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Abstract The fabrication of nanocellulose-based 
substrates with high dielectric permittivity and 
anisotropic thermal conductivity to replace synthetic 
thermoplastics in flexible organic electronics remains 
a big challenge. Herein, films were prepared from 
native (CNF) and carboxylated (TCNF) cellulose 
nanofibrils, with and without the addition of thermally 
conductive multi-layered  Ti3C2Tx MXene, to examine 
the impact of polar (− OH, − COOH) surface groups 
on the film morphological, moisturizing, dielectric, 
and thermal dissipation properties. The electrostatic 
repulsion and hydrogen bonding interaction between 
the hydrophilic surface/terminal groups on CNF/
TCNF and MXene was shown to render their 
self-assembly distribution and organization into 
morphologically differently structured films, and, 
consequently, different properties. The pristine CNF 

film achieved high intrinsic dielectric permittivity 
(ε’ ~ 9), which was further increased to almost ε’ ~ 14 
by increasing (50 wt%) the MXene content. The well-
packed and aligned structure of thinner TCNF films 
enables the tuning of both the composite’s dielectric 
permittivity (ε’ ~ 6) and through-plane thermal 
conductivity (K ~ 2.9  W/mK), which increased 
strongly (ε’ ~ 17) at higher MXene loading giving 
in-plane thermal conductivity of ~ 6.3  W/mK. The 
air-absorbed moisture ability of the films contributes 
to heat dissipation by releasing it. The dielectric 
losses remained below 0.1 in all the composite films, 
showing their potential for application in electronics.
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Introduction

Nanocellulose, a structural polysaccharide with 
excellent electrical insulation properties and 
exceptional mechanical and thermal stability, has 
gained extensive attention recently in advanced 
organic electronics (Tao et  al. 2020, 2021; Wang 
et  al. 2021; Luo et  al. 2023) to decrease the 
cost, and, above all, to replace toxic and non-
biodegradable thermoplastic polymers (as, e.g., the 
most used biaxially oriented polypropylene / BOPP 
and polyvinylidene fluoride / PVDF in dielectric 
substrates), while retaining the devices’ flexibility 
and lightweight, and boosting their recyclability. 
The existing synthetic dielectric substrates—used in, 
e.g., wearable electronics, medical/bioelectronics, 
solar cells, optoelectronics, and flexible displays—
are also thermal insulators, while substrates of 
high anisotropic thermal conductivity and efficient 
dielectric properties are still not available. The 

research on nanocellulose-based substrates with such 
properties is also still very limited and in the initial 
phase.

The dielectric constant (ε’) is a macroscopic 
manifestation of polarization, and the more 
polar the polymer is, generally the higher is the 
dielectric constant. Chemically, cellulose consists 
of linear chains of repeating D-glucopyranose units, 
connected covalently through β-(1 → 4)-glycosidic 
bonds, the symmetrical molecular structure of 
which, with dipole moments of C–OH bonds, can 
generate a strong polarity, and yield differently semi-
crystalline structures by intra- and intermolecular 
hydrogen bonds between the hydroxyl (− OH) 
groups present on the cellulose backbone at the 
C6, C2, and C3 positions of the adjacent glucose 
units of the cellulose chains, all beneficial for 
the dielectric properties (Luo et  al. 2023). The 
dielectric constant of native/pristine cellulose is, 
thus, related to a large number of polar − OH groups 
that can be dipole polarized by an alternating (AC) 
electrical current (Yun et al. 2009; Tao et al. 2020; 
Wang et al. 2023), ranging from 1.3 to 4.0 for CNF 
(resulting from its porous microstructure, and up 
to ~ 5.3 (measured at 1.1 GHz) for a densely packed 
nanocellulose paper (Inui et al. 2014), while having 
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a dielectric loss (tan δ) less than ~ 0.1 (Le Bras et al. 
2015), which is, however, next only to the BOPP 
with a dielectric constant of ~ 2.2. The degree of 
polarization can additionally be manipulated by 
their engineering, such as modification of cellulose 
by replacing the − OH groups with more polar 
groups (e.g. carboxyl / − COOH, sulphate / −  SO3H, 
nitro / −  NO2, and nitrile / − CN; Luo et  al. 2024), 
or introducing/grafting small chain segments 
(polyvinyl alcohol / PVA, polyaniline / PANI; Anju 
and Narayanankutty 2016) of large dipole moments 
onto it, and/or blending it with a relatively small 
content (near the percolation threshold, which is 
usually around 5wt%) of conductive (González 
et  al. 2023) or high-k dielectric (Wang et  al. 
2021; Tao et  al. 2021; Du et  al. 2023; Zhao et  al. 
2023) nanofillers, thus increasing the permittivity 
while keeping a relatively low dielectric loss. 
However, by introducing a high-k inorganic ceramic 
nanofiller, such as  BaTiO3 (Tao et  al. 2020) and 
 TiO2 (Tao et  al. 2019), into the nanocellulose 
matrix is disadvantageous, because large amounts 
of ceramic fillers are necessary, causing brittleness 
of the nanocomposite and its breakage. Various 
types of two-dimensional (2D) conductive 
nanomaterials, such as carbon nanotubes (CNTs, 
Zeng et  al. 2016; Tao and Cao 2020), graphene 
oxides (GO; Pottathara et  al. 2016, 2018, 2021), 
and silver nanowires (AgNWs; Inui et  al. 2014; Ji 
et  al. 2017) with high aspect ratios have thus been 
studied recently (Table  S1), resulting in dielectric 
permittivities between 10–3750 at low frequency 
(1  kHz). However, besides the cellulose’s intrinsic 
properties (above all the included polar groups, 
crystal-amorphous ratio and hydrogen bonding), 
the presence of potential impurities (such as 
hemicellulose and lignin), chains` orientation, 
and, above all, moisture/water absorption ability, 
are other obstacles hindering its application as a 
dielectric material (Luo et al. 2023). Hygroscopicity 
is related to the density, including polar surface 
groups, intermolecular hydrogen bonding, and the 
density and moisture/water absorption ability of 
nanocellulose (Wang et  al. 2023; Luo et  al. 2023). 
Anyhow, the data of those physical properties on 
the dielectric of nanocellulose-based composites are 
still lacking.

In order to ensure good performance of an 
electronic device, a dielectric substrate with 

attached electronics should also possess good 
thermal transport capability to dissipate the heat 
produced by the Joule (resistivity) effect during 
its operation, thus not affecting their function 
adversely. The thermal conductivity of CNF-based 
films was found to be around 0.65–2.5 W/mK in the 
in-plane direction (Uetani and Hatori 2017; Xu et al. 
2022, Table  S2), which is 3–10 times higher than 
that of versatile plastics. This gives the potential 
for the development of cellulose-based materials 
with both dielectric and thermally conductive (or 
even heat dissipation) properties. The thermal 
diffusivity of CNF films can be improved further 
by reducing the thermal resistance at the interface 
between the fibrils. This can be obtained with an 
increased interaction (chemical and/or hydrogen 
bonding) between the cellulose fibrils through 
their highly aligned anisotropic (layer-by-layer) 
structure (~ 14 W/mK in-plane; Wang et al. 2022a, 
b), the introduction of multivalent ions (e.g.  Ca2+; 
Uetani et  al. 2022) or thermally-conductive 2D 
nanofillers, such as graphene (164  W/mK in-plane 
and 5.0 through-plane; Chen et  al. 2018a, b, c; Li 
et al. 2020) and boron nitride (12.68–21.39 W/mK 
in-plane; Xu et al. 2022, Zeng et al. 2017; Yang and 
Kim 2022) through specific structure construction, 
also resulting in an improved mechanical strength, 
electrical insulation, and flame retardancy.

Titanium carbide  (Ti3C2Tx) type MXenes, 
recently developed 2D monolayer  Ti3C2Tx sheets 
of nanoscale thicknesses (10–20 nm) (Mathis et al. 
2021), have also been shown as highly suitable for 
such applications, due to their high in-plane thermal 
(~ 10  W/mK) conductivity (Chen et  al. 2018a, b, 
c), assigned to their well packed and aligned multi-
layered structure enabling high phonon transport. 
Since it is affected by the amount of functional 
groups on the surfaces of the sheets, the lateral 
dimension between them and inter-sheet thermal 
resistance, the in-plane thermal conductivity of 
MXene film can be increased further (~ 55.8 W/mK) 
by improving the interaction between the nano-
sheets using less delaminated MXene (Liu and Li 
2018). Many MXene/polymer composites have been 
studied, and their thermal conductivity properties 
have been reported (Chen et  al. 2021; Jin et  al. 
2020; Gao et  al. 2021). It is believed that MXene 
forms chemical and/or hydrogen bonds with the 
polymer, which act as a bridge in the composites, 
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consequently forming a heat conduction network 
that promotes heat transfer between the polymer 
chains, while also preventing MXene oxidation 
(Habib et al. 2019). Meanwhile, MXene reduced the 
randomness of the polymer chain arrangement, and, 
thus, weakened the thermal vibrations (boundary 
conductance) and reduced the scattering of phonons 
(Kang et  al. 2019) or phonon–phonon interactions 
in the interphase of the 2D nanosheets, which are 
essential for high thermal conductivity. The in-plane 
thermal conductivity of epoxy composite containing 
1  wt% of few-layered  Ti3C2Tx MXene is thus 
increased by ~ 141.3% (to ~ 0.58  W/mK) compared 
with that of neat epoxy at room temperature (Kang 
et  al. 2019). The 27  μm thick PVA/MXene film 
containing 19.5   wt% of single/few-layered MXene 
nanosheets exhibited in-plane thermal conductivity 
of ~ 4.57  W/mK, while resulting in ~ 47.3  W/mK 
for a 3  mm thick PVA/MXene film containing 
50  wt% of multi-layered MXene (Jin et  al. 2020). 
The  Ti3C2Tx MXene was also shown to increase the 
dielectric properties of polymeric composites (such 
as an acrylic resin (Yang et  al. 2023), polypyrrole 
(Shao et al. 2019), PVDF with  BaTiO3 (Feng et al. 
2019), silicone rubber without (Zeng et  al. 2022) 
and with Ag (Zeng et  al. 2023), PVDF with  MoS2 
(Wang et  al. 2022a, b), given a dielectric constant 
of 6–143 and a dielectric loss of 0.001–0.23 at 
1–0.1 kHz. Its addition (20 wt%) to nanocomposite 
films prepared from microcrystalline cellulose 
(MCC) through an LiCl/DMAc solvent was also 
shown recently to enhance (770%) film dielectric 
permittivity greatly (~ 71.4 at 0.1 kHz) at a very low 
increase of dielectric loss (from 0.39 to 0.70), owing 
to its interfacial polarization, while exhibiting 
in-plane thermal conductivity of ~ 8.52  W/mK 
related to the uniform dispersion and self-alignment 
of the MXene layered structure (Yan et  al. 2023). 
In addition, recently published results on CNF/
Ti3C2Tx MXene-based composite film, containing 
50  wt% of a few-layered  Ti3C2Tx, showed a 
dramatic increase in in-plane thermal conductivity 
(from ~ 11.57 to ~ 21.2  W/mK) with increasing the 
temperature from 20 to 130  °C (Song et  al. 2020). 
Such a linear relationship of thermal conductivity 
with increasing temperature was defined by the 
good water adsorption/desorption ability of MXene 
in a humid environment (Yu et  al. 2022), and thus 
the possibility of making films with a passive 

thermal management effect based on moisture 
sorption–desorption principle (Wang et  al. 2020). 
However, still rare studies have been performed 
for CNF-based composite films containing  Ti3C2Tx 
MXenes (Table S2), and no study yet on how they 
are affected by different polar groups on the CNF 
surface and their moisture adsorption/desorption 
ability.

In this work, the complete dielectric properties 
(dielectric permittivity, dielectric loss, and AC 
conductivity) of pristine (CNF) and TEMPO-
oxidized CNF (TCNF) films prepared from an 
aqueous solution by different manufacturing 
methods (solution casting / SC and scalable 
vacuum filtration / VF; Du et  al. 2023), were thus 
studied over broad frequency (1  Hz–1  MHz) and 
temperature (273–375  K) ranges. Various weight 
percentages of multi-layered  Ti3C2Tx MXene were 
included in the next stage, to verify the impact 
of CNF type (native vs. TEMPO-oxidized) on 
their self-assembly and interphase arrangement 
in composite films, and, consequently, on the 
dielectric and thermal (through-plane and in-plane) 
conductive properties. In addition, the ability of the 
as-prepared films to absorb moisture from the air 
was evaluated, to verify their complementary effect 
on the heat dissipation capacity (Wang et al. 2020).

Experimental

Materials

Cellulose nanofibrils (CNFs) and (2, 2, 6, 6-tetra-
methyl-1-piperidinyloxy) TEMPO-oxidized CNFs 
(TCNF) with chain-like structures, diameters of the 
20–100  nm and 20–50  nm range, respectively, and 
lengths of a few (1–3)μm (Fig.  S1), were prepared 
from bleached softwood pulp at the University of 
Maine (USA), The Process Development Center. The 
surface charges of around − 32.6 mV and − 35.1 mV 
were determined by dynamic light scattering analysis 
using a Zetasizer (Nano ZS ZEN360, Malvern Instru-
ments Ltd., UK), being related to the presence of rare 
(~ 0.12 m mol/g) and numerous (~ 1.5 m mol/g) car-
boxylic groups, as evaluated by potentiometric titra-
tion (Mettler Toledo T-70 equipped with a combined 
glass electrode Mettler TDG 117, Metter Toledo 
d.o.o., Slovenia), respectively. The multi-layered 
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2D titanium carbide  (Ti3C2Tx) MXene powder with 
well-packed and aligned 10–20  nm thin nano-sheets 
of 10–20  μm large accordion-like morphology 
(Fig. S2) were purchased from Nanochemazone (Can-
ada), and used as received. The dimethyl sulfoxide 
(DMSO) was purchased from Sigma-Aldrich GmbH 
(Germany).

Preparation of pristine and composite films

An overview of the experimental design for the 
preparation of nanocomposite films is collected in 
Table 1. The films were prepared by different meth-
ods, depending on the type of CNF used. While the 
CNF-based pristine and composite films were pre-
pared by both (an upscalable, but low pressure) vac-
uum filtration (VF) and solution casting (SC) tech-
niques, the TCNF-based films were prepared only 
by SC, due to the too-high water retention ability of 
TCNF to be vacuum filtered using the existing vac-
uum pressure. For the preparation of the films, the ini-
tial 0.69 wt% CNF and 1.1 wt% TCNF suspended in 
milli-Q water were used for the fabrication of pristine 
films (with final 0.1 g of CNF/TCNF weight mass), 
or film composites containing  Ti3C2Tx MXene. At 
the same time, various quantities of  Ti3C2Tx (0.002, 
0.005, 0.015/0.017, 0.0345/0.040, 0.057, 0.1035, 
0.3105, 0.9315 g) were dispersed homogeneously in 
15  mL DMSO by ultrasonic processor (VCX 750, 
Sonics & Materials, Inc., USA), for 1 h at 20% ampli-
tude. Finally, each of the DMSO-dispersed  Ti3C2Tx 
was mixed with the water-suspended CNF/TCNF, 
and stirred again for 1  h to get homogeneous CNF/
TCNF-Ti3C2Tx dispersions with a final 2 wt%, 5 wt%, 
9 wt%, 13 wt%, 25 wt%, 33 wt%, 50/47 wt%, and/or 

75  wt% of  Ti3C2Tx. The as-prepared CNF/Ti3C2Tx 
dispersions were vacuum filtered (VF) through a cel-
lulose filter with a pore size of 5–8 µm (Rotilabo 13A, 
Carl Roth GmBh & Co. KG, Germany), transferred 
in a wet stage to polystyrene Petri dishes of 6 cm in 
diameter (Greiner Bio-one GmbH, Austria), left to 
dry at room temperature, and additionally pressed for 
5  h at 4  bar in a Perkin Elmer laboratory hydraulic 
press (Scientific Instruments, USA). In the case of the 
solvent casted (SC) films, the dispersions were poured 
directly into the Petri dishes, and dried at room tem-
perature. The composite films were designed as, e.g., 
CNM-2 or TCNM-2, where M stands for  Ti3C2Tx 
MXene and CN for CNF, or TCN for TCNF, and 
the number refers to the wt% of  Ti3C2Tx in the film. 
The pristine CNF/TCNF films were prepared in the 
same way. The films were stored in a desiccator (DIN 
12491) to minimize their hygroscopicity before fur-
ther usage.

Characterizations

Thickness and density

The thickness of the films was measured using a dial 
thickness gauge, F1000/30 (Käfer Messuhrenfabrik 
GmbH & Co. KG, Germany). The volumetric 
density (g/cm3) was calculated from the weight 
mass, diameter and thickness of the samples. The 
presented results are the arithmetic mean values and 
the Standard Deviations of at least two independent 
measurements, obtained on pre-conditioned samples 
at 23 ± 1 °C and 65 ± 2% RH for 24 h.

Table 1  The experimental design for composite films prepara-
tion, depending on the type of cellulose nanofibrils used (CNF, 
TCNF), the content of MXene  (Ti3C2Tx), and the preparation 

method (vacuum filtration/VF followed by cold pressing, and 
solvent casting/SC)

Preparation method Type of CNF (content of − COOH) Concent. of MXene  (Ti3C2Tx) 
(wt%)

Type and designation

VF + SC CNF(~ 0.12 m mol/g) 0 CNF
2–50 CNM-2, CNM-50

SC TCNF (~ 1.5 m mol/g) 0
2–47 TCNM-2,… TCNM-47
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Moisture content

The samples were cut into squares of 1 × 1  cm, 
conditioned at 23 ± 1  °C and 65 ± 2% RH for 24  h, 
and dried in a moisture analyzer (DBS 60–3, Kern 
& Sohn GmbH, Germany; standard drying with 
automatic switch off) to the absolute dry weight. 
The moisture (M) content (g/g of the film, expressed 
in %) was calculated as  (Mw-Md)/Md × 100, where 
 Mw is wet/moisturized (conditioned) and  Md the 
absolutely dried mass (pre/dried at 100 °C for about 
1  h), and the time (t, min) of drying was recorded. 
The moisture evaluation experiments were performed 
for two independent measurements for each selected 
sample, and the data presented as the arithmetic mean 
values with standard deviations.

Scanning electron microscopy (SEM) and energy 
dispersive X-ray (EDX) spectroscopy

SEM imaging was performed by using a low-vacuum 
scanning electron microscope, FEI Quanta 200 3D 
(Thermo Fisher Scientific Inc, USA), equipped with 
an EDX spectrometer (Inca 350, Oxford Instruments 
Nanoanalysis, UK) for micro-chemical mapping. The 
sample surfaces and cross-sections were analyzed.

X-ray photo-electron spectroscopy (XPS)

The XPS measurements were performed with 
a Supra plus device (Kratos, Manchester, UK), 
equipped with an Al Kα excitation source. During 
the spectra acquisition, the charge neutralizer 
was on. The binding energy scale was corrected 
using the C–C/C–H peak at 284.8  eV in the C 1  s 
spectra. The samples were attached to the sample 
holder using carbon tape. The measurements were 
carried out at a 90° take-off angle at a pass energy 
of 20.0  eV and a step of 0.1  eV. The spectra were 
recorded for at least two locations on each sample, 
and processed using the ESCApe 1.5 software 
(Kratos).

Fourier transform infrared (FTIR) spectroscopy

The Fourier transform infrared spectra were recorded 
by using a Spectrum One spectrometer (Perkin-Elmer 
Inc., USA). The transmission measurements were 

carried out in the range of 400–4000   cm−1, with 16 
scans and a resolution of 4  cm−1. The Spectrum 5.0.2 
software program (version 10.6.1.) was applied for 
the data analysis. A few measurements were made of 
pre-conditioned samples at 23 ± 1 °C and 65 ± 2% RH 
for 24 h per film.

Dielectric spectroscopy

For the dielectric measurements, the surfaces of the 
films were covered by ~ 100 nm thick sputtered gold 
electrodes having a diameter of around 4  mm. The 
complex linear dielectric constant ε*(ω,T) = ε’–iε’’ 
was measured by an Alpha high-resolution dielectric 
analyzer (Novocontrol Technologies GmbH, 
Hundsangen, Germany). The amplitude of the 
probing AC electric signal was 1 V. The values of the 
real part of the dielectric constant, i.e., the dielectric 
permittivity ε’, and the values of the real part of the 
electrical conductivity, σ’, were calculated from the 
actual measured quantities, the capacitance C and 
electrical conductivity G via ε’ = (Cd)/(ε0S) and 
σ’ = Gd/S, where d is the sample thickness, S is the 
electrode area, and ε0 = 8.85 ×  10–12 As/Vm is the 
permittivity of the free space. The imaginary part of 
the dielectric constant ε’’ is connected to the electrical 
conductivity via σ’ = 2πνε0ε’’. The dielectric response 
was detected either as a function of frequency at room 
temperature, or at several frequencies during the 
heating and/or cooling runs, with the rate of ± 0.75 K/
min. The temperature of the samples was stabilized 
within ± 0.01 K by using the lock-in bridge technique 
with a platinum resistor Pt100 as a thermometer. One 
measurement was performed per film.

Thermal diffusivity and conductivity

The thermal diffusivity in the through-plane 
configuration was measured for the selected film 
samples by the laser flash method using an LFA 
467 HyperFlash (Netzsch Holding, Germany) at the 
temperatures of 20 °C (19.9 °C), 40 °C, 60 °C, 80 °C 
and 100 °C; the in-plane configuration measurement 
could be performed only for samples containing 
a higher content of  Ti3C2Tx due to the samples 
unevenness. Five laser pulses (xenon of 10  J/pulse) 
for 20  µs were performed at each temperature. The 
samples were spray coated with graphene before the 
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analysis and pre-conditioned at 23 ± 1 °C and 65 ± 2% 
RH for 24  h. The thermal conductivity K (W/mK) 
was calculated as K = α × ρ × Cp, where α and ρ are 
the thermal diffusivity  (mm2/s) and density (g/cm3) 
of the film, respectively, and Cp is the specific heat 
capacity (J/gK) measured with the classic sapphire 
method according to the standard procedure (User 
Com 7, Mettler Toledo GmbH, Schwerzenbach, 
Switzerland, 1998) using a differential scanning 
calorimeter Mettler Toledo DSC1 (Switzerland). 
The samples in the form of thin layers were carefully 
cut with a special tool to obtain the circles suitable 
for placement in 20  μ  L DSC crucibles. The initial 
masses of pre-conditioned (moisturized) samples of 
about 4–8.5 mg were obtained by placing several (4–6 
layers) layers on top of each other and pressing them 
firmly together with a Teflon rod. The same Teflon 
rod was used to press a lid onto the samples to ensure 
good thermal contact and to prevent the composite 
material from bending during heating. Weighing was 
performed on a Metter Toledo micro balance MX5 
with an accuracy of 1  μg. In the first measurement, 
two empty crucibles with the pressed lid (blank 
curve) was measured. In the second measurement, a 
sapphire disc with a known temperature dependence 
in  Cp was measured on a sample side. The 
temperature program for these two measurements 
was identical to that for the sample measurements. 
For the  Cp determination of the moisturized samples, 
the sample crucibles were covered with the lid, which 
was not pierced, and put into a DSC cell, which was 
cooled from room temperature to 0°, left at 0 °C for 
15 min to reach thermal equilibrium, and then heated 
to 110 °C at a rate of 10 K/min. In addition, samples 
were covered with a pierced lid and the cell with the 
inserted sample was first heated to 110 °C at a dry air 
flow of 50 mL/min (so that the adsorbed moisture was 
evaporated), then cooled to 0  °C, and thermostated 
at this temperature for 15  min before the dynamic 
measurement was performed again at a rate of 10 K/
min up to 110 °C; thus the  Cp of the pre-dried sample 
was determined. The  Cp difference (expressed in %) 
was calculated as 100—(Cpw/Cpd) × 100, where  Cpw 
is the value obtained by the first measurement method 
(i.e. for the moisturized sample) and  Cpd by the 
second method (i.e. for the pre-dried sample). Three 
measurements were made per each selected film, 
and the results were given as an average value with a 
Standard Deviation.

Results and discussion

Morphological, structural and physico-chemical 
properties

The morphology (surface, cross-section) of 
differently prepared films and interactions between 
the  Ti3C2Tx MXene and CNF/TCNFs were studied by 
SEM imaging, EDX, XPS and FTIR spectroscopy.

As shown in the SEM image, presented in 
Fig. S2a, the  Ti3C2Tx MXene has a typical accordion-
like morphology (ranging from a few up to 20 μm), 
consisting of a few nm thick nanosheets, stacked 
together in a multi-layered structure. The lamellas 
openings of the MXene sheets are also very visible, 
which is due to their exfoliation (Alhabeb et  al. 
2017; Syamsai et  al. 2017). The elemental analysis 
obtained by EDX elementary analysis confirmed the 
composition of Ti, C, and O, as well as the presence 
of F. The XPS analysis (Fig.  S2b) also confirmed 
the presence of terminated  (Tx) O and F functional 
groups (such as − OH, − O, and − F) on the outer 
surfaces of the MXene layers by the peaks of O 
1  s at ~ 532  eV and F 1  s at ~ 685  eV, respectively 
(Zhang et al. 2017). The Ti 2p spectra represent Ti–C 
components, whose binding energy position depends 
on the local bonding of the terminal fluorine (F) and 
oxygen (O) species. The presence of C can be related 
to the presence of impurities such as hydrocarbons 
(CH-x), alcohol (C–OH), and carboxyl (− COOH) 
components (Näslund et al. 2020). From a relatively 
high percentage of O-components, some of them were 
also expected to be in the form of  TiO2, because the 
samples were exposed to the laboratory atmosphere 
and vigorous mixing/filtration during preparation.

Figure 1a (as well as Fig. S3a) show SEM images 
of the VF CNF-based films prepared with and with-
out different contents of  Ti3C2Tx MXene. The 
smoother surface, but randomly interwoven arranged 
cellulose fibrils, both on the surface and in the cross-
section, are visible in the case of the pristine (~ 38 μm 
thick) CNF film. By the addition of a smaller quantity 
(5–10wt%) of  Ti3C2Tx the fibrils become more lon-
gitudinally oriented and the film more densely struc-
tured with integrated and CNF-coated  Ti3C2Tx micro-
large MXenes; a similar effect was observed for the 
film (containing 5 wt%  Ti3C2Tx) prepared by the SC 
method (Fig. S3b). This structure is collapsed for the 
film prepared with higher (50wt%)  Ti3C2Tx content, 
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leading to a more open/porous structure in the bulk, 
and predominantly deposited, differently oriented 
and aggregated  Ti3C2Tx MXenes on the surfaces. On 
the other hand, the pristine TCNF film prepared with 
the SC method (Figs. 1b and S3b) was fully transpar-
ent, the thinnest (~ 19 μm) and highly compact with 
parallelly aligned fibrils and a smooth surface. Such 
a well-oriented (and still relatively compact, ~ 25 μm 
thick) structure was preserved for the TCNM com-
posite films containing up to 10 wt%  Ti3C2Tx. A more 
open and thicker (~ 88  μm) structure is built with 
less uniformly distributed  Ti3C2Tx MXenes at higher 
(47wt%) concentration, which, however, were still 
fully integrated in the film and covered by the fibrils. 
The surface topography and roughness of such com-
posite films did not increase drastically, although the 

MXene size ranged from a few up to ~ 20 μm in lateral 
diameters (Fig. S2a). Such a structure could be attrib-
uted to better dispersibility, and, consequently, a more 
homogeneous distribution of  Ti3C2Tx MXene in the 
TCNFs network. The TCNF possesses a large amount 
of anionic carboxylate groups (−  COO−) on the cel-
lulose C6 hydroxyls (− OH), which creates electro-
static repulsion between the fibrils and facilitates their 
individualization in an aqueous solution (Fig.  S1), 
resulting in weakening the hydrogen bonding, and, 
subsequently, generating a stable and uniform disper-
sion. The presence of  Ti3C2Tx with negatively func-
tional surface groups (− OH, − O, and − F; Fig.  S2) 
additionally affects their distribution and orientation. 
This also depends on the MXene content, as well as 
the quantity and localization of the surface groups 

Fig. 1  Cross-sections and surfaces of the representative a VF CNF/CNM and b SC TCNF/TCNM films containing different con-
tents of  Ti3C2Tx (5, 10 and 50/47wt%)
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on both components. The composite films with more 
randomly oriented CNFs and distributed aggregates 
of MXene are thus formed by using CNFs, where 
the effects of the different preparation protocols (VF 
and SC) were found negligible, and the interactions 
between the CNF matrix and MXene were influenced 
mainly by the surface groups of  Ti3C2Tx. On the 
contrary, the TCNM composite films clearly present 
a more compact and hierarchically aligned (a nacre-
like layered) structure with negligible agglomeration 
(attributed to their better dispersibility) and orienta-
tion of both components in the planar direction, in 
good agreement with previous works (Jin et al. 2022; 
Liu et  al. 2022); it also appears that some MXenes 
were exfoliated during drying and appeared on the 
film`s outer surface. In all cases, CNF/TCNF, act-
ing as interlayer spacers between the MXene sheets, 
influenced their connecting and the structure of the 
films. The elemental mapping of representative films, 
performed by EDX analysis (Fig. S4), also supported 
these results by a differently homogeneous distribu-
tion of C, Ti, O, and F atoms across the cross-section 
of the composites, their dispersibility and compatibil-
ity. According to these analyses, the C:Ti and O:Ti 
ratios of CNF/Ti3C2Tx (CNM-10) are also higher 
(58:2 and 38:2, respectively) than those of TCNF/
Ti3C2Tx (TCNM-10; 58:1 and 39:1, respectively), 
which indicates that the Ti terminal groups of  Ti3C2Tx 
were interacting differently (i.e. intra/inter-molecular 

hydrogen bonding and van der Waals forces) with the 
surface groups of the CNF (in the TCNM film case) 
than TCNF (TCNM), due to the presence of elec-
trostatic repulsion between the hydrophilic surface 
groups in the latter.

FTIR spectra of the  Ti3C2Tx MXene powder, pris-
tine CNF/TCNF and selected CNM/TCNM com-
posite films were performed (Fig.  2), to analyze the 
characteristic functional groups and interfacial inter-
actions between them. The spectra of  Ti3C2Tx MXene 
had small shoulders at about 3400  cm−1, 1630  cm−1, 
1000  cm−1, and more intensive at 600–500  cm−1, cor-
responding to the stretching vibration of the –OH, 
C = O, C–F, and Ti–O bonds, respectively (Cao et al. 
2018; Yan et al. 2023). The pristine CNF film shows 
characteristic transmittance bands for cellulose at 
about 3340   cm−1 (assigned to − OH stretching), 
2920   cm−1  (CH2 stretching), 1410–1420   cm−1  (CH2 
bending), 1360–1310   cm−1 and 1150–1110   cm−1 
(CH stretching and bending), 1030   cm−1 (C–O–C 
stretching vibration of glucopyranose linkage, 
and − OH bending), 890   cm−1 (associated with cel-
lulosic β-glycosidic linkages), and 660   cm−1 (− OH 
out of plane bending). The larger band at about 
1600   cm−1 in the TCNF spectrum was attributed to 
the stretching vibrations of C = O, arising from the 
presence of carboxylic (− COOH) groups. All the 
characteristic peaks for CNF/TCNF and  Ti3C2Tx 
are found in both spectra of the composite films, but 

Fig. 2  FTIR spectra of representative a VF CNM, and b SC TCNM composite films, compared to the pristine CNF/TCNF films pre-
pared with the same method and  Ti3C2Tx MXene powder
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with different intensities, which indicated that the 
 Ti3C2Tx MXenes were associated differently with 
the cellulose fibrils. The bands assigned to the − OH 
and − COOH surface groups (above all those at about 
3334   cm−1, 1600   cm−1 and 1030   cm−1) in the com-
posite films were broadened, weakened, and, in the 
case of TCNM films, shifted slightly to a lower (at 
3334   cm−1) or higher (at 1030   cm−1) wavelength 
with increasing of  Ti3C2Tx content films, all implying 
reducing hydrogen bonding between the − OH, − O 
and C = O atoms of the adjacent glucose groups in 
the CNF/TCNF, due to their formation with the sur-
face groups of  Ti3C2Tx (− OH, − O, and − F, Fig. S2). 
It can also be observed that, at higher (50/47wt%) 
 Ti3C2Tx content, the presence of a small shoulder 
for the − OH groups (at 3334   cm−1 and 1030   cm−1) 

and peaks for − COOH groups (at 1600   cm−1) in 
the case of TCNM-50 composite were still present, 
indicating their availability. This is also in line with 
the structural evidence supported by EDX patterns 
(Fig. S4), as discussed above, and both results proved 
the structurally different integrity of  Ti3C2Tx within 
the TCNF matrix and their intercalations. Spherically 
larger and negatively charged carboxylic (− COOH) 
groups on the TCNF backbone have more free-
dom of movement (Zhao et al. 2023) and also more 
space for their arrangement, thus forming a more 
uniformly packed composite with an increased con-
tact area between them (Zhan et al. 2019), as already 
confirmed by the SEM images (Figs. 1 and S3), but 
with different interactions; beside the stronger hydro-
gen bonding and van der Waals forces, electrostatic 

Fig. 3  a The difference 
(moisturized vs. pre-dried, 
expressed in %) in specific 
heat capacity (Cp) of 
selected VF CNF/CNM and 
SC CNF/CNM and TCNF/
TCNM films related to their 
moisture content, and b 
their thermal conductivity 
(K) values (for moisturized 
samples), depending on the 
temperature
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repulsion interactions were also present. On the 
other hand, the  Ti3C2Tx MXene was interacting with 
the CNF network via predominant hydrogen bond-
ing, but given a more open morphological structure 
due to randomly distributed fibrils. It can also be 
observed that, with an increase of the MXene content, 
the characteristic peaks intensity for the TCNM film 
weakened faster (from about TCNM-10) than that for 
CNM (from about CNM-50), further suggesting dif-
ferently strong interactions between the components 
(both between the fibrils themselves like those with 
MXenes) and their distribution through the films, 
directed highly by the fibrils self-assembly, depend-
ing on the composite`s morphological structure.

Finally, the physico-chemical properties (thickness 
and density) and moisture content in differently 
prepared films were determined, to evaluate 
their effect on specific heat capacity and thermal 
conductivity. As seen from the results presented 
in Fig.  S5, the density of the films varied inversely 
proportionally with the thickness by increasing the 
content of  Ti3C2Tx, which also had a significant effect 
on their moisture absorption capacity when exposed 
to 23 °C and 65% RH for 24 h. The moisture content 
for SC TCNF-based films was thus generally higher 
(by up to 14% if expressed in g/g, or even between 
2000–3000% if expressed in g/cm3) as compared to 
the other films prepared with or without up to 10 wt% 
addition of  Ti3C2Tx, and it was also reduced more 
intensively (to around 20%, g/g or 543%, g/cm3) 
with its further increase of  Ti3C2Tx to 47  wt% (VF 
CNM-50 given 18.5%, g/g or 26%, g/cm3 reduction 
in moisture).

The films with a higher moisture content also had 
a higher difference (an increase, Fig.  3a) in specific 
heat capacity (Cp) when comparing the pre-dried and 
moisturized (i.e. pre-conditioned) samples (Fig. S6), 
confirming the different presence of moisture, as 
well as its removal/evaporation kinetic. In addition, 
a slight increase of Cp values for pre-dried samples 
by increasing the temperature (from 20 to 100  °C), 
also confirms the still accumulated small amount 
(estimated to be less than 3%, similar to the values 
obtained study by Uethani et  al. 2022) of moisture 
within the films, which desorption by raising the 
temperature was comparable regardless of the used 
CNF or the method of film preparation, but generally 
lower for films containing MXene; only in the case of 
TCNM-50, the most densely prepared film, this effect 

was insignificant, i.e. in the range of SD (± 5%). 
This indicated differently interfibrillar/intermediately 
adsorbed moisture, whose accumulation depends on 
the fibrils’ morphological and hydrophilic (type and 
amounts of available surface groups) nature, interac-
tions between them and with MXenes, and their dis-
tribution in the composite film. Therefore, there was 
an obvious difference in the Cp increase (moisturized 
vs. pre-dried, expressed in %, Fig. 3a) of the films pre-
pared with higher (50/47wt%)  Ti3C2Tx addition and 
similar moisture content (20/18.5%, g/g); i.e. a slight 
reduction for the CNM-50 sample and an almost 
one-time increase for the TCNM-47 one, independ-
ent of the temperature, that also confirmed the effect 
of the films morphological structure (Fig. 1) on their 
water desorption ability. While freely absorbed water 
requires low energy to remove, the interphase trapped 
water molecules (Kulasinski 2017; Chen et al. 2018a, 
b, c) or bound (through hydrogen bonds or inter-
molecular interactions) to the available interphase 
surface groups on the cellulose fibrils (− OH/COOH) 
or MXene (− OH, − O, and − F; Yu et  al. 2022) can 
be removed under specific drying conditions, to over-
come capillary forces and other interactions.

The corresponding through-plane thermal con-
ductivity (K) (Fig.  3b) of CNF-based films with a 
thicker and more open structure (associated with 
much more randomly oriented and distributed 
tightly CNF-coated MXene, Fig.  1a), thus reduced 
gradually with the addition of  Ti3C2Tx (from ~ 1.18 
to ~ 0.21  W/mK) at 20  °C, while showing a slight 
increase (to ~ 2.63 and ~ 0.57 W/mK, respectively) by 
increasing the temperature, due to the slower release 
of the interphase-absorbed moisture, as is evident 
from the results presented in Fig. 4a. A much higher 
through-plane thermal conductivity (~ 2.85  W/mK) 
was achieved for the TCNF sample, with 5  wt% of 
 Ti3C2Tx loading (TCNM-5), which is higher than 
the recently published results on VF CNF based film 
containing 50  wt% of a few-layered  Ti3C2Tx (Song 
et  al. 2020), showing also a percolation behavior. 
This was attributed to the reorientation/exfoliation of 
MXene (Figs.  1b and S3b) and enhanced composite 
surface roughness playing a major role in heat con-
duction (Zeng et al. 2017; Hu et al. 2021). Its further 
increase with increasing the temperature (to ~ 6.89 W/
mK at 100  °C) also indicates a greater contribu-
tion of surface adsorbed (and capacitative higher, 
Fig.  4b) moisture, and its gradual release from such 
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a structure, thus confirming its complementary con-
tribution; to the − COOH groups bound water mol-
ecules also evaporating faster during the heating than 
those bound on the − OH ones, while also weakening 
the intra-chain hydrogen bonds between the fibrils 
and the integrated MXenes. Such results can also be 
supported by the fact that the thermal diffusivity (α) 
(Fig.  S7) and Cp (Fig.  S6) values of plain samples 
(without MXene addition) were strongly depend-
ent on the moisture content (i.e. decreasing with 
increasing moisture due reduced phonon propaga-
tion), as already established by other studies (Izakura 
et al. 2021), but almost insignificant with increasing 
the temperature, which again confirms an important 
effect of the film’s morphological structure and den-
sity. Furthermore, the in-plane thermal conductiv-
ity measurements, which could be evaluated only 
for samples with higher  Ti3C2Tx content (otherwise 
the values had too much scatter and a uniform trend 
to be able to determine the true values), resulted 
in ~ 2.48  W/mK for the CNM-50 and ~ 6.35  W/mK 
for the TCNM-47. Such a thermal conductivity of 

the TCNM samples containing a higher amount of 
MXene can thus be attributed to both the multi-lay-
ered structure of  Ti3C2Tx nanosheets that can eas-
ily construct heat-spreading pathways in the in-line 
direction, as well as the more homogeneous distri-
bution of MXene between the TEMPO-oxidized 
CNFs, forming a densely packed and (in-plane) par-
allelly aligned structure (Fig.  1b), being thus also 
favorable for heat dissipation in the through-plane 
direction (Liu and Li 2018). TCNFs can also fill the 
gaps between adjacent nanosheets of  Ti3C2Tx easily, 
enhance the connection between them through dif-
ferent interactions (as confirmed by the FTIR spec-
troscopy, Fig. 2), therefore, decreasing the interfacial 
thermal resistance in both directions, and/or direct the 
heat transfer along the integrated  Ti3C2Tx nanosheets 
of multi-layered MXene (Chen et  al. 2018a, b, c). 
Finally, the TCNM-47 film also needed a longer time 
to desorb the absorbed moisture (Fig. S5) which can 
contribute complementarily touyor the (through-
plane) heat dissipation performance.
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Fig. 4  a Temperature dependence of through-plane thermal 
diffusivity (α) and thermal conductivity (K), and b Frequency 
dependence of dielectric permittivity (ε’) and AC electrical 

conductivity (σ’) at room temperature for the (i) as prepared, 
and (ii) absolute dried (at 100 °C) VF CNF film, as well as (iii) 
1 h and 24 h after drying
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Dielectric properties of pristine and composite CNF/
TCNF films

It has been reported that the intrinsic dielectric 

permittivity (ε’) of the pristine CNF film is almost 
independent of temperature (Jose et al. 2021). Other 
studies, including those of (Le Bras et  al. 2015; 
Kovalov et al. 2017), revealed that the AC electrical 

Fig. 5  a Frequency dependence of dielectric permittivity (ε’), AC electrical conductivity (σ’), and dielectric loss (tan δ), detected at 
room temperature, for differently prepared films. b Temperature dependent dielectric response of the films
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conductivity (σ’) of CNF films increases strongly 
with the increase of frequency, and, moreover, that 
humidity plays a very important role; the electrical 
conductivity thus increases from  10−10 to  10−7  S/
cm when the relative humidity increases from 10 
to 80%. Our results, presented in Fig.  4b, for a 
representative CNF film prepared by the VF method, 
are in line with the previously published results. The 
absorbed moisture enhances the values of both ε’ and 
σ’ strongly at low frequencies in the pristine, i.e. as 
prepared film sample (note the logarithmic ε’-scale). 
After one hour of drying at 100 °C the sample values 
at low frequencies decreased by orders of magnitude. 
However, they increased again when the sample was 
exposed to the air atmosphere, due to the reabsorbed 
moisture. At a high (1  MHz) frequency this effect 
was almost negligible, which suggests that the data 
detected at this frequency reveal the intrinsic response 
of the samples.

To minimize the effect of moisture, all the films 
presented and discussed below were dried for one 
hour at 100  °C before the dielectric measurements. 
The frequency- and temperature-dependent dielectric 
responses of pristine CNF and TCNF films, prepared 
by different methods, were studied first (Fig. 5). In the 
natural state, the dipoles (− OH groups) in cellulose 
materials are oriented randomly and arranged freely. 
When the cellulose material is exposed to an external 
electric field, the dipoles orient in the direction of the 

field, which results in a non-zero electric polarization 
(Tao et al. 2020; Wang et al. 2023). However, the die-
lectric constant generally increases with a lowering 
of the frequency, either due to the free space charge, 
impurities contributions, or external effects, such as 
the presence of surface layers (for example, due to the 
formation of Schottky barriers) (Lunkenheimer et al. 
2002; Pottathara et al. 2016, 2018). Indeed, as seen in 
Fig.  5a, the dielectric permittivity at room tempera-
ture increased slightly at lower frequencies. On the 
other hand, the AC electrical conductivity increased 
strongly with the increase of frequency in all samples. 
Consequently, the dielectric losses undergo a crosso-
ver from decreasing to increasing behavior. However, 
according to other studies, hydrogen bonding between 
the glucose units in cellulose chains formed dur-
ing the drying at 100 °C should hinder the rotational 
movement of dipolar − OH groups in the case of 
CNF, thus giving lower dielectric permittivity. On the 
other hand, the presented − COOH polar groups with 
a higher degree of orientation polarization should 
increase it for the TCNF film (Luo et al. 2024), which 
was, however, not the case in our samples.

The intrinsic dielectric permittivity, evaluated at 
the highest (1  MHz) measurement frequency, for 
CNF films is almost independent of the temperature 
(Fig.  5b). On the other hand, the values obtained 
at low frequencies increased with increasing the 
temperature, due to the higher mobility of the free 

Fig. 6  Temperature dependence of dielectric permittivity (ε’) and AC electrical conductivity (σ’) of differently prepared (VF, SC) 
composite CNF/TCNF films with 5 wt% addition of  Ti3C2Tx MXene
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space charges, and the same applies to dielectric 
losses. The cellulose fibril is a semi-crystalline 
layered structure of cellulose chains that trap space 
charges efficiently (Windmill et  al. 2007), which 
also accumulate at the interface between them 
(Abdel-karim et  al. 2018). The accumulated charges 
diminish the movement of cellulose dipoles via 
the pinning effect, which could be the origin of the 
slightly lower intrinsic dielectric permittivity of the 
TCNF sample. The number of free space charges 
is obviously higher in the TCNF film due to the 
presence of polar − COOH groups having more 
freedom of movement (as already confirmed by FTIR 
spectroscopy, Fig.  2b), where the increase at lower 
frequencies was more pronounced during both the 
frequency-dependent and temperature-dependent 
experiments. The difference in the dielectric 
response between the CNF and TCNF samples 
could also originate from the morphologically 
differently structured films (Figs.  1 and S3), i.e. 
fibrils’ orientation, homogeneity and density in 
the film. However, the method (VF vs. SC) of CNF 
film preparation almost did not affect its dielectric 
properties.

To compare the influence of  Ti3C2Tx MXene on 
the dielectric properties of differently prepared films, 
first the temperature-dependent dielectric response 
was investigated of CNF/TCNF-based films prepared 

Fig. 7  Frequency dependences of dielectric permittivity (ε’), 
AC electrical conductivity (ε’) and dielectric loss (tan δ), 
detected at room temperature, for a VF CNF and b SC TCNF-

based films, prepared with and without different contents of 
(wt%)  Ti3C2Tx MXene

Fig. 8  The evolution of the dielectric permittivity (ε’) of VF 
CNF and SC TCNF-based composite films as a function of 
 Ti3C2Tx MXene content, detected at room temperature at the 
highest (1 MHz) measurement frequency
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with 5 wt% of  Ti3C2Tx addition by both methods (VF 
and SC) (Fig.  6). It should be stressed once again 
that, before the measurements, the samples were 
dried at 100 °C, and then the dielectric response was 
detected at several frequencies during the cooling 
runs. While the intrinsic data at the highest frequen-
cies were almost identical for all three samples, the 
increase in both the low-frequency dielectric constant 
and electrical conductivity at higher temperatures 
was much more pronounced for the SC TCNF-based 
film (TCNM-5). This again suggests that the TCNF-
based sample contained a higher amount of free space 
charges due to the presence of polar − COOH groups. 
As these charges increase losses and imply the dielec-
tric breakdown at lower electric fields, CNF-based 
composites seem more suitable for electrical applica-
tions. Again, as in the case of pristine films, the prep-
aration method did not affect the free space charges in 
CNF-based films.

The room-temperature dielectric response of VF 
CNF-based and SC TCNF-based composite films, 
prepared with different amounts of  Ti3C2Tx are pre-
sented in Fig. 7. It can be seen that all quantities (ε’, 
σ’, and tan δ) increased with increasing the MXene 
content. Since the dielectric response at lower fre-
quencies is usually governed by extrinsic factors 
including moisture, the presence of ultra-small dust, 
free space charges or other impurities contributions, 
and the presence of Schottky barriers (Pottathara 
et  al. 2016, 2018), the intrinsic material properties 
were provided at higher measurement frequencies. 
Figure 8 therefore shows the evolution of the dielec-
tric permittivity, detected at 1 MHz, for VF CNF and 
SC TCNF-based films as a function of the  Ti3C2Tx 
content. The dielectric permittivity of nanocompos-
ites is the measure of the microcapacitors that are 
formed by the nanofiller, acting as electrodes sur-
rounded with insulating matrices, and the polariza-
tion centers that are initiated from the defects and ter-
minated groups on the nanofiller structure (Tu et  al. 
2018). The enhancement of the dielectric permittivity 
in the composites, similar to the case where graphene 
oxide was used as a filler, originates from the syner-
getic Maxwell–Wagner–Sillars (MWS) polarization 
effect (Pottathara et  al. 2016, 2021) that occurs on 
the interface between both components. When a cur-
rent flows through MXene nanosheets and a cellulose 
matrix, charges accumulate at the interface because 
of the presence of functional groups (such as − OH 

and − COOH on CNF/TCNF, and − OH, − O, and − F 
on MXene), which forms an effective capacitor net-
work. The enhancement in the dielectric permittivity 
from ~ 8.9 to ~ 14.2 for the CNF-based and from ~ 6.3 
to ~ 17.3 for the TCNF-based composites by adding 
50  wt% and 47  wt%  Ti3C2Tx, respectively, can be 
credited to an MWS effect, due to the entrapment of a 
large number of charge carriers at the interface. Addi-
tionally, the interfacial hydrogen bonding between the 
 Ti3C2Tx and CNTCNF (already confirmed by FTIR 
and EDX spectroscopy, Figs. 2 and S4) may also con-
tribute by forming dipoles, and thus increasing the 
dielectric permittivity.

The electrical conductivity of the composite films 
(Fig.  7) thus increased from ~  10−11 to ~  10−4  S/m 
for the CNF-based samples, and from ~  10−10 
to ~  10−5  S/m for the TCNF-based composites, with 
an increase in frequency over the whole investigated 
frequency range, as well as increased content of 
 Ti3C2Tx. While at lower frequencies the conductivity 
of the MXene sheets is effectively blocked, at 
sufficiently high frequencies their higher conductivity 
is revealed since most of the charge carriers have no 
time to feel the blocking boundaries. The intrinsic 
dielectric loss thus remained below 0.1 for all the 
developed composites.

Conclusions

The low dielectric permittivity and thermal 
conductivity of hygroscopic nanocellulose-based 
materials limit their applications in electronics. 
In this work, native (CNF) and TEMPO-oxidized 
(TCNF) cellulose nanofibrils, containing different 
weight percentages of highly thermally conductive 
multi-layered  Ti3C2Tx MXene, were thus prepared, 
to evaluate the presence of different types of 
CNFs on the films morphological structure, and, 
consequently, their moisture absorption ability, 
dielectric spectroscopic and thermal conductive 
properties. The dielectric permittivity, dielectric 
loss and AC conductivity were thus evaluated at 
different frequencies (1 Hz–1 MHz) and temperatures 
(273–375 K). In addition, the temperature-dependent 
thermal diffusivity and conductivity were assessed, to 
evaluate the effect of air-absorbed moisture on their 
heat dissipation capacity.
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The electrostatic repulsion and hydrogen bonding 
interaction between the hydrophilic surface/terminal 
groups on CNF/TCNF and MXene were shown to 
render their self-assembly distribution and organiza-
tion into morphologically differently structured films 
(i.e.more open/porous with randomly distributed 
CNFs, and densely packed with parallelly aligned 
TCNFs), and, consequently, different properties. The 
complementary contribution of the MXene nanosheet 
structure and moisture absorption ability (32/36%, 
g/g) of CNF/TCNF to the through-plane thermal 
conductivity (0.7–1.5/2.8–6.9  W/mK) of composite 
films prepared with low (up to 5wt%) MXene con-
tent was confirmed, which was increasing with the 
temperature due to the gradual, but kinetically differ-
ent, release of interphase-absorbed moisture. On the 
other hand, the lower density and moisture content 
(20/18%, g/g) of the as-prepared films with higher 
(50/47wt%) MXene addition, demonstrated relatively 
low through-plane (0.2–0.5/0.3–0.7 W/mK) but high 
in-plane (2.5–7.1/6.3–14.4  W/mK) thermal conduc-
tivity. The latter was more significant for the TCNF 
film, whose morphological structure directed the heat 
transfer between the fibrils and along the nanosheets 
of integrated multi-layered MXene, indicating its 
good heat dissipation performance. The as-prepared 
composite films exhibited relatively high dielectric 
permittivity (6.3–18) with dielectric losses below 0.1, 
which shows their potential application in flexible 
electronic devices.
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