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ABSTRACT

A strategy for fabricating microcrystalline cellulose-Ti;C,T, (MCC—MXene) nanocomposite films with high relative permittivity,
high thermal conductivity, and excellent mechanical properties was developed. The MCC—MXene nanocomposite film was
fabricated by casting a solution containing N,N-dimethylacetamide/lithium chloride (DMACc/LiCl)-soluble MCC and DMAc-
dispersible MXene nanosheets, followed by humidity control drying. The MXene nanosheets greatly enhanced the permittivity of
the nanocomposite films owing to interfacial polarization. Thus, the nanocomposite film with 20 wt.% MXene content achieved a
desirable permittivity of 71.4 at 10> Hz (a 770% improvement against that of neat cellulose), while the dielectric loss only
increased by 1.8 times (from 0.39 to 0.70). The obtained nanocomposite films with 20 wt.% and 30 wt.% MXene exhibited
remarkable in-plane thermal conductivities of 8.523 and 9.668 W-m™'-K™", respectively, owing to the uniform dispersion and self-
alignment of the MXene layered structure. Additionally, the uniformly dispersed MXene nanosheets in the MCC network with
interfacial interaction (hydrogen bonding) and mechanical entanglement endowed the nanocomposite films with excellent
mechanical properties and flexibility. Furthermore, the thermal stability, water resistance, and antibacterial properties of the
nanocomposite films were effectively improved with the introduction of MXene. Moreover, using DMAC/LICI as the solvent system
not only improves the compatibility between MCC and MXene but also avoids the problem of easy oxidation of MXene in
aqueous systems. With the high stability of the MCC—-MXene solution and enhanced properties of the MCC—MXene films, the
proposed strategy manifests great potential for fabricating natural biomass-based dielectric materials.
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matrix materials have been applied as dielectric materials in
electronic devices. However, as these synthetic polymers are not
biodegradable and renewable, they can lead to serious
environmental problems. Biomass materials such as sodium

1 Introduction

With the rapid development of modern electronic and power
systems, there is an urgent demand for polymer-based electrical

materials possessing both a high dielectric constant and low
dielectric loss in the production of electrostatic film capacitors
with high energy density, owing to their flexibility and ease of
processing [1-6]. In addition to having a high dielectric constant,
efficient heat dissipation is also important for the practical
application of dielectric materials. The reliability of electronic
devices is related to the operating temperature. To ensure high
performance and reliability of these devices, ideal high dielectric
constant materials should also possess high thermal transport
capability to meet thermal management requirements. Therefore,
there is a great need to develop polymer composites with both
high dielectric constants and thermal conductivities [7-9].

A variety of polymeric materials, such as poly(methyl
methacrylate) [10], polyacrylonitrile [11], polyimide [12], poly(4-
vinylphenol) [13], and poly(vinyl alcohol) (PVA) [14], used as

alginate and cellulose have recently attracted a lot of attention as
environmentally  sustainable solutions that can enable
unprecedented advances in various energy storage devices
[15-17]. Among the various biomass-based, natural, and
environmentally friendly materials reported so far, cellulose and its
derivatives have been considered important because cellulose is
naturally inexhaustible and has the advantages of biocompatibility,
recyclability, low cost, and lightweight [18]. Furthermore, the
abundant hydroxyl groups in cellulose tend to form a larger
proportion of intermolecular hydrogen bonds with functionalized
nanofillers, which is beneficial for obtaining homogeneous
nanocomposite materials with good mechanical properties [19,
20]. Thus, developing novel cellulose-based materials such as high
dielectric and high thermal conductivity materials for electronic
devices is of utmost importance.
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Several common strategies have been proposed to increase the
dielectric constant of polymer-based composites. One is
introducing a high dielectric constant inorganic ceramic
nanofiller, such as BaTiO; [21], ZrO, [22,23], TiO, [24], and
copper calcium titanate [25], into the polymer matrix. However,
the use of ceramic nanofillers for fabricating flexible electronic
devices is disadvantageous because large amounts of ceramic fillers
are necessary, and their inherent brittleness causes the composite
material to break easily [26]. Another approach is to prepare
electrical percolative composites by using conductive fillers,
including reduced graphene oxide (rGO) [27], carbon nanotubes
[28], Ti,C, T, (MXene) [29, 30], and silver nanowire (AgNW) [31].
Conductive nanomaterials can provide many microscopic dipoles
and microcapacitor networks extending into the entire insulating
polymer matrix, thereby enhancing the dielectric properties of
polymer nanocomposites through interfacial polarization
(permeation threshold) at relatively low filler contents [32].

Two-dimensional (2D) conductive MXenes are a promising
alternative for electronic miniaturization owing to their nanoscale
thicknesses and high aspect ratios. Because of their unique 2D
structure and inherent properties, they have numerous advantages
such as high electrical conductivities, large specific surface areas,
electromagnetic  shielding properties, and good thermal
conductivities [33-35]. These make them promising materials for
capacitors, thermal management systems, electromagnetic
shielding devices, etc. Tu et al. demonstrated that poly(vinylidene
fluoride)-based nanocomposite materials using 2D MXene
nanosheets as fillers exhibit significantly enhanced dielectric
constants [36]. Jin et al. prepared PVA/MXene multilayered films
that exhibited a high thermal conductivity [37]. Hence, 2D MXene
nanosheets can be a candidate for producing nanocomposite
materials with high dielectric constants and thermal
conductivities. It was reported, however, that Ti;C,T, MXene has
an in-plane thermal conductivity of 55.8 W-m™K", which is not as
extremely high as graphene (~ 5300 W-m™K") [38,39].
Furthermore, it is well known that high interfacial thermal
resistance at the polymer/filler interface will inhibit the transfer of
phonons from the filler to the polymer matrix, which is not
conducive to the formation of thermally conducting pathways.
And the dispersion state of filler and the interaction with the
polymer matrix will affect percolation threshold, thereby affecting
the efficiency of thermal conductivity improvement of composites.
Therefore, achieving low interfacial thermal resistance is necessary
for building high thermal conductivity hybrids with MXene as
filler, which gets much minimized by the excellent compatibility,
stronger interfacial interaction, and good MXene layered structure
arrangement [37,40]. In addition, considering the hydrophilic
characteristic of MXene, MXene nanosheets synthesized by many
researchers using a minimally intensive layer delamination
(MILD) method are stably dispersed in water systems [41].
Therefore, nanocomposite materials containing MXene fillers are
usually synthesized in aqueous systems [42]. Unfortunately, 2D
MXenes undergo irreparable surface morphological and structural
changes during oxidation, especially in aqueous solutions. Water
has been confirmed to be the culprit of MXene oxidation. Many
researchers have proposed various methods to protect MXene,
such as the use of an argon atmosphere, hydration chemistry, pH
adjustment, low temperature, dispersing MXene in an organic
solvent, defect passivation of MXenes, and preparing MXene-
polymer composites [43-48]. For example, Zhang et al
successfully developed a tuned microenvironment method to
prepare a highly concentrated MXene in organic solvents such as
dimethylformamide, dimethylacetamide, and propylene carbonate
[45]. Kim et al. successfully prepared stable Ti;C,T, MXene
dispersions in nonpolar organic solvents through a simultaneous
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interfacial chemical grafting reaction and phase transfer method,
which exhibits strong oxidation resistance [46]. Considering that
most polymers are synthesized in organic solvent systems, as well
as practical application and oxidation resistance, the dispersion of
MXene in organic solvents can lead to the expansion of the
application prospect of MXene composites.

In this study, we successfully synthesized MXene nanosheets
with good dispersion in N,N-dimethylacetamide (DMAc) and
achieved  long-term  storage  without oxidation by
tetrabutylammonium hydroxide (TBAOH) intercalation. In
addition, as both DMAc/lithium chloride (DMAc/LICl) and
water/urea/NaOH systems can dissolve microcrystalline cellulose
(MCC), for better compatibility with the DMAc-dispersed
MZXene, DMAC/LICl was employed as the solvent system for
dissolving MCC. This method resulted in improved compatibility
of MCC with MXene nanosheets without precipitation. Dielectric
nanocomposite films were prepared using cellulose as the matrix
and MXene nanosheets (with good dispersibility in DMAc) as
inorganic fillers. To the best of our knowledge, this is the first
report of MCC-MZXene nanocomposite films with improved
compatibility between the MXene nanosheets and MCC matrix in
a DMAC/LICl solvent system. This improved compatibility
ensures an effectively enhanced dielectric constant, excellent
thermal conductivity, and better mechanical properties. More
importantly, the proposed strategy not only improves the
compatibility between MCC and MXene but also avoids the
problem of easy oxidation of MXene in aqueous systems.
Consequently, MXene can be preserved for a longer duration,
which is essential in building actual composites.

2 Experimental

2.1 Materials

MCC (Avicel PH-101, ~ 50 um), DMAc, hydrofluoric acid (HF,
48%), and lithium fluoride (powder, 300 mesh) were obtained
from Sigma-Aldrich. Lithium chloride (> 98.0%) was supplied by
Tokyo Chemical Industry and Ti;AlC, powder (MAX phase, >
99% purity, ~ 400 mesh) was purchased from Jilin 11 Technology
Co., Ltd. (China). TBAOH was provided by Alfa Aesar (USA),
while hydrochloric acid was supplied by Daejung Chemical Co.,
Ltd. (Republic of Korea). Double-deionized water was used in all
experiments.

2.2 Synthesis of materials

Synthesis of multilayer MXene (M-MXene): M-MXene was
obtained by 40% HF aqueous solution etching [49]. First, 40 mL
of the HF solution was poured into a Teflon bottle. Subsequently,
2 g of MAX was gradually added to the HF solution over a period
of 20 min. This prevents possible overheating during the initial
stage of the reaction. After stirring at 35 °C for 24 h, the excess HF
was washed off by centrifugation with water. After 9-10
centrifugation cycles, the pH of the supernatant reached 6-7.
Finally, the precipitate was collected and dried in a vacuum oven
at 60 °C for 24 h. The final powder material was M-MXene. For
comparison, we also prepared water-dispersible MXene
nanosheets using the MILD method [41]. The details of the
preparation process are presented in the Electronic Supplementary
Material (ESM).

Synthesis of MXene nanosheet in DMAc: To intercalate M-
MXene using TBAOH [45], the organic solvent applied in this
study was DMAc. Specifically, the intercalation process was
performed by adding 2 g of M-MXene powder to 50 mL of 25%
TBAOH solution with stirring at room temperature for 24 h.
Subsequently, excess TBAOH was removed by washing with

www.theNanoResearch.com | www.Springer.com/jounal/12274 | Nano Research



3242

ethanol, after which all precipitates were collected. Then, to
completely disperse the precipitates, approximately 70 mL of the
DMAc solution was poured into a centrifuge tube and shaken
thoroughly (Fig. 1(a)).

Preparation of MCC-MXene nanocomposite films: A total of
1.6 g of LiCl was dissolved in 12.5 mL of DMAc to prepare a
LiCl/DMAc solvent. To prepare LiC/DMAc solutions with
different MXene contents, different volumes of DMAc/MXene
solutions were added to LiCl/DMAc while controlling the total
volume of the solution at 12.5 mL. In addition, 0.8 g of MCC was
dispersed in another bottle containing 6.5 mL of DMAc. The
mixture was then stirred at room temperature for 24 h. Afterward,
the two dispersions were mixed and stirred well for 24 h.
Subsequently, the suspensions were cast evenly onto the surface of
a glass plate at room temperature. The plates were immediately
transferred to a chamber with a constant temperature of 35 °C and
relative humidity (RH) of 85% for 24 h. The resultant hydrogel
membranes were thoroughly washed with deionized water by
soaking to completely remove the residual small molecules.
Finally, the MCC-MXene composite hydrogel membranes were
dried in a constant temperature and humidity chamber at 25 °C
and 65% RH for 24 h to remove any residual solvent. In this way,
MCC-MZXene nanocomposite films containing 0 wt.%, 3 wt.%,
5 wt.%, 10 wt.%, 20 wt.%, and 30 wt.% of MXene nanosheets were
obtained. The synthesis steps are illustrated in Fig. 1(h).

2.3 Characterization

The functional groups of the nanocomposite films were
characterized by Fourier transform infrared (FTIR, JASCO FTIR-
4100) spectroscopy in the range of 500-4,000 cm™. The size
distribution of MXene was measured using dynamic light
scattering (DLS; Zetasizer NANO-S90, Malvern).
Thermogravimetric analysis (TGA) was performed using
Perkin-Elmer Pyris Diamond TG at a heating rate of 5 °C-min™
under a N, atmosphere. X-ray photoelectron spectroscopy (XPS)
was carried out on a Theta Probe AR-XPS system (Thermo Fisher
Scientific, UK). The crystal structures were verified using X-ray
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diffraction (XRD, Bruker AXS) in the 26 range of 5°-80°. The
morphology of MXene was characterized by transmission electron
microscopy (TEM, JEOL 2011) at an acceleration voltage of
200 kV. The surface and cross-sectional morphologies and
elemental mapping of the samples were observed by field emission
scanning electron microscopy (FESEM, ZEISS SUPRA 25 VP)
combined with energy-dispersive X-ray spectroscopy (EDX). To
obtain relatively reliable cross-sectional information, the
MCC-MXene nanocomposite films were immersed in liquid
nitrogen and then broken. The topography and roughness of the
samples were examined using atomic force microscopy (AFM,
Park NX10). The absorbance of MXene nanosheets was measured
using a ultraviolet-visible (UV-vis) spectrometer (Optizen
3220UV). The dielectric properties of the MCC-MXene
nanocomposite films were obtained using a broad-frequency
dielectric spectrometer (Concept 80, Novocontrol, Germany) at
room temperature in the frequency range of 10°-10" Hz. The
coefficient of thermal expansion (CTE) of the MCC-MXene
nanocomposite films was measured using a thermomechanical
analyzer (TMA, Q400, TA Instruments, USA)) in the temperature
range of 30-140 °C at a heating rate of 5 °C:min™. A universal
testing machine (LRX PLUS, Lloyd Instrument, UK) was used to
test the mechanical properties of the MCC-MXene
nanocomposite films at a strain rate of 3 mm-min™, in accordance
with ASTM D882. The sample length and width were 25 and
5 mm, respectively. Each sample was tested five times to evaluate
its mechanical properties. The water uptake was calculated by
measuring the change in weight of the samples after exposure for
24 h in a constant temperature and humidity chamber at 25 °C
with an RH range of 65%-90%. The thermal diffusivity of the
nanocomposite film was measured by the laser flash method using
LFA 467 (NETZSCH, Germany) at 30 °C. The thermal
conductivity was then calculated as K = aC,p, where « and p are
the thermal diffusivity and density of the nanocomposite film,
respectively; p is the density calculated using a weighing method;
and C, is the specific heat capacity measured using a differential
scanning calorimeter (Q100 TA Instruments, New Castle, DE,

Shaking

DMAc

]

——T,C,T, (MXene) flake (In DMAc) (

9)

Height (nm)
Intensity (%)

A ) T we e s g 120 1o
<om) Size (nm)

MCC-MXene-3% MCC-MXene-5%

MCC-MXene-20% MCC-MXene-30%

MCC-MXene-10%

Figure1 (a) Schematic of the preparation of MXene nanosheets. (b) TEM image of M-MXene. (c) TEM image of MXene-TBAOH. (d) TEM image of MXene
nanosheets. (¢) AFM image of MXene nanosheets. (f) Height profiles of MXene nanosheets. (g) Particle size distribution of MXene nanosheets dispersed in DMAc. (h)
Schematic of the preparation of MCC-MZXene nanocomposite films. (i) Photographs of MCC and MCC-MXene nanocomposite films.
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USA). The contact angle of the nanocomposite film was measured
using a contact angle analyzer (SEO Pheonix 300). The
bacteriostatic performance of the samples was evaluated using the
standard colony counting method. The microbe was activated in a
Luria-Bertani (LB) medium at 30 °C. The microbial suspension
was diluted and adjusted to 1 mL. The nanocomposite films (cut
into 1 cm x 1 cm) and MXene nanosheet dispersions were
immersed in the diluted suspension and incubated at 30 °C with
shaking for 5 h. Then, 5 pL of the suspensions was spread onto the
surface of the LB solid medium. The solid medium was cultured at
30 °C for 10 h, and the viable numbers of microbial colonies were
counted by visual observation. The cell suspension without
samples was used as the control.

3 Results and discussion

3.1 Microstructure of MXene nanosheets

The MAX phase (Ti;AIC, powder, Figs. Sl(a) and S1(c) in the
ESM) was selectively etched into M-MXene (Figs. S1(b) and S1(d)
in the ESM) using 40% HF. After selective etching, an accordion-
like multilayered morphology of the M-MXene was successfully
obtained. The TEM images of M-MXene, MXene-TBAOH, and
exfoliasted MXene are illustrated in Figs. 1(b)-1(d).
Semitransparent flakes are clearly observed (Fig. 1(d)), indicating
the successful exfoliation of MXene-TBAOH into MXene
nanosheets by shaking in the DMAc solution. MXene nanosheets
have lateral diameters ranging from 400 nm to 1.2 pm, as shown
in Fig.S2 in the ESM. AFM analysis shows that the average
thickness of MXene is approximately 2.5 nm (Figs. 1(e) and 1(f)),
confirming the nanosheet structure of MXene. The size of the
MXene nanosheets was determined by DLS analysis. The average
size of the main peak with a large number of nanosheets is
615 nm, as shown in Fig. 1(g). The Tyndall effect reveals that the
MXene nanosheets have good dispersity in DMAc (inset of
Fig. 1(a)). Figure 1(i) displays photographs of the as-prepared pure
MCC and MCC-MXene nanocomposite films. The structural
information of Ti;AlC,, M-MXene, and MXene-TBAOH was
obtained using XRD, as depicted in Figs. 2(a) and 2(b). After the
etching process, the characteristic (104) peak at 20 = 39° that
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belongs to Ti;AlC, MAX powder diminishes, and the (002) peak
exhibits a shift to a lower 26 angle from 9.77° (d = 0.904 nm) to
8.87° (d = 0.996 nm) (Fig.2(b)). After insertion of the TBAOH,
the (002) peak of the M-MXene powder shifts significantly from a
26 angle of 8.87° (d = 0.996 nm) to 569° (d = 1551 nm),
indicating that TBAOH is successfully intercalated into
M-MZXene [45].

The FTIR spectra of M-MXene and MXene-TBAOH are
illustrated in Fig. 2(c). M-MXene has four typical peaks at 3,427,
1,632, 1,206, and 545 cm™, corresponding to the stretching
vibrations of the -OH, C=0, C-F, and Ti-O bonds, respectively.
The corresponding characteristic diffraction peaks are also
observed in the MXene-TBAOH. Meanwhile, after intercalation
of TBAOH into MXene, the characteristic peaks of
MXene-TBAOH become slightly weaker than those of M-
MXene. This result also indicates that TBAOH is successfully
intercalated into M-MXene [50, 51].

The TGA curves of Ti;AlC,, M-MXene, and MXene-TBAOH
are presented in Fig. 2(d). Ti;AlC, exhibits a high thermal stability
without any weight loss at 600 °C. Instead, there is a slight increase
in weight, probably because the N, used contains a trace amount
of oxygen, and the aluminum in TLAIC, is slightly oxidized at
high temperature [52]. The weight loss of M-MXene is 6.8 wt.%,
which is attributed to the introduction of -F, -OH, and -O
groups after etching. After intercalation of TBAOH into M-
MXene, the weight loss of the MXene-TBAOH increases to
16.2 wt.%. The TGA results further indicate the successful etching
of Ti;AlC, and the intercalation of TBAOH into MXene.

The surface electronic states and surface compositions of the M-
MXene and MXene-TBAOH powders were analyzed using XPS
(Figs. 2(e) and 2(f) and Fig.S3 in the ESM). The Cls XPS
spectrum of M-MXene (Fig. S3(b) in the ESM) shows three peaks
at binding energies of 2814, 284.5, and 2884 eV, which are
assigned to the C-Ti, C-C, and C-O bonds, respectively. The
initial 281.4 eV peak corresponding to C-Ti (for M-MXene) is
changed to 281.1 eV, which corresponds to the C-Ti bond after
intercalation with TBAOH (Fig. S3(e) in the ESM). This result
suggests that the chemical environment of Ti atoms on the surface
of M-MXene may have changed [45]. The Ols XPS spectrum
(Figs. 2(e) and 2(f)) shows four peaks at binding energies of 529.5,
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531.1, 532.3, and 533.2 eV, which are attributed to the adsorption
of O species: O-Ti, C-Ti-O,, C-Ti-OH, and H,0, respectively. It
can be seen that the content of C-Ti-OH in MXene-TBAOH is
reduced compared with that in M-MXene. Therefore, based on
the discussion of the above XPS results, the intercalation of
TBAOH may plausibly replace some of the -OH on the surface
groups of M-MXene. In addition, high-resolution spectra in the
Ti2p region for M-MXene and MXene-TBAOH are displayed in
Figs. S3(c) and S3(f) in the ESM. In Fig. S3(c) in the ESM, the Ti2p
spectrum of the M-MXene sample shows four dominant peaks at
454.5, 455.3, 456.1, and 457.2 eV, corresponding to the Ti-C,
Ti(II), Ti(III), and Ti-O bonds, respectively. Figure S3(f) in the
ESM illustrates the Ti2p spectrum of the MXene-TBAOH sample.
After intercalation with TBAOH, the four dominant peaks
corresponding to Ti-C, Ti(II), Ti(IlI), and Ti-O bonds change to
454.7, 455.5, 456.5, and 458.5 eV, respectively [53, 54]. This result
further proves the change in the surface environment of MXene,
which may provide better dispersion of MXene in DMAc.

3.2 Microstructure and thermomechanical and

mechanical properties of MCC-MXene nanocomposite
films

Figures 3(a)-3(c) depict the TEM images of the MXene, MCC,
and MCC-MZXene suspensions, respectively. After mixing the
MCC and MXene, the MCC adheres to the MXene nanosheets,
which is attributed to the hydrogen bonding forces between the
hydroxyl groups on the MCC and the oxygen-containing groups
on the surface of MXene. The intimate integration and uniform
distribution of MXene nanosheets may endow the nanocomposite
films prepared from this solution with higher mechanical strength.
In addition, complete dispersion of MXene filler facilitates
uniform packing of the MCC-MXene nanocomposite films,
leading to better dielectric properties. The cross-section
morphologies of the pure MCC and MCC-MXene
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nanocomposite films with various filler contents ranging from
3 wt% to 30 wt% were investigated using FESEM images
(Figs. 3(d)-3(i)). The pure MCC exhibits a dense cross-section
without obvious cracks or voids, indicating the successful synthesis
and good quality of pure MCC films. Moreover, the
morphological changes induced by MXene fillers on the MCC are
very clear. Compared with that of the pristine MCC films, the
fractured cross-section of the MCC-MXene nanocomposite films
clearly presents a more layered structure. Meanwhile, the SEM
images of MCC-MXene nanocomposite films show that MXene
nanosheets are uniformly distributed in the MCC substrate
without congregation. Additionally, the MXene nanosheets are
well aligned, with their sheet plane parallel to the surface of the
nanocomposite films. This result can be attributed to the strong
interaction between the MCC and MXene nanosheets. Low-
resolution cross-sectional SEM images of the as-synthesized
pristine MCC and MCC-MZXene nanocomposite films are
depicted in Fig.S4 in the ESM, which indicates typical film
structures. Moreover, elemental mapping was performed to study
the dispersibility of the components in the MCC-MXene
nanocomposite films. The results demonstrate the coexistence of
Cand O in neat MCC (Fig. S5 in the ESM). In the MCC-MXene-
20% nanocomposite films (Fig. 4(d)), Ti appears and its content is
14.3%. The elemental mapping images show a homogeneous
distribution of Ti and C in the nanocomposite films, indicating
good compatibility and uniform distribution of MCC and MXene.
Meanwhile, the amount of Ti increases from 3.0 wt.% to 16.5 wt.%
owing to the different contents of MXene nanosheets doped into
the MCC matrix (Figs. S5-S10 in the ESM).

According to the XPS spectra of MXene-TBAOH and
MCC-MZXene-30% (Figs. 3(j) and 3(1)), the C:Ti and O:Ti ratios
of MXene-TBAOH are 5.97 and 1.64, respectively, while those of
MCC-MXene-30% are 31.28 and 18.66, respectively. Therefore,
the C:Ti and O:Ti ratios of MCC-MXene-30% are higher than
those of MXene-TBAOH. The experimental results indicate that
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Figure3 (a) TEM image of MXene nanosheets. (b) TEM image of MCC solution. (c) TEM image of MCC-MXene solution. Cross-sectional SEM images of (d)
pristine MCC, (¢) MCC-MXene-3%, (f) MCC-MXene-5%, (g) MCC-MXene-10%, (h) MCC-MXene-20%, and (i) MCC-MZXene-30% nanocomposite films, where
the orange circles with dotted lines represent layered structures of MXene nanosheets. XPS wide-scan spectra of (j) MXene-TBAOH, (k) MCC, and (1) MCC-MXene-

30% nanocomposite films.
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nanocomposite films.

the MCC and MXene nanosheets are successfully introduced into
the as-prepared nanocomposite films [55].

The FTIR spectra of the pure MCC and MCC-MXene
nanocomposite films are depicted in Fig 4(a). The cellulose
characteristic absorption bands at 3,353 (O-H stretching), 2,903
(C-H stretching), 1,429 (-OH bending), and 1,020 cm™ (C-O
stretching) are observed in the FTIR spectra of the MCC-MXene
nanocomposite films. With the increase in MXene content, the
characteristic peak intensity of cellulose weakens, which also
proves the successful synthesis of nanocomposites with different
MZXene contents [51]. The XRD patterns of the MCC and
MCC-MXene nanocomposite films with different MXene
contents are shown in Fig. 4(b) and Fig.S11 in the ESM. The
diffraction peaks at 20 angle = 12.3° and 20.8° respectively
correspond to the (110) and (020) crystal planes of the cellulose I
crystalline structure [56,57]. When the MXene content is
increased from 3 wt.% to 30 wt.% in the nanocomposite film, the
two representative peaks of the MCC become weaker.
Furthermore, to demonstrate the successful intercalation of MCC
into MXene nanosheets, we analyzed the (002) characteristic peaks
of different samples. However, because of the intercalation
through TBAOH, the 20 angle of the (002) peak of
MXene-TBAOH is smaller than those of all MCC-MXene
nanocomposite films. This may be due to the restacking of MXene
during drying after intercalation and exfoliation, and the
intercalation effect of the MCC may not be as significant as that of
TBAOH. Therefore, we further compared the as-synthesized
nanocomposite films with MXene nanosheets synthesized using
the MILD method. The characteristic (002) peak shifts from 20 =
6.51° (MXene-MILD) to 6.04° (MCC-MXene-3%), 6.19°
(MCC-MXene-5%), 6.15° (MCC-MXene-10%), 6.20°
(MCC-MXene-20%), and 6.25° (MCC-MXene-30%), implying
that the d-spacing of the MCC-MXene nanocomposite film is
larger than that of MXene (LiF + HCl, MILD). Meanwhile, with
the increase in MXene content, the d-spacing decreases owing to
the decrease in the relative amount of MCC. The change in the d-
spacing strongly proves the successful intercalation of MCC into
the MXene nanosheets [51].

To further demonstrate the uniform distribution of MXene
nanosheets in the MCC matrix, the microstructures of the
nanocomposite films were analyzed using AFM. The surface
topography and roughness of the MCC-MXene nanocomposite
films were investigated using a scan area of 10 pm x 10 pm, and
the results are presented in Figs. 4(e)-4(g) and Fig. S12 in the
ESM. The surface of the MCC-MXene nanocomposite films is
smooth, and the root-mean-square (Rq) roughness values of the
nanocomposite films containing 0 wt.%, 5 wt.%, 10 wt.%, 20 wt.%,
and 30 wt% MXene are 6.0, 129, 7.5, 51.8, and 30.9 nm,
respectively. With the introduction of MXene, the surface
roughness tends to increase. The inconsistent increasing trend in
the roughness with increasing MXene content may be because
different surface regions of the nanocomposite films were selected
during the test process and measurement errors might have
incurred. However, even the 20% and 30% MXene loadings did
not drastically increase the surface roughness of the
nanocomposite films, which remained in the nanoscale range (less
than 60 nm), although the MXene size we used was approximately
400 nm to 1.2 um. This can be attributed to the unique sheet
structure of MXene. The acceptable surface roughness of the
nanocomposite films can safeguard their potential application in
dielectric devices as it can minimize various performance
perturbations that can be caused by surface defects.

High dimensional stability is an important feature of polymer-
based nanocomposites for their potential application in flexible
electronic devices. The thermomechanical properties of the
MCC-MXene nanocomposite films were measured using a TMA.
The incorporation of MXene remarkably decreased the CTE of
MCC-MXene nanocomposite films. The results are shown in
Fig. 4(c) and summarized in Table S1 in the ESM. The CTE of the
MCC-MXene nanocomposite films decreases with increasing
MXene nanosheet loading. The CTE values decrease from
150 ppmK'for prisine MCC to 82 ppmK' for the
MCC-MXene-20% nanocomposite films over the temperature
range of 70-140 °C. The addition of 2D MXene nanosheets is
believed to enhance the chain orientation of MCC, resulting in a
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lower CTE. In addition, the homogeneous dispersion of MXene
nanosheets in the MCC matrix can decrease the free volume in the
matrix and consequently reduce the CTE of the nanocomposite
films [58, 59].

Tensile testing was conducted to evaluate the mechanical
properties of the resulting MCC-MXene nanocomposite films
with various MXene contents. The stress-strain curves and data
are shown in Figs. 5(a)-5(d) and Table S2 in the ESM. The pure
MCC film exhibits a tensile strength, Young’s modulus, and
elongation at break of 119.2 + 7 MPa, 3654.7 + 445 MPa, and
7.6% + 4%, respectively. After compounding with MXene, the
mechanical properties of the nanocomposite films considerably
improved. The tensile strengths of MCC-MXene-20% and
MCC-MZXene-30% reach 1839 + 9 and 1888 + 8 MPa,
respectively, which are almost 1.5 and 1.6 times higher than that of
prisine MCC. Moreover, the Young’s moduli of the
MCC-MZXene-20% and MCC-MXene-30% nanocomposite films
are higher than that of pure MCC (Fig. 5(c)). The MCC-MXene-
30% nanocomposite film exhibits an elongation at break of
14.3% =+ 2%, which is almost 1.9 times higher than that of the pure
MCQC film (Fig. 5(d)). The improvement in mechanical properties
is attributed to the mechanical entanglement and interfacial
interaction (hydrogen bonding) between the 2D MXene
nanosheets and the MCC network. The enhancement in tensile
strength by mechanical entanglement can be due to the good
dispersion of both MXene sheets and MCC in the
nanocomposites, owing to their excellent dispersibility and
solubility in the DMACc/LICl system. As a result, flexible MCC is
embedded into the spatial gaps in the MXene nanoflakes during
drying-induced self-assembly, leading to a densely packed
structure with few vacancies. Figure 5(e) displays photographs of
the bent states of MCC and MCC-MXene nanocomposite films.
Figure 5(g) illustrates the possible mechanical entanglement states
of the MCC-MZXene nanocomposite film. The 2D MXene
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nanosheets act as “bricks” and provide the framework for the
nanocomposite films, while the one-dimensional MCC acts as a
flexible “cement” connecting the MXene nanosheets [60].
Therefore, through the synergistic effect of MCC and MXene, a
strong layer-by-layer structure is formed, leading to tension
transfer and energy dissipation during the stretching process,
which is beneficial for improving the mechanical properties. In
addition, the strong hydrogen bonding interaction between the
MXene sheets and MCC fibrils significantly enhances the load
transfer in the nanocomposite film, which greatly contributes to
the improvement in the mechanical properties (Fig.5(g)). We
demonstrated the formation of hydrogen bonds using high-
resolution FTIR spectroscopy (Fig. 5(f) and Fig. S13 in the ESM).
Compared with the MCC film, the O-H peaks of MCC-MZXene-
10%, MCC-MZXene-20%, and MCC-MXene-30% films are
redshifted to 3,450, 3,329, and 3,327 cm™, respectively, indicating
the formation of hydrogen bonds between the MXene and MCC
molecules [33, 61]. Figure 5(g) shows how the hydroxyl groups on
the cellulose molecular chains form hydrogen bonds with the
functional groups on MXene. The hydrogen bonding between
MXene and MCC leads to a robust structure. More importantly,
although the use of the DMAc/LICl solvent system results in better
dispersion and compatibility between MCC and MZXene, the
hydrogen bonding interaction further promotes homogeneous
dispersion of MXene in the MCC solution. Consequently, we
believe that the hydrogen bonding between the cellulose substrate
and MXene nanosheets and the good dispersion and compatibility
of MXene and MCC contribute significantly to achieving
homogeneous nanocomposite films with desirable mechanical
performance.

3.3 Dielectric properties of MCC-MXene nanocomposite
films
The dielectric constant and dielectric loss of MCC-MZXene films
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with different amounts of MXene nanosheets are presented in
Figs. 6(a) and 6(b). As shown, the dielectric permittivity of the
MCC-MXene nanocomposites initially increases with increasing
MXene filler concentration. A dielectric constant of > 70 (10* Hz)
is obtained for a nanocomposite with 20 wt.% MXene. The
enhanced dielectric constant with increasing MXene content can
be attributed to two important phenomena, namely, microscopic
dipole formation (the dielectric performance difference between
MXene and MCC) and microcapacitor network formation, both
of which lead to interfacial polarization of the nanocomposite film
at the interface between the conducting MXene and host MCC
polymer [29, 36]. The possible interfacial polarization mechanisms
of the MCC-MXene nanocomposite films are illustrated in
Fig. 6(g). In the microscopic dipole model, generally predominant
at lower levels of MXene fillers, when an electric field (E) is applied
to the film, charges accumulate at the interface between the
MXene nanosheets and MCC matrix, forming corresponding
microscopic dipoles. In the microcapacitor network model, when
the content of MXene nanosheets reaches a certain amount,
microcapacitors are created when adjacent MXene nanosheets
become close such that only a very thin MCC dielectric layer is left
between them. Each microcapacitor contributes to the capacitance
of the entire nanocomposite film microcapacitor network, which
increases the dielectric constant near the permeation limit [29]. A
further increase in the amount of MXene filler decreases the
dielectric constant, which may be because the MCC-MXene
nanocomposite has reached the percolation limit (¢.). The
decrease in permittivity may be due to the increased connectivity

between MXene sheets, leading to an increase in leakage current at
higher MXene filler contents, which in turn causes a transition of
MCC-MXene nanocomposite film from non-ohmic to ohmic
conduction [36]. Figure 6(b) shows that the dielectric loss also
increases with increasing content of MXene nanosheets. It is
worth noting that the dielectric loss of the MCC-MXene
nanocomposite film only increases approximately 1.8 times (from
0.39 to 0.70) up to 20 wt.% MXene filler, while the permittivity
increases approximately 8.7 times (from 8.2 to 71.4) over the same
composition range.

Two factors primarily cause the improvement in the dielectric
constant of MCC-MXene nanocomposite materials. The first
factor is the excellent electrical conductivity of MXene nanosheets,
which increases the electrical conductivity difference between the
MXene filler and insulating MCC matrix, thereby enhancing the
interfacial polarization through the microscopic dipole model. The
second factor is the dispersion state of MXene inside the MCC
matrix, which in our case is excellent and is responsible for the
formation of the microcapacitor (uniform and efficient mutual
stacking of MCC and MXene owing to the use of the DMAc/LiCl
solvent system). In addition to these two major factors, another
possible reason is hydrogen bonding. The formation of hydrogen
bonds between MXene and MCC was confirmed by FTIR
spectroscopy. Previous studies have suggested that hydrogen
bonds may also form dipoles when an electric field is applied [29].

The previously reported dielectric constants of cellulose-based
composites and nanocomposites containing MXene fillers are
summarized and compared with those of MCC-MXene
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nanocomposite films (Fig.6(c) and Table S3 in the ESM). As
indicated, the dielectric constants of our synthesized
MCC-MXene nanocomposite films are comparable to those of
cellulose-based composites or nanocomposite materials with
MXene as fillers. In addition, the dielectric loss of the
MCC-MZXene nanocomposite film, which is an important
parameter that must be evaluated, is not particularly low, because
from our data, the dielectric loss of pure MCC is already
approximately 0.39 (10* Hz). However, it does not increase sharply
with an increase in MXene filler, and it increases to 0.7 (10> Hz)
when the MXene content is 20%. In general, conductive materials
tend to cause a considerable increase in dielectric loss at high filler
contents owing to the surge in the formation of conductive path
networks. For example, with increasing rGO concentration in
cyanoethyl cellulose, the dielectric loss increases from 0.08 to 0.7
(with 6.8% rGO), and then to 4.1 (with 9.7% rGO), as reported by
Wang et al. [68]. The better control of dielectric loss by
MCC-MXene may be attributed to the good compatibility
between MCC and MXene owing to the use of the DMAc/LIiCl
system. MXene can be uniformly dispersed in the MCC matrix
and stacked layer by layer in the thickness direction (electric field
direction) of the film. The inclusion of MCC between layers of
MXene prevents substantial conductive connections in the
direction of the electric field. More importantly, in terms of
stability, owing to the use of the DMAc/LICl system, the dielectric
properties of the nanocomposite films prepared by the
MCC-MXene mixed solution after long-term storage are not
significantly compromised, which will be discussed in more detail
in Section 3.7.

34 Thermal conductivity of MCC-MXene

nanocomposite films

For portable electronic products, the electronic components
therein generate a large amount of thermal energy, which
adversely affects their function and service life; thus, thermally
controllable dielectric materials are necessary for such electronic
products. The thermal conductivities of the MCC-MZXene
nanocomposite films were characterized using LFA 467
NanoFlash. Figures 6(d) and 6(e) display the in-plane and through-
plane thermal conductivities of the nanocomposite films with
different MXene contents. It can be observed that the in-plane
thermal conductivity of the MCC-MXene nanocomposite films
can be effectively improved by increasing the MXene loading. The
in-plane thermal conductivity of the pure MCC film at 30 °C is
approximately 0.976 W-m™K". When the MXene filler content is
3 wt.%, the in-plane thermal conductivity increases from 0.976 to
3.363 W-m™K™". As the MXene content is further increased to
20 wt.% and 30 wt.%, the thermal conductivity increases to 8.523
and 9.668 W-m™"-K", respectively. On the other hand, it can be
noted that the through-plane thermal conductivity is low for all
samples with different amounts of MXene fillers. The through-
plane thermal conductivity increases from 0.041 W-m™K™ for the
pure MCC film to 0.188 W-m™K™ for the MCC-MZXene-30%
film. The in-plane thermal conductivity is significantly higher than
that of the through-plane. From this information, we can infer
that the thermal conductivity of the MCC-MXene nanocomposite
film is strongly anisotropic. The thermal conductivity anisotropy is
believed to be caused by the layer-by-layer structure consisting of
the MCC matrix and aligned MXene nanosheets. The cross-
sectional SEM images of the MCC-MXene films in Fig. 3(i) show
that the 2D MXene nanosheets are aligned in the planar direction
and the layered structure is perfectly retained. Because DMAc/LiCl
is used as the mixed solvent system for cellulose and MXene
(stably dispersed in DMAc), a uniform distribution of MCC
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between the MXene nanosheets can be clearly observed. A
continuous thermal conduction network in the in-plane direction
is provided by the MXene layer in the MCC-MXene
nanocomposite film. Overlapping MXene nanosheets in the
MCC-MXene nanocomposite films can effectively reduce the
interfacial thermal resistance between fillers, providing a means
for phonon conduction [35]. Thus, the heat flux can be efficiently
dissipated along the continuous MXene nanosheet layer, which
greatly enhances the in-plane thermal conductivity in the
MCC-MXene film. However, the MCC between the MXene
layers strongly hinders thermal transportation along the through-
plane direction. Figure 6(h) shows a possible thermal conduction
model for the nanocomposite films. In addition, it is worth noting
that the in-plane thermal conductivities of the MCC-MXene
nanocomposite films are comparable to those of other cellulose-
based nanocomposites or composites containing MXene fillers,
which meet the requirements of thermal management devices, as
depicted in Fig. 6(f) and Table S4 in the ESM. In summary, the
excellent in-plane thermal conductivity of the MCC-MXene
nanocomposite films makes them suitable for thermal
management applications and may effectively improve the service
life of MCC-MZXene dielectric materials.

3.5 Thermal stability and fire safety

Excellent fire safety is critical in the field of electronic materials. To
evaluate their flame resistance, the MCC-MXene nanocomposite
films were exposed to a lighter flame. Because the pure MCC film
contains numerous unstable oxygen-containing groups, such as
hydroxyl groups, once the MCC is ignited, it burns violently and
only takes 5 s to burn completely with almost no residue.
Comparatively, the MCC-MXene-30% is more difficult to ignite.
The flame is smaller and the sample shrinkage is not obvious after
burning (Fig. 7(a)). The physical barrier and carbonization effects
of MXene nanosheets may play an important role in improving
the flame retardancy of MCC-MXene nanocomposite films.
MXene nanosheets are oxidized to TiO, at a high flame
temperature, thereby forming a TiO, layer that can act as a
physical barrier to prevent heat transfer in the nanocomposite
film, which further improves the flame retardant performance of
the MCC-MZXene nanocomposite films [80,81]. The excellent
thermal stability of MCC-MXene was also confirmed by TGA.
The TGA and differential thermal gravity (DTG) curves are
depicted in Figs. 7(b) and 7(c). Figure 7(b) shows that the pure
MCC and MCC-MXene nanocomposite films exhibit two-step
weight losses. After introducing the MXene nanosheets, the
MCC-MXene nanocomposite film still maintains a thermal
decomposition curve similar to that of the MCC. The thermal
decomposition temperature (Ty) at 5% weight loss of
MCC-MXene increases when the MXene content increases from
0% to 5%; however, it shows a decreasing trend when the MXene
content exceeds 10%. It is believed that the easily decomposed
hydroxyl groups in MXene (when the MXene content is high)
may have accelerated the degradation of MCC-MXene, leading to
the decline in the thermal stability of the MCC-MXene at low
temperatures. However, as shown in the DTG curves (Fig. 7(c)),
compared with that of the MCC film, the maximum weight loss
rate of the MCC-MZXene nanocomposite film has a significant
decrease trend. This may be due to the “barrier effect” of MXene
nanosheets, which hinders the diffusion of volatile compounds.
The thermal conductivity of MXene nanosheets endows the
nanocomposite film with the ability to dissipate heat faster. In
addition, the MCC-MXene-30% film shows a relatively higher
char yield (from 27% for MCC to 45%), indicating that the
introduction of MXene into the nanocomposite film can enhance
thermal stability. Moreover, the oxide of MXene can further act as
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an effective physical barrier to prevent the rapid combustion of
MCC [80, 81].

3.6 Water resistance and antibacterial property

Water resistance is crucial for maintaining the stability of the
dielectric properties of nanocomposite films. Therefore, in this
study, the water absorption properties of the pristine MCC and
MCC-MZXene nanocomposite films were investigated, and the
results are displayed in Fig. 7(e). The water absorption capacities
are 10.7%, 5.9%, 6.2%, 6.7%, 4.7%, and 7.2%, respectively, under
65% RH for the MCC, MCC-MXene-3%, MCC-MXene-5%,
MCC-MXene-10%, MCC-MXene-20%, and MCC-MXene-30%.
The results show that the introduction of MXene effectively
reduces the water absorption capacity, suggesting that the
proposed DMAC/LICl system is beneficial for controlling the water
absorption of MCC-MXene nanocomposite films. The excellent
compatibility and close contact between the MCC and MXene
nanosheets reported in this study are beneficial for preventing
water uptake. In addition, after the introduction of MXene, the
contact angle of the MCC-MXene nanocomposite film increases
from 37.9° for the pure MCC film to more than 50° for the
nanocomposite film (Fig.7(d)), and with an increase in the
MXene content, an overall increasing trend is shown. It may be
because, first, the inherent contact angle of MXene is larger than
that of the particularly hydrophilic cellulose, so the contact angle
of the nanocomposite films can be improved after doping. Second,
the contact angle of MXene is further enhanced owing to the
possible change in the surface environment of MXene through
TBAOH intercalation (as confirmed by XPS analysis). Zhang et al.
reported that MXene has a water contact angle of 59.9°, which
suggests its hydrophilicity [45]. Owing to the TBAOH
intercalation process, which possibly replaced some ~OH groups,
MXene-TBAOH attained a water contact angle of 119.1°. The
above characteristics contribute to the improvement in the contact
angle of the nanocomposite films. These unique properties have
the potential to expand the use of MCC-MXenes in wet
environments for portable and wearable electronic devices.

To investigate the antibacterial efficiency of the MCC-MXene
nanocomposite film, the inhibitory effects of three materials
(MXene, MCC, and MCC-MXene-30%) were examined against

B. subtilis. To evaluate the antibacterial activity of pure MXene in
growth media, B. subtilis bacterial strains were exposed to
1.9 mg:mL™ of MXene nanosheets (synthesized using the MILD
method) in an LB medium for 5 h. Figure S14 in the ESM shows
typical photographs of B. subtilis bacterial colonies after treatment
with MXene. Compared with that of the control, the number of
colonies  significantly decreases when exposed to MXene
nanosheets. This is consistent with the results reported by Rasool
et al. that MXenes have antibacterial properties [82]. The research
team proposed that the antibacterial mechanism of MXene is that
MXene nanosheets interact with the cell membrane through
hydrogen bonding to inhibit the uptake of nutrients by bacteria,
resulting in antibacterial properties. In addition, the contact of
bacteria with the sharp edge of MXene nanosheets can destroy the
bacterial membrane, which can also lead to antibacterial
properties. Based on the above results, MXene is confirmed to
have antibacterial properties. Therefore, we need to prove that the
introduction of MXene into MCC can make the MCC-MXene
nanocomposite film possess certain antibacterial properties. As
can be observed from Fig.S14 in the ESM, MCC-MXene-30%
exhibits a certain degree of antibacterial performance compared
with pure MCC, even though not as excellent as MXene
nanosheets. This may be due to the insufficient contact between
the nanosheets and bacteria after fabricating MCC and MXene
into nanocomposite films, so that the antibacterial properties of
the nanosheets cannot be fully exploited. However, because of the
existence of MXene in our synthesized nanocomposite films, on
the one hand, bacteria can contact MXene on the surface of the
film but on the other hand, during long-term contact with
bacteria, they may penetrate into the membrane, which gives the
nanocomposite films a certain degree of antibacterial properties.
Cellulose is a biomass material that may easily breed bacteria.
Therefore, cellulose-based composite films with certain
antibacterial properties are important for the long-term use of
electronic devices [83].

3.7 Stability of MXene/DMAc and MCC-MXene/DMAc-
LiCl
The stability of MXene was determined using UV-vis

spectroscopy. As depicted in Fig. 8(b) and Fig. S15(b) in the ESM,
after 28 days of storage at room temperature, 96.4% of the
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Figure 8 (a) UV-vis peaks at X = 785 nm of MXene after storage in water for different times. (b) UV-vis peaks at A = 785 nm of MXene after storage in DMAc for
different times. (c) Photographs of lower concentrations of MXene (DMAc) and MXene (water) after long-term storage. (d) Photographs of MCC and MCC-MXene
mixed solutions after storage for 2 months. (e) Permittivity of MCC-MXene nanocomposite films (prepared from solutions stored for 2 months). (f) Dielectric loss of
MCC-MXene nanocomposite films (prepared from solutions stored for 2 months). (g) Stress-strain curves of MCC-MXene nanocomposite films (prepared from
solutions stored for 2 months). (h) Photographs of MCC-MXene-20% soaked in water for 3 days and dried after soaking. (i) Stress-strain curves of the original

MCC-MXene-20% and MCC-MXene-20% after soaking in water for 3 days.

absorbance was detected compared to the absorbance of the initial
MXene dispersion, indicating that the change in concentration of
the MXene nanosheets dispersed in DMAc is extremely small. For
comparison, we performed the same stability experiments using
water-dispersed MXene synthesized using the MILD method. As
indicated in Fig. 8(a) and Fig. S15(a) in the ESM, after storage at
room temperature for 28 days, only 63.0% of the absorbance was
detected compared to the absorbance of the initial MXene
dispersion, indicating that the concentration of MXene nanosheets
dispersed in water synthesized by MILD method is significantly
reduced because of the large amount of MXene being oxidized. In
addition, we prepared MXene dispersions with a lower
concentration. From Fig. 8(c), we can see that the color of MXene
dispersed in water becomes clear after 60 days of storage, and it is
almost completely oxidized. However, the color of MXene
dispersed in DMACc is still black and contains a large amount of
MXene. The superior oxidation resistance of MXene dispersed in
DMAc may be attributed to two factors: (1) The surface
environment of the resulting MXene after intercalation with
TBAOH changes, making it less susceptible to oxidation
(according to the XPS results). (2) The amount of dissolved
oxygen in the DMAc organic solvent is small, which is beneficial
for protecting MXene from rapid oxidation. Stable preservation of
MXene dispersions is crucial for the preparation of large-scale
nanocomposites in the future [45].

We used a DMAC/LICI solvent system to dissolve MCC and
dispersed MXene into this solution. The DMACc/LiCl solvent
system achieves two benefits (one stone two birds) in the
preparation of nanocomposite dispersions. First, DMAc/LiCl is an
excellent solvent system for dissolving MCC. Because of the
existence of Li* and CI electron pairs in DMAc/LiCl, when MCC
is dissolved in the DMAc/LiCl solvent system, Cl” forms a strong
hydrogen bond with the hydroxyl protons of cellulose, thereby
forming an intermolecular hydrogen-bond network. In this
process, the intramolecular hydrogen bonds of cellulose are
broken, and simultaneously, the Li*~Cl" ion pair is split. Then, the
Li* cations are solvated by the free DMAc molecules, and the
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further solvated Li* cations are accompanied by the hydrogen
bonds of CI" to reach electrical equilibrium [84]. Therefore, MCC
can be completely dispersed into the DMAc/LiCl system to form a
homogeneous solution. Second, because we obtained MXene
nanosheets that can be stably dispersed and preserved in DMAc
by the TBAOH intercalation method, choosing DMACc/LICl
instead of water/urea/NaOH as the solvent greatly improves the
compatibility between cellulose and MXene. The improved
compatibility ensures better permittivity and mechanical
properties. In addition, Wang et al. reported that inorganic salts
(such as LiCl and NaCl) can significantly reduce both the water
activity and concentration of dissolved oxygen in aqueous
solutions [43]. Therefore, we hypothesized that the presence of
LiCl in our system might further protect the MXene from
oxidation after long-term storage. We prepared typical
MCC-MXene nanocomposite films using MCC-MXene
solutions stored for 2 months (Fig.8(d)). It is evident that
MCC-MXene nanocomposite films are successfully obtained even
after 2 months of storage in the MCC-MXene solution, as
depicted by the FTIR spectra (Fig. S16 in the ESM). The formation
of hydrogen bonds is confirmed in Fig. S16(b) in the ESM, which
also indicates the successful synthesis of nanocomposite films.
Moreover, as shown in Figs. 8(e) and 8(f), the dielectric properties
of the nanocomposite films prepared after storing the
MCC-MXene solution for two months are not compromised.
Furthermore, the mechanical properties are comparable to those
of the nanocomposite films prepared from a fresh solution
(Fig. 8(g) and Fig. S17 in the ESM).

To prove that the prepared nanocomposite films can be used
stably under high-humidity conditions and the structure will not
be damaged, we soaked the nanocomposite films in water for 3
days (Fig. 8(h)), dried them, and tested their relative performance
changes. As displayed in Fig. S19 in the ESM, the hydrogen bonds
are still detectable after soaking in water for 3 days, indicating that
the structure of the nanocomposite film is not damaged. Even
after 3 days of immersion in water, the mechanical properties are
not significantly compromised (Fig. 8(i) and Table S5 in the ESM).
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Figure S18 in the ESM presents the photos of MCC-MXene-20%
soaked in water for 3 and 30 days. The nanocomposite film is not
broken after soaking in water for 30 days, but the MXene
immersed in water for a long time may oxidize, resulting in color
change. These foldable MCC-MXene films with outstanding
durability and stability are expected to be advantageous for
electronic device applications.

4 Conclusion

We demonstrated an efficient method for fabricating
MCC-MXene nanocomposite films with excellent properties
using DMAc/LiCl as the solvent system. Two-dimensional MXene
nanosheets with good dispersibility in DMAc were synthesized via
facile TBAOH-assisted intercalation. The introduction of MXene
nanosheets into the MCC matrix increased not only the
permittivity of the nanocomposite film owing to the microscopic
dipole and microcapacitor network formation, but also the
thermal conductivity because of the excellent dispersion state of
the MXene nanosheets that provided a continuous thermal
conductive network in the in-plane direction of the
nanocomposite films. At 10> kHz, when the MXene content is
20 wt.%, although the permittivity of flexible nanocomposite film
increases by 8.7 times (from 8.2 to 71.4), the dielectric loss of the
nanocomposite film only increases by 1.8 times (from 0.39 to
0.70). The in-plane thermal conductivity reaches 8.523 and
9.668 W-m™K" with 20 wt.% and 30 wt% MXene loading,
respectively. Simultaneously, the mechanical properties, thermal
stability, antibacterial activity, and water resistance of the
nanocomposite films all show considerable improvements after
uniform introduction of MXene nanosheets, which warrants the
application of MCC-MZXene nanocomposite films in real
environments. More importantly, owing to the excellent
dispersion of MXene nanosheets in DMAc and long-term storage
without oxidation, the use of DMAc/LICl as the solvent system for
mixing MCC and MXene is beneficial for the compatibility of
MXene and MCC, which is essential for obtaining uniform
nanocomposite materials. Furthermore, with the acceptable
oxidation resistance of MXene in DMAc, the developed
preparation strategy will have more practical application
prospects.
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