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Abstract

Developing energy-efficient and multifunctional wearable electronic textiles (E-textiles)
is a significant challenge. This study investigates MXene-coated cellulose hybrid fibers,
focusing on their electrical properties, heating performance, and thermal stability.

The fabrication process involves continuous dipping of cellulose fibers into an aque-
ous MXene solution, resulting in the creation of MXene-coated cellulose hybrid fibers.
We confirm the uniform coating of MXene sheets on the cellulose fiber surfaces,

with increasing content throughout the dip coating cycle, as evidenced by X-ray
diffraction and scanning electron microscopy analysis. The high thermal conductiv-

ity of MXene acts as a heat source, impacting the thermal stability of cellulose fibers

at lower temperatures. Additionally, the electrical properties of MXene/cellulose hybrid
fiber composites are influenced at elevated temperatures. Remarkably, the longitudinal
electrical conductivity of the MXene-coated cellulose fiber composites exhibits a nota-
ble increase of 0.06 S/cm after the final coating cycle, demonstrating the effective

and conductive nature of the layer-by-layer MXene network formed on the cellulose
fibers.

Keywords: MXenes, Cellulose fiber, Electrical properties, Electro-heating, E-textile

Introduction

The rapid advancement of flexible and wearable electronic devices, capable of comforta-
ble integration with the human body, has been driven by the growing need for improved
quality of life. These devices aim to convert diverse environmental and physiological
stimuli into measurable electrical signals, such as resistance and capacitance (Trung
et al., 2016; Gao et al.,, 2019; Wang et al., 2009a, 2009b). Flexible electronic materials
have shown great promise across numerous applications, including soft robotics, elec-
tronic skin, human health monitoring, and human—machine interfaces (Kim et al., 2023;
Lee et al., 2020; Lei et al., 2017; Liu et al,, 2020; Wang et al., 2020; Wu et al., 2015; Yang
et al,, 2019; Zhang et al., 2020; Zhong et al., 2019). Consequently, substantial efforts have
been dedicated to the development of various flexible electronic materials. Among the
possibilities, everyday textiles have gained significant attention due to their lightweight
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nature, flexibility, biocompatibility, washability, and resemblance to human tissue (Chen
et al.,, 2020; Seyedin et al., 2019; Zhang et al., 2019).

The realization of the aforementioned functions in E-textiles necessitates the integra-
tion of conductivity with electrochemically dynamic materials. To this end, extensive
research has been conducted on techniques that utilize 2D materials, including metals,
carbon nanotubes (CNTs), conductive polymers, and composites such as MXene and
graphene oxide, to transform yarn into patterned fabrics and electronic fiber materials
(Kim & Lee, 2018, 2020; Yin et al., 2020; Chen et al., 2019). MXenes have emerged as
promising functional fillers for fiber materials due to their notable mechanical modulus,
high electrical conductivity, thermal stability, and thermal conductivity. These materi-
als are commonly obtained by selectively extracting specific atoms (referred to as A ele-
ments) from layered ternary transition metal carbides (known as M, | ;AX phases). By
use of the etching procedure, MXenes typically have the formula M, ;X T,, where M
is an early transition metal (Ti, V, Mo, etc.), X is a symbol for C or N, nis 1, 2, or 3,
and T, stands for surface terminal groups (O, F and OH) (Alhabeb et al., 2017; Naguib
et al.,, 2014). MXene nanosheets are terminated with surface moieties as a result of the
watery medium utilized during the synthesis, and these surface terminations provide
MXenes with their hydrophilicity. Ti;C,T, MXenes, two-dimensional transition metal
carbides, are thought to be potential alternatives because of their exceptional metal elec-
trical conductivity, high hydrophilicity, and abundant surface functional groups, which
are advantageous for good adhesion between the polymer matrix and conductive filler
and uniform diffusion (Liang et al., 2019; Zhou et al., 2020). To illustrate the capabil-
ities of MXenes, a notable example involves the uniform coating of MXenes onto the
framework of a sponge substrate without prior preparation. This coating process yielded
remarkable outcomes, including high sensitivity (442 kPa™!) and an extensive sensing
range (0-18.56 kPa). These desirable characteristics were attributed to the exceptional
diffusion properties of MXenes and the strong interaction established between the
sponge substrate and MXene coating (Yue et al., 2018).

According to some reports, MXene sheets have garnered significant attention for their
potential applications in various forms, including macroscopic films and foams, as well as
nanofillers in polymer composites (Cui et al., 2019; Wang et al., 2009a, 2009b). Notably,
Shahzad et al. successfully created a highly conductive MXene thin film with exceptional
electromagnetic interference (EMI) shielding properties (Shahzad et al., 2016). Liu et al.
developed a foaming method to produce flexible, hydrophobic, and lightweight MXene
foams, that exhibited outstanding EMI-shielding performance and water resistance (Liu
et al, 2017). In addition, researchers such as Cao et al. investigated the synthesis of MXene/
cellulose nanofiber composite and CNT/MXene/cellulose nanofibril composite (Cao et al.,
2019). These studies explored the incorporation of MXenes as beneficial EMI-shielding
nanofillers within a polymer matrix (Sun et al,, 2017). The bonding of MXene materials
with textiles is facilitated by their sufficient functional groups, enabling the creation of con-
ductive fibers coated with MXene or spun from MXene, which have shown promise in the
development of electrically conductive textiles (An et al., 2018; Liu et al., 2019; Uzun et al.,
2019). Notably, Zhao et al. successfully deposited MXene nanosheets on cellulose fiber
nonwoven fabric, resulting in MXene-based smart flexible fabric with notable Joule heating
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effects and rapid humidity responsiveness. Such advancements offer potential applications
in personal medical therapy and mobile healthcare (Zhao et al., 2020).

In this study, we focus on the fabrication of MXene/cellulose fiber composites, utiliz-
ing a scalable and environmentally friendly dip coating technique. The dip coating pro-
cess involves subjecting the composites to multiple cycles of immersion, drying, and
re-immersion in an aqueous MXene solution. Through this method, we ensure a uniform
and thorough coating of MXene sheets onto the surfaces of cellulose fibers, creating a well-
integrated hybrid material.

To achieve optimal results, we carefully adjust the number of dip coating cycles, which
allows us to control the MXene content in the composite and tailor its properties accord-
ingly. The scalable nature of the dip coating technique makes it suitable for large-scale
production and offers practical implications for potential industrial applications of these
composites in various fields. Furthermore, we emphasize the eco-friendly aspect of our fab-
rication process, as it involves the use of readily available and sustainable cellulose fibers as
the raw material. The combination of MXenes, with their exceptional electrical conductiv-
ity, and cellulose fibers, known for their flexibility and biocompatibility, holds great prom-
ise for the development of advanced materials for wearable electronic textiles, sensors, and
other functional applications.

Comprehensive characterization of the resulting MXene/cellulose composites was con-
ducted to examine their morphological and microstructural properties. Scanning elec-
tron microscopy (SEM) analysis, X-ray diffraction (XRD), and thermogravimetric analysis
(TGA) were employed to investigate the structural features and thermal stability of the
composites. Furthermore, the electrical characteristics and electrical heating performance
of the composites were assessed. Through these analytical techniques, we aimed to eluci-
date the influence of different dip coating cycles on the morphology, microstructure, and
electrical properties of the MXene/cellulose composites.

Experimental

Materials

Dong bang Co., Ltd. and TRUN NANO Co., Ltd. (China) provided the cellulose fiber and
0.5 wt% MXene solution, respectively. All of these chemical reagents were employed exactly
as received, and deionized water was utilized during the preparation procedure.

Synthesis of MXene/cellulose fiber composites

The cellulose fiber dip coating technique began with ultrasonic treatment of the MXene
solution dispersed in deionized water prior to coating, followed by coating in a continual
stirring state. Figure 1 depicts a flow method for coating MXene successively on pristine
cellulose fibers. The entire procedure is outlined here. A typical dip coating cycle was
employed to create the MXene/cellulose fiber composites, in which the cellulose fiber
was dipped in diffusion solution, stirred for 60 min, and then dried in an oven at 60 °C for

60 min. This process was simply performed four times.
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Fig. 1 Fabrication process of MXenes/cellulose hybrid fibers

Characterization

To observe the microstructure of cellulose fibers and MXene, morphological properties
were investigated using a scanning electron microscope (SU8010, Hitachi) to obtain sur-
face and cross-sectional images.

The crystalline structural features were measured by an in-situ X-ray diffractometer
(Empyrean, Malvern Panel) using a 26 angular reflection method.

The thermal property was investigated using a thermogravimetric analyzer (SET-
SYS Evolution, SETARAM) under Argon-gas conditions in the temperature range of
40-800 °C at a heating rate of 10 °C/min.

The electrical property was investigated by obtaining the longitudinal current—voltage
(I-V) curve of the fiber using a source meter (2450 Source Meter, Keithley Instruments).
For the electrical measurement, the electrode distance of the fiber was set to 10.0 mm,
and the diameter that could obtain electrical conductivity was calculated using the scan-
ning electron microscopy (SEM) images.

To test the performance of the electric heating, a voltage between 0 and 50 V is applied
using the source meter. The maximal heating and average temperatures were then deter-
mined from the infrared thermal pictures that had been taken after 10 min utilizing an
infrared camera (A35, FLIR systems). At room temperature and 50% relative humidity,
all electric heating behavior studies have been carried out.

The mechanical properties of the knit types were characterized using a constant rate
of extension type tensile-testing machine (AGS-500D, Shimadzu, Japan). The upper and
lower parts of the knit were gripped at 0.5 cm. The distance between the clamps that
gripped the sample was set to 2 cm. The elongation process was repeated 400 times at
50% strain.

Results and Discussion

Morphology and structure analysis

The morphology and microstructures of pure cellulose fibers and MXene/cellulose fiber
composites with various coating systems and cycles may be ascertained utilizing the
SEM micrographs exposed in Fig. 2. The neat cellulose fiber’s smooth, spotless surface
is depicted in Fig. 2a by means of a SEM image, and the cross section reveals the cotton’s
lumen structure. After dipping the fibers in the MXene suspension and drying, Fig. 2b—e
displays the SEM images of the conductive MXene/cellulose fiber composites taken
from various angles. After the flexible 2D MXene nanosheets were added, the previously
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Fig. 2 SEM images of (a) neat cellulose fibers and (b—e) MXene/cellulose fiber composites at different
surfaces, magnifications and cross sections obtained during various dip coating cycles

smooth cotton fiber surface turned rough. The assembled MXene nanosheets were then
visible on the cellulose fibers. This led to the creation of cellulose fibers with MXene dec-
orations and a core—shell structure. According to the SEM images, the dip coating cycle
uniformly coats the fiber surface, with part of the coating permeating inside the fiber.

By examining X-ray diffraction patterns, this was also verified. The structural char-
acteristics of neat cellulose fibers and MXene/cellulose hybrid fibers were examined
employing the X-ray diffraction pattern shown in Fig. 3. The reflections of the (101),
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Fig. 3 X-ray diffraction pattern of neat cellulose fiber and MXene/cellulose fiber composites

(101), (002), and (040) planes of cellulose I-form crystallites with a monoclinic lat-
tice are, respectively, connected with four intense diffraction peaks that are present in
MXenes/cellulose hybrid fibers at 20 =14.7°, 16.3°, 22.7°, and 33.7° (Lee et al., 2016; Tang
et al., 2012). The (002) crystal plane of the cellulose crystalline structure was assigned a
large diffraction peak at 22.90 in Fig. 3. The strength of the (002) diffraction peak rapidly
decreased as the MXene concentration increased (Lee et al., 2016). This outcome dem-
onstrates that the dip coating method used to coat the MXene sheets on cellulose fibers
is effective. In conclusion, the analytical findings offered solid proof that MXene Ti;C, T,

nanosheets were successfully applied to the fabric surface.

Thermal gravimetric analysis

The thermogravimetric analysis (TGA) is typically carried out to further investigate ther-
mal stability (Nie et al., 2020). Figure 4, displays the thermogravimetric (TG) and differ-
ential thermal gravity (DTG) curves. Neat cellulose fiber has two-step weight reductions,
as shown in Fig. 4. After the addition of MXene nanosheets, the thermal degradation
trend for cellulose fiber remains the same, despite the fact that MXene has a modest
effect on T and a gradual rise on T, ,,. The excellent thermal conductivity of MXene,
which serves as a heat source to cause the disintegration of cellulose fiber at a lower tem-
perature, is primarily blamed for the decrease in thermal stability. This will surely have
an impact on the electrical properties and strain sensing capabilities of MXene/cellulose
hybrid fiber composites at higher working temperatures. However, the MXene/cellulose
hybrid fiber composite still has significant potential to operate over a wider temperature
range than other conventional polymer-based strain sensors because of the exceptional
thermal stability of the cellulose fibers. At temperatures greater than 400 °C, both sam-
ples entirely evaporated. But as can be seen from the DTG curves (Fig. 4), the maximal
weight loss rate of the MXenes/cellulose hybrid fiber composite is significantly lower
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Fig. 5 Electrical properties of neat cellulose fiber and MXene/cellulose fiber composites on the longitudinal

direction

than that of cellulose fiber. It might be because MXene’s "barrier effect” prevents the dif-
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fusion of volatile chemicals and the passage of heat.

Electrical conductivity

Figure 5 illustrates the electrically conductive properties of neat cellulose fiber and
MXene at various coating cycles. The electrical conductivity of Ti;C,T,/cellulose fiber
composites exhibits a clear enhancement as the Ti;C,T, coating increases. It is evident
that the electrical conductivity of the Ti;C,T,/cellulose fiber composite significantly rises
with the addition of the Ti;C,T, coating. The conductivity of the Ti;C,T,/cellulose fiber
composites notably increases when the Ti;C,T, coating is increased to 4, indicating the
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formation of a conductive Ti;C,T, network within the cellulose fiber matrix. The com-
posite fibers’ conductivity gradually improves with an increase in Ti;C,T, concentration,
owing to the establishment of a reliable conductive pathway. The addition of MXene
does not cause abrupt changes in electrical conductivity, and the alteration in electrical
conductivity generally exhibits a consistent pattern of change when the concentration
of MXene coating is adjusted at higher levels (4 coatings). The electrical conductivity of
neat cellulose fiber is measured as 7.38 x 10~° at the non-conductive level, which eventu-
ally increases to 0.06 S/cm upon completion of the fourth coating. We specifically exam-
ine the conductivity of 1 to 4 coatings in this experiment, as the transition in electrical
conductivity becomes more gradual after the fourth MXene coating.

The current—voltage (I-V) and electric power-voltage (P-V) graphs of the MXene/cel-
lulose hybrid fibers produced by the dip coating cycle technique are presented in Fig. 6.
Voltage-dependent electric current and power variations in thickness and in plane direc-
tions of the MXene/cellulose hybrid fiber composite made with various dip coating
sequences and cycles have been reached to explore the electric properties of the hybrid
cellulose fibers. In the current-voltage (I-V) plots in the plane direction, the neat cel-
lulose fibers exhibit no electric current variation over the applied voltage range of up
to 40 V (Fig. 6a). For all hybrid cellulose fibers, the electric current rises linearly with
applied voltage, with the slope of the I-V plots being steeper for fibers with higher dip
coating cycles. The hybrid cellulose fibers with the MXene top-coating layer display
greater slopes of I-V plots, when the number of dip coating cycles is the same. Accord-
ing to the above apparent thickness, it reveals that MXene layers are alternately coated
on the cellulose fibers over the constant dip coating cycle. Figure 6b depicts both the
calculation and graphical representation of the P=1V equation based on the /-V plots.
We can demonstrate that electrical power increases in direct proportion to the applied
voltage in each sample.

Electric heating behavior

The MXene/cellulose hybrid fiber composite material’s high electrical conductivity
and flexibility make wearable heaters for personal thermal management systems pos-
sible. Heat can be produced by collisions between accelerated electrons and phon-
ons in conductive fabrics when a current flow through them. Some of the reported
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Fig. 6 The hybrid cellulose fiber of (a) current-voltage (I-V) and (b)electric power-voltage (P-V) plots.
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conductive materials for Joule heating elements at the time were AgN'Ws, CuN'Ws,
PEDOT, GO, and CNTs (Guo et al., 2017; Hazarika et al., 2018; Zhang et al., 2017).
A 2 cm length of MXene/cellulose fiber composite was cut, and both ends were held
with forceps as electrodes at 0.5 cm intervals. Subsequently, only a 1 cm section, rep-
resenting the actual heating area, was connected to a DC power source, and the sur-
face temperature distribution was recorded using an infrared camera, as depicted in
Fig. 7. The inset image in Fig. 7 clearly illustrates the red glow emitted by the heat-
ing area compared to the ambient temperature, validating the experimental proce-
dure. Voltages ranging from 10 to 50 V were applied, and it was observed that the
heating temperature increased linearly, except when the overvoltage reached 50 V.
Additionally, in accordance with the National Agency for Technology and Stand-
ards’ announcement of KC 60335-2-17, which pertains to the 'Technical Standards
for Telecommunication Products and Parts, the conductor-fabric heater is permitted
to exceed 50 °C for a maximum duration of 2 h, but it must not surpass 85 °C. As
outlined in KC 10018, if the surface material of heated mats and beds is textile, the
surface temperature should not exceed 70 °C. Notably, prolonged skin exposure to
temperatures of 45 °C can result in second and third-degree burns (Choi et al., 2023;
Shuvo et al.,, 2021). Based on this electric heating behavior, these results can be used
as basic data when manufacturing an actual heater with a larger area.

These results demonstrate the excellent conductivity of the developed MXene/
cellulose fiber composites, opening up exciting possibilities for applications. These
composites provide a solid foundation for a variety of electronic devices, including
cellulosecellulose-based electrical devices (Pal et al., 2017). Due to their inherent
flexibility, cost-effective production, and user-friendly design, they hold significant
potential in various industries, especially in the fast-growing EE-textile sector. They

can be utilized in a variety of applications, such as designing medical heating patches.
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Fig. 7 Electrothermal infrared images and time-dependent temperature changes of under different applied
voltages
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Long term recycling behavior

The long-term recycling performance of an electric-heating factor must be carefully
considered while determining its stability (Li et al., 2020). Figure 8a shows that dur-
ing repeated elongation, a load of 7.8 N at a strain of up to 50% can be determined in
the range of 4-7.8 N. Based on the structural features of the knit, this result is mostly
generated by deformation of the knit structure rather than a linear drop. As a result of
repeated stretching, slight structural deformations may happen, but the fibers are not
split or harmed. Figure 8b, illustrates the repeated elongation result, which calculates the
knit’s resistance based on 400 cycles. In comparison to the initial resistance, the resist-
ance rises from 51 kQ to 250 kQ after 400 cycles. Nevertheless, the resistance decreases
to around 86 kQ when one coat of MXene is added after 400 cycles. Given the simplicity
of the coating process, our findings indicate that incorporating just one additional coat-
ing enables ample reusability, even under the influence of mechanical forces exerted on
the knit material. On the other side, there have been various reports on electrically con-
ductive properties (Cao et al., 2018; Feng et al., 2022; Liu et al., 2022; Zhan et al., 2019;
Zhou et al.,, 2021). Our study used a very small amount of MXene at a concentration of
0.5 wt% compared to other studies, and given the simplicity of the coating procedure,
the result is that the coating is applied once more to the nits to protect them from the
applied physical forces. This demonstrates that sufficient reuse can be achieved.

Conclusions

In conclusion, extremely flexible MXene/cellulose fiber composites were effectively pro-
duced utilizing a simple dip-coating method. As observed in the SEM micrographs of
the cellulose hybrid fiber’s surface and cross section, MXene is successively coated while
remaining somewhat present in the internal of the fiber. The loss in thermal stability is
mostly attributed to MXene’s superior thermal conductivity, which acts as a heat source
to trigger the breakdown of cellulose fiber at a lower temperature. The electrical char-
acteristics and strain sensing capabilities of the MXenes/cellulose fiber composite at
higher operating temperatures will undoubtedly be impacted by this. The electrical con-
ductivity of the cellulose fibers supports this coating process. In the in-plane current—
voltage (I-V) plots, no current change was observed for the pure cellulose fibers over
the applied voltage range up to 40 V. The slope of the I-V plots is greater for the MXene/
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cellulose hybrid fiber with more dip coating cycles, and the electric current increases
linearly with applied voltage for all hybrid cellulose fibers. Additionally, the thermally
stable MXene/cellulose hybrid fibers’ electrical-heating capability has been validated up
to 250 °C. Because of its great flexibility and other applications needing electrical heat-
ing, the cellulose/MXene hybrid fiber as a whole has shown potential for employment in
the E-textile business. It was produced using an effective dip coating procedure.
Furthermore, our hybrid conductive material presents significant potential for the
development of cellulose-based electrical devices. These devices, featuring electric heat-
ing capabilities, can find versatile applications such as heated clothing, garments with
temperature regulation, and medical heating patches (Wang et al., 2016). Additionally,
cellulose-based electrical devices hold great promise in the sensing and smart-clothing
field. With ongoing research and development, we expect continuous improvements in
the performance and functionality of these cellulose-based electrical devices, harnessing

the distinctive properties of our MXene/cellulose fiber composite.
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