. This can be attributed to the scavenging of 
free radicals by the bent  sp2-hybridized framework 
in the CNTs (Lucente-Schultz et al. 2009). The wear-
ing comfort for the conductive fabrics was explored. 
From Fig.  3f, the decrement of air permeability for 
the sample of MG-C4/CF was more remarkably com-
pared to that of the original CF, which is due to the 
large number of electroactive media deposited on 
the fiber surface, blocking the free entry and exit of 
air. Importantly, the moisture vapor permeability of 
the MG-C4/CF is almost at the same level as that of 
the original CF (Fig. 3g), implying that it meets the 
requirement for daily use without feeling stuffy.

Electromagnetic interference shielding performance

The frequent use of portable electronic devices brings 
potential electromagnetic (EM) radiation pollution 
problems, so that human safety faces a serious chal-
lenge. MG-C4/CF have excellent conductivity and 
are expected to play a significant role in the field of 
EM interference (EMI) shielding. From Fig.  4a, b, 
the EMI total shielding efficiency  (SET) of fabrics 
with different combinations or assembly cycles in 
the X-band frequency range of 8.2–12.4 GHz shows 
large differences. Specifically, CF, C1/CF, M1/CF, 
MG1/CF, and MG-C1/CF exhibited lower EMI  SET 
due to electrical insulation or larger resistance val-
ues. In contrast, the EMI  SET for MG-C4/CF reached 
approximately 20 dB, indicating its encouraging 
ability to shield 99% of EM waves. In particular, the 
thickness of MG-Cm/CF increased from 0.293 to 
0.325  mm with the increase of the assembly cycle 
‘m’, which indicates a large amount of electroactive 
medium deposition on the surface of the cotton fab-
ric. Correspondingly, the EMI  SET of the fabric also 
shows an increasing trend, but the difference between 
MG-C4/CF and MG-C5/CF is not significant, which 
is consistent well with the test results in Fig. 3b.

Moreover, the EMI  SET, absorbed loss  (SEA), 
and reflected loss  (SER) of MG-C4/CF with dif-
ferent number of folded layers were also analyzed. 
According to the results shown in Fig.  4c, the  SEA 
of the fabric increases significantly with the increase 
of the number of layers, while the  SER remains basi-
cally the same. When the number of folded layers is 
four, the  SET can reach more than 35 dB, showing 
excellent EMI shielding performance. Among them, 
the absorption ratio of electromagnetic waves  (SEA/
SET) shows that the absorption ratio of textiles to EM 
waves gradually increases with the increase of the 
number of folded layers (Fig.  4d), which indicates 
that absorption plays a key role in the attenuation of 
EM waves.

The EMI shielding mechanism of textiles can be 
analyzed by calculating the S-parameters. Figure  4e 
displays the average values of the transmission (T), 
reflection (R) and absorption (A) power coefficients of 
the textile. It can be seen that R is always greater than 
A and T, which suggests that reflection plays a domi-
nant role in EM wave attenuation. Figure 4f illustrates 
the specific process of EMI shielding of MG-C4/CF. 
A beam of high-energy incident EM waves intrudes 
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on the outer surface of the fabric, forcing some of 
the radiated waves to be reflected immediately due 
to the superior free electron effect of the MXene 
nanosheets. The remaining radiated waves enter the 
nanosheet layer and are reflected and consumed in a 
continuous cycle, eventually being dissipated in space 
as heat.

The durability of the EMI shielding performance 
for the sample of MG-C4/CF was further evalu-
ated. Notably, after enduring 1000 bend-recovery 
cycles, the fabric retains nearly 90% of its EMI  SET 

(Fig. 4g). In addition, the EMI  SET value is retained 
at more than 85% after 60 days of storage in a natu-
ral environment (Fig. 4h), indicating the remarkable 
service stability of MG-C4/CF. Highly EMI  SET 
with small thickness is the core element of a per-
fect EMI shielding material. The main indicators of 
EMI shielding of MG-C4/CF were compared with 
the recently reported works and were found to have 
significant advantages (Fig.  4i) (Wang et  al. 2022; 
Yao et  al. 2022; Xu et  al. 2019; Yin et  al. 2020; 
Rajavel et al. 2021).

Fig. 4  a EMI  SET curves of different fabrics. Effect of b 
assembly cycle and c folded layers on the EMI  SET of fabric. 
d Absorption shielding ratio, e average EMI shielding coef-
ficient and f EMI shielding mechanism of MG-C4/CF. Effect 

of g bending-recovering cycles and h natural storage times on 
the EMI  SET of MG-C4/CF. i Comparison of EMI SE of the 
MG-C4/CF with the previously reported works
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Solar heating performance

With the rapid global economic and social devel-
opment, the number of people is growing, lead-
ing to an increasing demand for energy. And fossil 
fuels, as non-renewable energy sources, are facing 
increasing depletion. Therefore, the development 
of sustainable, green and clean solar energy is of 
utmost importance. MXene  (Ti3C2Tx), a transition 
metal carbide with a metal-like nature of local sur-
face plasmon resonance (LSPR) effect, has been 
shown to have a high absorptivity in the solar spec-
trum (Li et  al. 2017; Gao et  al. 2019). As a func-
tional material for photothermal conversion, it is 

expected to play a major role in the efficient utiliza-
tion of solar energy.

The absorptivity ( a ) of fabrics in the UV to NIR 
wavelength range was obtained by testing their trans-
missivity ( t ) and reflectivity ( r ). From Fig. 5a, b and 
Fig. S5, the fabrics assembled by both CNTs and 
MXene exhibit low r , t and high a in the UV-visi-
ble-NIR wavelength range. Furthermore, the aver-
age a of CF, C1/CF, M1/CF, MG1/CF, MG-C1/CF 
and MG-C4/CF in the visible wavelength range of 
400–780 nm was calculated to be 0.014, 0.816, 0.878, 
0.873, 0.903 and 0.889, respectively. It can be found 
that the MG-C1/CF assembled by CNTs and MXene 
show the strongest spectral absorptivity, while the a 

Fig. 5  Measured a reflectivity and b absorptivity of the fab-
rics from UV to NIR wavelengths. c Physical photograph of 
the measure device in an outdoor environment (May 14, 2023, 
120°30′ E; 31°57′ N). d Temperature of the surface of the fab-

rics, and e the ambient wind speed. f Physical photograph of 
weather conditions (8:30, 12:00 and 16:30) and IR thermal 
photos of fabrics. g Surface temperature difference between 
MG-C4/CF and CF
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of MG-C4/CF after multiple assemblies decreases 
rather than continues to increase. This is due to the 
formation of a thicker electroactive coating on the 
cotton surface after multiple cycles of assembly, 
resulting in a slight increase in spectral r , which in 
turn affects the final a.

The actual solar heating performance of the fab-
ric was tested on May 14, 2023. Figure  5c displays 
the solar power meter, anemometer, thermometer 
with thermocouple attached, mobile power supply 
and laptop computer used for the experiment to 
record real-time solar power, wind speed, fabric sur-
face temperature, provide experimental power and 
collect experimental data, respectively. Real-time 
temperature measurements were carried out at the 
experimental site (120° 30′ E, 31° 57′ N, Jiangnan 
University Northwest Soccer Field) throughout the 
day (7:30–18:00) and the collected results are pre-
sented in Fig. 5d. The real-time surface temperatures 
of C1/CF, MG1/CF and MG-C4/CF were all much 
higher than the original CF under sufficient sunlight 
irradiation, which is consistent with the test results in 
Fig. 5b. Under clear weather and breeze (Fig. 5e), the 
peak surface temperature of MG-C4/CF was 59.5 °C, 
which was 16.1 and 43.3 °C higher than the CF and 
ambient temperature, respectively.

Figure  5f exhibits the weather conditions on the 
day of the test and the corresponding infrared (IR) 
images of the fabric surface temperature. The sur-
face temperatures of C1/CF, MG1/CF and MG-C4/
CF were uniformly distributed under solar irradia-
tion. At 11:30, the temperatures of the three samples 
detected by IR images were 57.3, 56.1 and 54.9 °C, 
respectively. Notably, the IR detection temperatures 
of MG1/CF and MG-C4/CF exhibit partial differ-
ences from the real-time temperatures collected by 
thermocouples, which may be due to the inherent 
low IR emissivity of MXene nanosheets that impairs 
the detection of heat (Li et al. 2021). In addition, the 
surface temperature difference (ΔT) between MG-C4/
CF and CF consistently exceeded 10  °C during the 
10:30–15:00 time period (Fig.  5g), indicating its 
excellent solar heating performance.

Personal thermal management

Besides, with a resistance value of 24.6 Ω, MG-C4/
CF have excellent Joule heating performance, which 
can be used as a supplement in the face of complex 

heating environments. Figure  6a displays the Joule 
heating performance of the MG-C4/CF at differ-
ent driving voltages. The temperature of MG-C4/
CF surface can reach 19.8, 29.5, 44.5, 67.4, 96.9 and 
131.2 °C after applying 2, 4, 6, 8, 10 and 12 V safety 
voltages, respectively. However, the photographs cap-
tured by the infrared camera revealed that the surface 
temperature of the fabric was significantly lower than 
the actual measured value (Fig.  6b), due to the low 
IR emissivity of MXene. Encouragingly, the Joule 
heating performance of MG-C4/CF is sensitive and 
adjustable, with a linear relationship between the sur-
face temperature value and the load voltage U2 (Fig. 
S6a). While switching the load voltage from 6 to 8 V, 
its surface temperature also changes from 47.5 to 
67.6 °C correspondingly to obtain the needed heating 
temperature (Fig. 6c). The maximum value of its sur-
face temperature can reach near 68 °C for 10 cycles of 
turning on and off the circuit at a voltage of 8 V (Fig. 
S6b). Importantly, Fig. 6d displays that the saturation 
temperature values of MG-C4/CF remain essentially 
constant under prolonged heating conditions, indi-
cating a safe and reliable heating performance that 
avoids the risk of potential high-temperature burns. In 
addition, Fig. S6c shows the practical wearability of 
the MG-C4/CF, which can be fixed on the fingers or 
wrist to continuously provide a steady flow of heat to 
the body.

Based on the low IR radiation properties of 
MXene, we tested the warming properties of the fab-
ric in a relatively constant temperature (25 ± 0.5 °C) 
room by means of a homemade experimental setup. 
A silicone heating plate connected with a DC power 
supply was used to simulate human skin to generate 
heat to simulate metabolic heat production. Fabrics 
are covered on the surface of the heating plate with 
K-type thermocouples fixed in the middle, and the 
temperature is recorded in real time when covered 
by different fabrics. From Fig.  6e, after 30  min, the 
“skin” temperature covered by MG-C4/CF reached 
35.0  °C, which is 2.1 and 4.5  °C higher than the 
original CF and bare skin, respectively, indicating its 
remarkable low-radiation heating performance.

Subsequently, the different heating modes are inte-
grated. Firstly, we have combined passive low-radi-
ation heating and active Joule heating. By covering 
the MG-C4/CF and adjusting the load voltage (4 or 
6  V), the surface temperature of the “skin” is pre-
cisely regulated (Fig. 6f). After covering the MG-C4/
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CF, its temperature value can be increased to 36.2 °C. 
Then, by continuously loading 4 and 6  V, its sur-
face temperature can reach 63.8  °C, which is much 
higher than the bare skin temperature (32.5  °C) in 
non-heated mode. Further, guided by the procedure 
of flexible switching of heating modes in Fig. 6g, we 
explored the synergistic effects of the combination of 
low-radiation heating, Joule heating and solar heat-
ing. In particular, the solar heating mode uses a simu-
lated daylight xenon lamp to irradiate the surface of 
the fabric to obtain a steady source of sunlight radia-
tion. Before, we investigated the warming behavior 
of fabrics under simulated daylight xenon irradiation. 

Figure S7 indicates that the surface temperature of 
the fabric becomes larger with increasing irradiation 
intensity in a linear correlation. When the irradiation 
intensity was maintained constant, the surface satura-
tion temperature of the fabrics showed consistency 
regardless of the long time, or cyclic irradiation (Fig. 
S8, 9), indicating the stable controllability of the pho-
tothermal properties.

From Fig. 6h, the real-time temperature of the sim-
ulated skin surface was recorded when the three heat-
ing modes were switched. The surface temperature 
of the “skin” can reach 35.41, 50.96 and 67.01 °C in 
sequence with the addition of the MG-C4/CF cover, 

Fig. 6  Surface a real-time temperatures and b saturation tem-
perature IR images of MG-C4/CF at different voltages. c Tem-
perature variation curve at an alternating voltage. d Long-term 
heating test at 8  V. e Real-time temperature of the artificial 
skin covered with different fabrics (room temperature main-

tained at 25 ± 0.5 °C). f Dual heating mode of radiation heating 
and Joule heating in indoor environment. g Flexible switching 
procedure for radiant heating, Joule heating and solar heating 
modes. h Real-time temperature profile in the heating mode 
flexible switching program
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4  V load and one sun irradiation daylight program. 
Subsequently, we withdrew the irradiation of simu-
lated daylight and the surface temperature of the fab-
ric was reduced to 51.02  °C. The supply of voltage 
was then stopped and its surface temperature was 
continuously reduced to 35.32 °C. The above results 
indicate that MG-C4/CF can provide enough clean 
thermal energy to effectively heat the body and ena-
ble precise thermal comfort for the body in a variety 
of situations as required. Therefore, in the condition 
of flexible combination of three heating modes, it can 
realize heating in all-weather and multi-scene modes, 
which is a very important feature of future personal 
precise thermal management fabrics.

Infrared thermal camouflage

Infrared (IR) thermal camouflage is a technique for 
blocking or attenuating thermal radiation in the mid-
infrared band of 7–14  μm emitted by objects with 
temperatures above absolute zero (Salihoglu et  al. 
2018). With an ultra-low mid-infrared emissivity of 
0.19, MXene-based film materials exhibit excellent 
IR thermal camouflage potential (Li et al. 2021). By 
assembling MXene more on the surface of fabric, it 
is expected to play a key role in the field of human IR 
thermal camouflage.

The fabrics were attached to a graphite heating 
plate with adjustable temperature, and the tempera-
ture distribution images of the fabrics surface were 
captured with an IR thermal camera while increasing 
the temperature of the heating plate. Figure 7a shows 
that at different set temperatures, CF and C1/CF 
exhibit similar detection temperatures to the surface 
of the heating plate, while the detected temperatures 
of M1/CF, MG1/CF, MG-C1/CF and MG-C4/CF dif-
fer significantly from that of the heating plate. Obvi-
ously, the MG-C4/CF presents the lowest detection 
temperature, and the temperature difference gradually 
increased with the increase of the setting temperature. 
It should be noted that the surface temperature of the 
graphite plate detected by the IR thermal camera was 
slightly lower than the setting, which is related to the 
IR emissivity of the graphite coating. In particular, 
when the temperature of the heating plate was set to 
100  °C, the surface temperature of the MG-C4/CF 
captured by the IR camera was only 60.5 °C, which 
can be reduced by 26.4  °C compared to that of the 
original CF (86.9 °C) (Fig. 7b). Figure 7c illustrates 

the proposed mechanism of IR thermal camouflage of 
MG-C4/CF. The heat generated by the body’s metab-
olism is continuously radiated through the skin to the 
external space environment. While encountered with 
MG-C4/CF, the assembled MXene on the fabric sur-
face possesses a low IR emissivity that will prevent 
the diffusion process of thermal radiation, thus giving 
the fabric excellent thermal camouflage abilities.

The MG-C4/CF has the characteristics of low IR 
emissivity properties while retaining the inherent 
softness, bendability and breathability of the fabric, 
making it meet the conditions for free and flexible 
wear on the body surface. From Fig. 7d, the surface 
temperature of the MG-C4/CF covered body upper 
arm is close to the ambient temperature and well 
below the skin surface temperature, both indoors and 
outdoors. Besides, MG-C4/CF covered directly on 
the bare palm and wrist captured radiation tempera-
tures that differed from the ambient temperature by 
only 1.4–1.5 °C, a value of 8.1–8.6 °C when MG-C4/
CF was not covered (Fig.  7e, f). This indicates that 
MG-C4/CF are promising candidates for man-at-arms 
uniforms that can play a role in protecting soldiers 
against enemy detection.

Conclusions

In this work, a conductive network with a layer-by-
layer assembled ‘wire-surface’ structure was con-
structed on the cotton fabric surface for the prepara-
tion wearable multifunctional personal protective 
textiles. Guided by an easy-to-operate, mass-man-
ufacturable spraying strategy, CNTs and MG dis-
persions were deposited in an alternating orderly 
assembly on the cotton surface, and the assembled 
fabric achieved a low resistance value of 24.6 Ω. The 
assembly fabric is breathable and moisture perme-
able, bendable and flexible, maintaining their origi-
nal conductivity after 1 000 cycles of bending and 
60 days of nature storage. By taking advantage of the 
excellent conductivity of the assembled fabric, it is 
possible to achieve high EMI shielding effectiveness 
(35 dB) and outstanding IR thermal camouflage per-
formance. Besides, low-radiation heating, Joule heat-
ing and solar heating are integrated to the MG-C4/
CF, ensuring that it might respond to the heating 
needs of complex scenarios and achieve efficient uti-
lization of energy. Based on its green manufacturing 
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process, good durability and excellent comfort, the 
assembled fabric of MG-C4/CF will be a promising 
candidate for manufacturing multifunctional personal 
protective garments.
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