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ABSTRACT

Cellulose-based nanomaterials are fascinating renewable biosystems, yet low thermal conductivity and dielectric permittivity often limit their
potential applications in flexible electronics. We report dielectric properties of composite films prepared by vacuum filtration or solvent cast-
ing method from the native (CNF) or carboxylated (TCNF) cellulose nanofibrils and high electrically and thermally conductive 2D titanium
carbide (Ti3C,Tx) MXenes. Measurements over broad frequency and temperature ranges revealed the influence of preparation method and
type of nanofibrils matrix on the overall dielectric response, as well as a notable impact of absorbed water, particularly on the cellulose’s
secondary f3 and y relaxations. A detailed investigation of material with the lowest amount of impurities, vacuum-filtered MXene/CNF com-
posites, confirmed that the dielectric response follows the predictions of the percolation theory. The resulting strong enhancement of the
dielectric permittivity on increasing MXene content demonstrates the potential of developed composites for applications in eco-friendly

dielectric and piezoelectric devices.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0232250

I. INTRODUCTION

The theory of percolation in general explains a physical pro-
cess in which a macroscopic magnitude is strongly modified as
a result of small microscopic changes in connectivity.! One such
process is the anomalous behavior of a metal-insulator composite
(a so-called percolative composite) near its percolation threshold,
which is characterized by an abrupt discontinuity in the real part
of the electrical conductivity.”* Theory furthermore predicts that
the dielectric permittivity ¢ of a composite comprising a conduc-
tive filler embedded in a dielectric matrix diverges at the percolation
threshold, where the insulator-metal transition occurs.” The fact
that the effective dielectric permittivity of the mixture is much larger
than the values of the individual constituents can intuitively be
understood by a simple geometrical approach: Close to the perco-
lation point, there are many conducting particles isolated by thin
dielectric layers.

The development of high-¢' materials has become one of
the major scientific and technological issues, as the requirement

for compact and low-cost systems designed to control and store
electrical charges has increased substantially. Such materials are
highly desirable for use not only as capacitor dielectrics but also
in a broad range of electromechanical applications, such as actu-
ators, sonars, and high-frequency transducers. The input electric
energy that can be converted into the strain energy is, namely,
directly proportional to the dielectric permittivity of the electroac-
tive material U, o ¢'E*. Thus, by increasing the dielectric permit-
tivity, the desired strain can be induced under a much reduced
electric field E.

The composite approach, in which conductive particles are dis-
persed within an insulating dielectric or ferroelectric matrix, has
successfully been realized in both polymeric and inorganic systems.
In percolative polymer composites, where conductive polyaniline
particles were dispersed in polyvinylidene fluoride-based polymers,”
the dielectric permittivity increases for several orders of magnitude
on approaching the percolation threshold. An identical behavior was
observed in inorganic percolative composites made of conductive
nickel particles and ferroelectric ceramic matrix® as well as in all-
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ceramic percolative composites, which are composed of conducting
and insulating grains.”” Moreover, in nanocomposite films where
ammonia-functionalized” or reduced graphene oxide'’ was incorpo-
rated into the cellulose nanofibrils matrices, ¢’ substantially increases
already at a low filler content due to a large Maxwell-Wagner
interfacial polarization.

Biopolymers such as cellulose have been proposed as an auspi-
cious base material for flexible electronics due to their low cost and
biodegradability.'! Cellulose nanofibrils have a high aspect ratio'”
with a high elastic modulus (138 GPa)'” and a low thermal expan-
sivity (0.1 ppm/K),'* compared to other polymers. The TEMPO-
oxidation of cellulose results in high densities of carboxylate groups
on the surfaces of cellulose nanofibrils that allow homogeneous dis-
persion in composites and further improved physical properties.'”
Since the high dielectric permittivity is crucial for energy storage
applications, the main strategy in the fabrication of flexible cellu-
lose materials with improved dielectric performance is focused on
using nano-additives, such as carbon nanotubes and graphene-based
nanosheets, due to their ultra-high specific surface area and excellent
electric properties.'! With the two-dimensional sheet-like structure
with covalently attached carbon atoms having various functional
groups on the edges and basal planes, the graphene oxide shows
excellent dispersibility in polymeric matrices;'® however, for the
fabrication of electronic devices, the low electrical conductivity lim-
its its applicability—hence the ammonia-functionalized” or reduced
graphene oxide'’ was used for the fabrication of high-¢’ flexible
cellulose-based films.

In this work, we present the dielectric response of cellulose
nanofibrils/Ti3C,Tx composite films. Titanium carbide TizCyTy
belongs to a class of novel 2D transition metal carbides, nitrides,
and carbon nitrides, so-called MXenes. These systems (denoted as
M, 41X, Tx, where M is an early transition metal; X is C and/or N;
T is a hydroxyl, oxygen, or fluorine surface termination unit; and
n = 1-3) have attracted much attention due to their outstanding
electrochemical properties, hydrophilicity, and metallic conductiv-
ity,'” and are similar to 2D perovskite oxides,””*" which are very
interesting for two-dimensional electronics. Not only that the lack
of a large-scale and cost-effective method for synthesis still limits
the use of graphene-based systems in high-performance electronics,
MZXenes (particularly TizC,Tx) demonstrate even higher electrical
conductivity than the solution-processed graphene.”””” We report
the influence of the preparation method and type of nanofibrils
matrix, as well as a notable impact of absorbed water on the overall
dielectric response. We demonstrate that the dielectric response of
composites follows the predictions of the percolation theory, which
results in the strong enhancement of the dielectric permittivity with
increasing MXene content.

Il. MATERIALS AND METHODS
A. Preparation of cellulose-MXene composite films

Multi-layered (ML) and few-layered (FL) 2D TizC,Tx MXene
powders with 10-20 ym (ML) or ~1 ym (FL) thick accordion-like
morphology of well packed and aligned 10-20 nm thin nano-
sheets were purchased from Nanochemazone (Canada) and used as
received. In addition, titanium aluminum carbide (Tiz AlC,) powder
(MAX phase) of 10-30 ym in diameter was obtained to self-prepare

pubs.aip.org/aip/apm

the MXene by hydrofluoric acid etching method at room tem-
perature.”* Here, 0.5 g of Ti3AlC, powder was dispersed in 10
ml of 30% hydrofluoric acid by magnetic stirring at 20 rpm for
24 h. The sample was then washed several times with deionized
water via centrifugation until the supernatant pH value reached 6.
The TisC, Ty sediments were rewashed with deionized water via
vacuum-assisted filtration using a polyvinyl difluoride filter mem-
brane with 0.22 ym pore size before collection of the remaining
MZXene. Then the sample was intercalated/delaminated by mag-
netic stirring at 20 rpm for 24 h in dimethylsulfoxide, followed by
1 h sonication at 20% amplitude using the sonicator Vibra Cell
VCX 750 (Sonics, USA). Finally, the obtained MXene powder was
vacuum dried at 375 K for 24 h. Figure 1 shows cross-sectional
SEM images of purchased ML titanium carbide MXene powder
and self-prepared MXenes. SEM imaging was performed using a
low-vacuum scanning electron microscope, FEI Quanta 200 3D
(Thermo Fisher Scientific Inc., USA), equipped with an EDX spec-
trometer (Inca 350, Oxford Instruments Nanoanalysis, UK) for
micro-chemical mapping. Both images demonstrate accordion-like
morphology of well packed and aligned 10-20 nm thin MXene
nano-sheets.

Cellulose nanofibrils (CNF) or TEMPO [(2,2,6,6-
Tetramethylpiperidin-1-yl)oxyl] oxidized CNF (TCNF) with
lengths of 1-3 ym and diameters of 10-70 nm were derived
from bleached softwood pulp at the University of Maine, USA.
Pristine cellulose and CNF,TCNF/MXene composite films were
prepared either by solvent casting (SC) or vacuum filtration
(VF) methods. Various quantities of the TizC,Tx powder were
dispersed homogeneously in 15 ml of dimethyl sulfoxide by an

FIG. 1. Cross-sectional SEM images of (a) multi-layered titanium carbide MXene
powder purchased from Nanochemazone and (b) self-prepared MXenes. The
scale bar is the same for both images.
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ultrasonic processor, then mixed with an appropriate amount of
Milli-Q water-suspended CNF/TCNF and stirred for 1 h to get
homogeneous cellulose/MXene dispersions. The dispersions were
poured directly into the polystyrene Petri dishes and dried at room
temperature (SC films) or vacuum filtered through a cellulose
filter with a pore size of 5-8 um, transferred in a wet stage to
Petri dishes of 6 cm in diameter, left to dry at room temperature,
and finally pressed at 4 bar for 5 h with a hydraulic press. The
thicknesses of developed films were ~40 ym in the case of pristine
cellulose, while they increased to almost 300 ym in samples with
90 wt. % of MXene.

Figure 2 shows cross-sectional SEM images of vacuum-filtered
pristine cellulose nanofibrils film and MXene/CNF composite
film with 10 wt. % of Ti3C,Tx. The morphology of the TizC,Tx
MXene/cellulose nanofibrils composite films significantly differs
from that of an ideal percolative composite with randomly dis-
tributed small-scale metallic regions within a dielectric matrix (see,
for example, Fig. 1 in Refs. 7 and 8). Here, high electrical con-
ductivity filler is in the form of relatively large 2D sheets and,
furthermore, forms electrostatic interactions with the matrix as
well as hydrogen bonds with hydroxyl and carboxyl surface groups
on CNF/TCNEF.

- =

-
"o

FIG. 2. Cross-sectional SEM images of vacuum-filtered (a) pristine cellulose
nanofibrils film and (b) MXene/CNF composite film with 10 wt. % of Ti3C,Ty. The
scale bar is the same for both images.

pubs.aip.org/aip/apm

B. Dielectric characterization

For dielectric measurements, the surfaces of films were cov-
ered by ~100 nm thick sputtered gold electrodes having a diameter
of 4 mm. The complex linear dielectric constant £*(w, T') = &' — ie”’
was measured by a Novocontrol Alpha Analyzer. 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 &', and
the values of the real part of the electrical conductivity, o', were
calculated from the actual measured quantities, capacitance C and
electrical resistivity R via ¢’ = Cd/(&S) and o’ = d/(RS), where d is
the sample thickness, S is the electrode area, and & = 8.85 x 107"
As/(Vm) is the permittivity of free space. The imaginary part of the
dielectric constant ¢” is connected to the electrical conductivity via
o’ = 2mveoe”.

The dielectric response was detected either as a function of fre-
quency at a constant temperature or at several frequencies during
heating or cooling runs with a rate of +0.75 K/min. The temperature
of samples was stabilized within +0.01 K by using the lock-in bridge
technique with a platinum resistor Pt100 as a thermometer.

Ill. RESULTS AND DISCUSSION
A. General dielectric response

Figure 3 shows the frequency dependence of the dielectric per-
mittivity and electrical conductivity, detected at room temperature
in a pristine CNF film. The absorbed water strongly enhances val-
ues of both, ¢’ and ¢’, at low frequencies in the as-prepared sample
(note the logarithmic ¢’-scale). While free absorbed water requires
low energy to be removed, water molecules can also be trapped
in the fiber network” or bound to the hydroxyl groups on the
surface of cellulose. Trapped and bound water can be removed
under specific drying conditions to overcome capillary forces and
other interactions. After drying the sample, ¢ and ¢’ values at low
frequencies decrease by orders of magnitude but increase again
when the sample is exposed to air moisture. A similar behavior
was detected in the composite sample with 5 wt.% of TizC,Tx
MZXene (denoted as CNF-5MX, the inset to Fig. 3; both samples
were prepared by vacuum filtration). It can be seen that low-
frequency &’ values of as-prepared samples are significantly lower
in the composite. MXene sheets not only reduce the space for
trapped water within the fibril network but also lower the amount
of bounded water due to the Ti3C,Tx—CNF interactions. To min-
imize the influence of air moisture on dielectric results prior to
all further presented dielectric measurements, the films were dried
for 1 hat375K.

To compare the influence of TizC,Tx MXene on the dielectric
properties of different cellulose films, first, the dielectric response
of composite samples prepared with 5 wt. % of TizC,Tx was inves-
tigated. Figure 4 thus shows the temperature dependence of the
dielectric permittivity and electrical conductivity of vacuum-filtered
CNF-based, solvent-casted CNF-based, and solvent-casted TCNF-
based composite films (a high water retention ability of TCNF pre-
vents it from being vacuum filtered). While the intrinsic data at the
highest frequencies are almost identical, we can see that the increase
in both, ¢ and ¢’, at low frequencies and high temperatures is much
more pronounced in the solvent-casted sample than in the vacuum-
filtered CNF-5MX sample. This suggests that solvent-casted samples
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FIG. 3. Frequency dependences of the dielectric permittivity and electrical conduc-
tivity, detected at room temperature in (i) as-prepared CNF film, (i) after drying at
375K, (iii) 1 h after drying, and (iv) 24 h later. The inset shows ¢’ data, detected in
the CNF-5MX composite in an identical series of steps.

contain a higher amount of free space charges or other impurities
than vacuum-filtered ones. Since these charges increase dielectric
losses and imply the dielectric breakdown at lower electric fields, we
have further thoroughly analyzed the dielectric response of vacuum
filtered Ti3C,Tx/CNF composite films. The number of space charges

ARTICLE pubs.aip.org/aip/apm

is the highest in the TCNF-based sample—this is not surprising
since a high number of hydroxyl groups on the surface of CNF are
replaced by highly hydrophilic and polar carboxylate groups after
TEMPO-mediated oxidation of cellulose.' "’

The dielectric spectra in Fig. 4 also reveal a relaxation behavior
between 150 and 300 K, particularly in both CNF-based compos-
ites. It is known that amorphous cellulose exhibits two secondary
relaxations, so-called y and J3 relaxations, at temperatures below its
glass transition temperature. The activation energy of y relaxation
and the comparison with other polysaccharides lead to the conclu-
sion that it corresponds to the noncooperative rotation of CH,OH
lateral groups.”® On the other hand, f8 relaxation is characterized by
high values of the activation parameters, suggesting that this dissi-
pation process originates from cooperative but localized motions of
segments of the main chain.”” The dielectric relaxation strength of
the y relaxation is typically much higher than that of the f relax-
ation; however, it is difficult to distinguish the heavily overlapped
relaxation signals since they both occur in the temperature range of
150-300 K.

To investigate the impact of moisture and MXenes on the
cellulose relaxation behavior, we have performed the temperature
dependent measurements, which are presented in Fig. 5. The main-
frame shows the dielectric response of the as-prepared (undried)
CNF-10MX composite, detected at several frequencies during a
cooling run from room temperature to 125 K, subsequent heating
run to 375 K, and final cooling run to 125 K. It can be seen that
the relaxation intensity is much lower during the second cooling
run after the sample has been heated to a high temperature, i.e.,
dried. This suggests that similar to many other polymer systems,”*
these molecular motions (particularly those of y relaxation) involve
water molecules that are absorbed into the free volume of the system
and attached to cellulose polar groups via weak physical or stronger
hydrogen bonds. The inset to Fig. 5 compares the response of the
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FIG. 4. Dielectric response detected during cooling runs after various composite samples with 5 wt. % of MXene were heated to 375 K: (a) vacuum-filtered CNF-5MX,; (b)

solvent-casted CNF-5MX, and (c) solvent-casted TCNF-5MX.
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FIG. 5. Dielectric response of the vacuum-filtered CNF-10MX composite, detected
at several frequencies during (1) cooling run from room temperature to 125 K, (2)
subsequent heating run to 375 K, and (3) final cooling run to 125 K (indicated by
arrows). The inset shows a comparison of the dielectric permittivity of this compos-
ite with the pristine VF CNF sample at the lowest measurement frequency of 1 Hz
during the second (125-375 K) and third (375-125 K) temperature runs.

CNF-10MX composite with the pristine CNF sample at the lowest
measurement frequency of 1 Hz during the second and third tem-
perature runs. It can be seen that 10 wt. % of Ti3C, Ty negligibly
influences the cellulose relaxation behavior, yet, as already revealed
in Fig. 3, the influence of moisture is much more pronounced in the
pristine CNF.

B. Percolative behavior

The frequency dependence of the room-temperature dielectric
response in the Ti3C,T»/CNF composite films with various MXene
content is shown in Fig. 6. While at higher frequencies the electrical
conductivity increases, at lower frequencies values tend toward the
dc-conductivity plateau. Such a behavior corresponds to an equiva-
lent circuit composed of two R-C circuits connected in serial. The
resistivity of the low-frequency plateau is then R; + R, (R; and R,
are resistivities of titanium carbide and CNF, respectively), while at
higher frequencies the conductivity follows a v* law if R, > R;,” as
is evidently the case in a percolative composite (then the value of
the low-frequency plateau is just the resistivity of the CNF matrix).
Concomitantly, the frequency dependence of the effective capacity
of such an equivalent circuit would obey a Debye-like behavior from
C; at low to C; at high frequencies if C; > C,. Aside from model-
ing the spectra by an equivalent circuit with frequency-independent
elements, the detected dielectric response can also be qualitatively
physically understood. While at lower frequencies the conductiv-
ity of the Ti3C, T inclusions is effectively blocked, at sufficiently
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FIG. 6. Frequency dependences of the dielectric permittivity and electrical conduc-
tivity, detected at room temperature in the vacuum-filtered TizC,T,/CNF composite
films with various MXene content.

high frequencies their higher conductivity is revealed since most of
the charge carriers have no time to feel the blocking boundaries.
The effective ac-conductivity o', therefore, increases with frequency
(and would increase up to the high-frequency plateau correspond-
ing to the value of the MXene’s conductivity). As even for an
inhomogeneous system the Kramers-Kronig relations must be sat-
isfied, the increasing o’ parts of spectra contribute to the static
dielectric permittivity via a strong dielectric relaxation. It should
be stressed out that composite films with 75, 80, and 90 wt. %
of Ti3C,T, are evidently above the percolation threshold; there-
fore, their high electrical conductivity prevents the determination
of the dielectric permittivity. Finally, the measured sample forms
an electrical circuit with the resistance and, eventually, the induc-
tance of the measuring setup, resulting in a resonant-like behavior
of the detected response. Such behavior usually occurs at frequen-
cies far beyond the measurement range (#10 GHz); however, in
samples close to the percolation threshold, the capacitance is so
high that it can already influence the data at the highest measuring
frequencies.

The theory of percolation was initially developed to describe
several abrupt transitions commonly found in transport phenom-
ena. Based on this model, a general theory was built that explains a
physical process in which a macroscopic magnitude is strongly mod-
ified as a result of small microscopic changes in connectivity.! One
such process is the anomalous behavior of a metal-insulator com-
posite near its percolation threshold, which is characterized by an
abrupt discontinuity in the real part of the electrical conductivity.””
An excellent review of the system consisting of randomly distributed
metallic and dielectric regions is given in the paper of Efros and
Shklovskii:* It is shown that the static dielectric constant diverges at
the percolation threshold—at the volume fraction of metallic regions

APL Mater. 12, 111102 (2024); doi: 10.1063/5.0232250
© Author(s) 2024

12, 111102-5

61:¥L:€L 20T Iudy Gl


https://pubs.aip.org/aip/apm

APL Materials

(p) where the insulator-to-metal transition occurs, i.e., the static
effective electrical conductivity o undergoes a transition from

-q
pe—p
0 = 0y s 1
d el( y ) 1
which is valid below the percolation threshold p, into
p-pe)
0= Umetal( C) > (2)
Pe

which holds true for p > p_. 04i; and 0,etq; are the conductivities of
the dielectric and metallic phases, respectively.

Ti3C,Tx MXene/cellulose nanofibrils composite films do not
represent an ideal percolative composite with randomly distributed
metallic regions within a dielectric matrix. High electrical conduc-
tivity filler Ti3C,Tx is in the form of relatively large 2D sheets,
which, in addition to electrostatic interactions with the matrix, also
form hydrogen bonds with hydroxyl and carboxyl surface groups
on CNF/TCNF. Nevertheless, the dielectric permittivity strongly
increases with increasing MXene content—Fig. 7 depicts ¢ values,
detected at the highest measuring frequency of 1 MHz, where the
contribution of free space charges or extrinsic effects, such as the
presence of surface layers, is the lowest.”! The inset to Fig. 7 zooms
in the ¢’ data from Fig. 6 for samples with the lowest MXene content
(1, 2, 5, and 10 wt. %) in the high-frequency region. Moreover, the
electrical conductivity reasonably well follows the theoretical pre-
dictions of Egs. (1) and (2)—this behavior is depicted in the inset
to Fig. 8, which also reveals that a smooth transition from Eq. (1)
to Eq. (2) occurs in a small interval A near the percolation point.
The experimental data, shown in the mainframe, were collected at
the lowest measurement frequency of 1 Hz since they are closest to
the intrinsic dc conductivity of the material. It should be stressed
that the percolative behavior slightly depends on the type of MXenes
used in the composites. Due to the Maxwell-Wagner interfacial
polarization, the dielectric permittivity increases with increasing
Ti3C, T content in all samples; however, the electrical conductivity
reasonably follows the theoretical predictions only in samples with
smaller MXenes—the morphology of composites with multi-layered

100 I
o
80 | -
60 - wt.% MXene N
w
10° 10* 10°
40 -y (Hz) N
20 o .
Ti,C,T,/CNF
_.’/ 1Lyl
L [ B |

-@

N |

0 10 20 30 40 50
wt.% MXene

FIG. 7. Room temperature dielectric permittivity of composite films at the highest
measurement frequency of 1 MHz as a function of the MXene content. The solid
lines are a guide to the eye. The inset zooms in the ¢ data from Fig. 6 for samples
with the lowest MXene content (1, 2, 5, and 10 wt. %) in the high-frequency range.
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FIG. 8. Electrical conductivity of Ti;C, Tx/CNF composite films as a function of the
MXene content. Data were collected at room temperature at the lowest measure-
ment frequency of 1 Hz (see Fig. 6). The inset shows the theoretical dependence
of the effective electrical conductivity (blue line) for a system consisting of ran-
domly distributed metallic and dielectric regions (h = et/ Tmetar << 1). A smooth
transition between behaviors described by Egs. (1) and (2) (orange lines) occur in
a small interval A near the percolation point p,.

MXenes appears to be too different from that of an ideal percolative
composite.

Table I summarizes the dielectric properties of various cellulose
nanofibrils composite films, although such a comparison might not
be completely relevant. Not only data are often reported at different
frequencies, but due to a strong frequency dispersion in heteroge-
neous systems (Fig. 6), even data detected at the same frequency do
not provide a fair comparison—the most reasonable would be to
compare the intrinsic dielectric permittivity (detected at high fre-
quencies) and values of the dc electrical conductivity. Moreover,
near the percolation threshold, even a slight change in the amount
of filler leads to huge variations of ¢’ and ¢’. For example, ¢’ values
of our samples compared to those of CNF/NGO composites easily
mislead us that the CNF/Ti3C, Ty system is much more conductive.
However, CNF/NGO samples were prepared only with a relatively
small amount of conductive filler, while CNF/Ti3C,Tx composites
were developed up to high MXene weight ratios. Nevertheless, data
in Table I reveal that the composite approach successfully increases
the dielectric response of pure cellulose nanofibrils. It is, however,
important to stress that, in order to be applicable in flexible elec-
tronics, the developed composites should retain the flexibility of the
pure CNF matrix.

As is typical for all percolative systems,” " a strong conductiv-
ity increase close to the percolation point increases dielectric losses.
While in samples with up to 10 wt. % of MXene content, tan § = ¢/ /¢’
is almost constant (~0.07), it increases to 0.4 and 2.1 in composites
with 25 and 50 wt. % of MXene, respectively. Despite this fact, the
developed composites still show application potential, particularly in
the field of flexible piezoelectric materials. Cellulose nanofibril films,
namely, exhibit a promising piezoelectric response.’” In addition,
since the electrical energy U, = %sos'Ez that can be during an elec-
tromechanical operation converted into the strain energy is directly
proportional to the dielectric permittivity, by increasing of &’ we
can increase the piezoelectric response or, eventually, induce the
desired strain under much reduced electric field. This principle has
already been presented for the case of electroactive relaxor polymers,
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TABLE |. Dielectric permittivity and ac electrical conductivity of various cellulose
nanofibrils composite films. NGO and RGO denote the ammonia-functionalized and
reduced graphene oxide, respectively, while AQNW stands for the silver nanowires.
For two systems, only the dielectric loss value was reported.

Composite film e o (QTm™) Source
Pure CNF 8 (1 MHz) 3x107'" (1 Hz) this work
CNF/TiO; 20 (1 kHz) tand » 1 (1 kHz) Ref. 32
CNF/BaTiO; 50 (1 MHz) 2x1077 (10 Hz) Ref. 33
CNF/AgNW 700 (1 GHz) tand ~ 0.3 (1 GHz) Ref. 34
CNF/NGO 50 (1 MHz) 3x 1077 (10 Hz) Ref. 9
CNF/RGO 160 (1 MHz) 3 x 107> (100 Hz) Ref. 10
CNF/Ti3Cy Ty 85 (1 MHz) 4x107% (1 Hz) this work

either in composites of poly(vinylidene fluoride-trifluoroethylene)
copolymer with copper-phthalocyanine oligomers® or in compos-
ites, where conductive polyaniline particles were used as a filler in the
poly(vinylidene fluoride-trifluoroethylene-chlorotrifluoroethylene)
terpolymer matrix.”

IV. SUMMARY

Flexible composite films were prepared by vacuum filtration
or solvent casting method from the native or carboxylated cellu-
lose nanofibrils and high electrically and thermally conductive 2D
titanium carbide MXenes. Measurements over broad frequency and
temperature ranges revealed the influence of the preparation method
and type of nanofibrils on the overall dielectric response. While the
intrinsic data at the highest frequencies are almost identical, the
increase in both, ¢’ and ¢’, at low frequencies and high temperatures
is much more pronounced in the solvent-casted samples than in the
vacuum-filtered samples, which suggests that SC samples contain a
higher amount of free space charges or other impurities. Since these
charges increase dielectric losses and imply the dielectric breakdown
at lower electric fields, we have further thoroughly analyzed the
dielectric response of VF Ti3C,T,/CNF composite films. The num-
ber of space charges in the TCNF-based samples is higher since the
many hydroxyl groups on the surface of CNF are replaced by highly
hydrophilic and polar carboxylate groups after TEMPO-mediated
oxidation of cellulose.

The absorbed water strongly enhances values of the dielectric
permittivity and electrical conductivity at low frequencies in the as-
prepared samples. After drying the cellulose sample, ¢” and o’ values
at low frequencies decrease by orders of magnitude; however, they
increase again when the sample is exposed to air moisture. The effect
is less pronounced in composite samples since the MXene sheets not
only reduce the space for trapped water within the fibril network but
also lower the amount of bounded water due to the Ti3C;Tx-CNF
interactions. Moreover, water molecules that are absorbed into the
free volume of the system and attached to cellulose polar groups via
weak physical or stronger hydrogen bonds are involved in the molec-
ular motions of two secondary dielectric relaxations, particularly in
the noncooperative rotation of lateral groups that correspond to y
relaxation.

Since the high electrical conductivity filler is in the form of rel-
atively large 2D sheets, which besides electrostatic interactions also

pubs.aip.org/aip/apm

form hydrogen bonds with cellulose’s surface groups, investigated
systems do not represent an ideal percolative composite. Never-
theless, the dielectric response of vacuum-filtered TizC,T./CNF
films resembles the response of a composite with randomly dis-
tributed metallic regions within a dielectric matrix. The effective
ac electrical conductivity increases with frequency, from the low-
frequency plateau, corresponding to the electrical conductivity of
the matrix, toward the high-frequency plateau, corresponding to
the value of the MXene’s conductivity. The dependence of ¢’
on the MXene content reasonably well follows the predictions
of the percolation theory [Egs. (1) and (2)]. Concomitantly, the
dielectric permittivity strongly increases with increasing MXene
content, which demonstrates the potential of developed compos-
ites for applications in eco-friendly dielectric and piezoelectric
devices.
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