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ABSTRACT: We demonstrate that poly(vinylidene fluoride) (PVDF)-based
percolative composites using two-dimensional (2D) MXene nanosheets as fillers
exhibit significantly enhanced dielectric permittivity. The poly(vinylidene fluoride-
trifluoro-ethylene-chlorofluoroehylene) (P[VDF-TrFE-CFE]) polymer embedded
with 2D Ti3C2Tx nanosheets reaches a dielectric permittivity as high as 105 near the
percolation limit of about 15.0 wt % MXene loading, which surpasses all previously
reported composites made of carbon-based fillers in the same polymer. With up to
10 wt % MXene loading, the dielectric loss of the MXene/P(VDF-TrFE-CFE)
composite indicates only an approximately 5-fold increase (from 0.06 to 0.35),
while the dielectric constant increased by 25 times over the same composition
range. Furthermore, the ratio of permittivity to loss factor of the MXene−polymer
composite is superior to that of all previously reported fillers in this same polymer.
The dielectric constant enhancement effect is demonstrated to exist in other
polymers as well when loaded with MXene. We show that the dielectric constant
enhancement is largely due to the charge accumulation caused by the formation of microscopic dipoles at the surfaces
between the MXene sheets and the polymer matrix under an external applied electric field.

KEYWORDS: MXene nanosheets, percolative composites, dielectric permittivities, microscopic dipoles, switching current

Poly(vinylidene fluoride) (PVDF)-based polymers have
recently attracted renewed attention for their potential
in various electronic applications, including charge

storage capacitors, flexible ferroelectric memories, fractional-
order capacitors, nanoenergy harvesters, and strain sensors.1−6

However, their low dielectric permittivity is one of the major
factors that limits the use of these materials, especially in charge
storage and fractional-order capacitor applications. Nano-
composites with insulating, semiconducting, and conducting
fillers dispersed in a PVDF-based polymer matrix have been
widely investigated to enhance their dielectric properties.7 At
the same time, the small volume fraction of the fillers preserves
the flexibility of the polymer matrix.8−11 In a previous report,12

reduced graphene oxide (rGO) was used as conductive filler in
a P(VDF-TrFE-CFE) matrix and resulted in a dielectric
permittivity over 10 000 while maintaining a dielectric loss
around 2, which was the highest dielectric constant reported for
P(VDF-TrFE-CFE)-based composites.13−16 However, to our
knowledge, there have been no reports on the effect of
incorporating MXene fillers in insulating polymers on their
dielectric properties.
Since the discovery of MXenes in 2011,17 researchers have

heavily investigated this interesting class of two-dimensional
(2D) transition metal carbides/nitrides with the general
formula of Mn+1XnTx. In Mn+1XnTx, M is an early transition
metal, X is carbon and/or nitrogen, Tx represents the surface

functional groups (e.g., OH, O, and/or F groups), and n = 1, 2,
or 3. Hope et al. have reported that an HF-etching route results
in a higher proportion of fluorine termination, which was
experimentally quantified by 1H and 19F nuclear magnetic
resonance spectroscopy.18 The nanometer-scale dimensions
and large aspect ratio make MXenes an excellent material for
nanocomposite engineering. Whereas most of the reported
studies have focused on enhancement of electrochemical and
thermoelectric properties, no reports have been published on
the dielectric properties of MXene−polymer composites.19−23
This paper examines the effect of incorporating 2D Ti3C2Tx
nanosheets (MXene) on the dielectric performance of a PVDF-
based polymer. Specifically, we demonstrate substantial
enhancement of dielectric properties and propose a mechanism
for enhancement based on a microscopic dipole formation
model.

RESULTS AND DISCUSSION

Figure 1 illustrates the fabrication process of the MXene/
P(VDF-TrFE-CFE) composite (see Methods for detailed
process). Briefly, 2D Ti3C2Tx sheets were first prepared from
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their bulk MAX phases using a previously reported etching and
delamination method.24 The MXene sheets were well dispersed
in a polymer matrix through gentle sonication, and no
aggregation was observed after leaving the solution undisturbed
overnight. It is worth noting that the aggregation of MXene
sheets inside the polymer matrix was observed, via a cross-
sectional scanning electron microscopy (SEM) image, to occur
at approximately 30 wt % MXene loading, and the
corresponding weight percent of MXene was confirmed by
thermogravimetric analysis (TGA) (see Figure S1 in the
Supporting Information). A film with an average thickness of
100 μm was cast on the platinum-coated silicon substrate, as
measured by a profilometer. Subsequently, Ti/Au contacts were
deposited on the top of the MXene−polymer films through a
shadow mask by e-beam evaporation. Figure 1e presents a
schematic of a fully fabricated metal−insulator−metal (MIM)

capacitor, which was used to measure the dielectric properties
of MXene−polymer composites.
The transmission electron microscopy (TEM) image in

Figure 2a depicts the typical morphology of a single-layer
MXene sheet that has been prepared through a sequence of
etching and delamination processes. Furthermore, the cross-
sectional SEM image (Figure 2b) displays the layered structure
of vacuum-filtrated MXene films. Raman spectroscopy and X-
ray diffraction (XRD) were used to characterize the MXene
sheets. Ti3C2Tx presents a strong (002) XRD peak at 2θ = 7.2°
with fwhm = 0.55°, which corresponds to a d-spacing of 1.2 nm
(see Figure 2c). As Figure 2d indicates, the Raman spectrum of
Ti3C2Tx/CF exhibits strong peaks at 205 and 721 cm−1, which
can be assigned to the A1g modes of Ti3C2O2. The additional
peaks at 128, 280, 620, and 730 cm−1 can be respectively
assigned to the following vibrational modes: Eg of Ti3C2F2, Eg

of Ti3C2(OH)2, Eg of Ti3C2F2, and A1g of Ti3C2O2. These peaks

Figure 1. (a, b) Schematic illustration of the process for etching and delamination of MXene nanosheets. (c) Molecular structure of P(VDF-
TrFE-CFE). (d) Schematic illustration of the capacitor device fabricated using pristine P(VDF-TrFE-CFE) as the dielectric. (e) Schematic
illustration of the capacitor device fabricated using an MXene/P(VDF-TrFE-CFE) composite as the dielectric. (f) Schematic depicting the
MXene sheets surrounded by polymer chains inside the composite.

Figure 2. (a) TEM image of a single MXene sheet. (b) SEM cross-sectional image of MXene film. (c) X-ray diffraction and (d) Raman
spectroscopy of Ti3C2Tx MXene films; XPS spectra of Ti3C2Tx MXenes (e) F 1s and (f) O 1s. Shaded colored areas signify curve-fitting results.
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reveal the presence of −OH, −O, and −F functional groups on
the Ti3C2Tx MXene surface.25 Additionally, X-ray photo-
electron spectroscopy (XPS) was used to characterize the
surface chemistry of the samples. As Figure 2e reveals, high-
resolution XPS spectra of samples in the F 1s region (685.1 eV)
indicated that the Ti3C2Tx sample contains both F-terminated
Ti and AlFx. Figure 2f illustrates that the O 1s peak can be fitted
using four symmetric peaks at 530, 531, 532.2, and 532.8 eV,
which respectively correspond to TiO2, C−Ti−Ox, C−Ti−
(OH)x, and TiOH.

26 The peak at 533.8 eV can be attributed to
H2O.

27 See Figure S2 in the Supporting Information for the full
XPS analysis.
Figure 3a presents a TEM image of MXene/P(VDF-TrFE-

CFE) composite flakes that clearly indicates that the MXene
sheets are randomly dispersed in the polymer matrix. In the
energy dispersive spectroscopy (EDS) mapping (Figure 3b),
the existence of titanium (Ti) is apparent within the MXene
sheet in the center region of the P(VDF-TrFE-CFE) matrix,
while C and F are prevalent over the entire region. This is
because both MXene and the polymer matrix have F and C.
Figure 3c displays a cross-sectional TEM image of MXene
nanosheets (three layers thick) that have clearly been
embedded in the polymer matrix. Figure 3d presents the

XRD analysis of MXene/P(VDF-TrFE-CFE) composites with
different polymer loadings. Evidently, as the polymer fraction
increases, the MXene interlayer spacing expands (see also
Figure S3a and Table S1 in the Supporting Information). One
possible explanation for this result is the intercalation of some
polymer chains between MXene layers. This intercalation may
have been assisted by the functional groups on the MXene
surface (e.g., F, O, and/or OH), which may interact with atoms
(e.g., H) on the P(VDF-TrFE-CFE) chains. In fact, polymer
chains can reportedly be intercalated between MXene sheets
during the in situ polymerization process of polypyrrole
(PPy).28 Raman spectroscopy of MXene, P(VDF-TrFE-CFE),
and their composites was investigated, and Figure 3e contains
the corresponding data. The characteristic peaks of the
composites apparently consist only of known peaks from
pristine MXene and terpolymer, which suggests that there are
no vibrational changes during the mixing process. As Figure 3e
indicates, the intensity of the major MXene peak at 205 cm−1

increases at a higher MXene loading, while the intensity of the
terpolymer peak at 801 cm−1 decreases as the MXene
concentration increases. Figure 3f presents Fourier-transform
infrared spectroscopy (FTIR) results for polymer composites
containing different MXene loadings in transmission mode. All

Figure 3. (a) TEM plan view image and (b) an EDS analysis of the MXene/P(VDF-TrFE-CFE) composite with 8.0 wt % MXene loading. (c)
Cross-sectional TEM image depicting the edge of an MXene sheet embedded in the P(VDF-TrFE-CFE) matrix. (d) Diffraction peak angle and
interlayer spacing of MXene in the P(VDF-TrFE-CFE) matrix with different polymer amounts. (e, f) Raman and FT-IR spectra of MXene/
P(VDF-TrFE-CFE) composites with different MXene concentrations. M: MXene, P: polymer.

Figure 4. (a) Dependence of the permittivity and dielectric loss of the MXene/P(VDF-TrFE-CFE) on MXene content wt % measured at room
temperature and 1 kHz. (b) Bar charts comparing the maximum dielectric permittivity and corresponding dielectric loss reported in the
literature using P(VDF-TrFE-CFE) as a matrix with different conductive fillers.
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bands between 500 and 1500 cm−1 can be attributed to
P(VDF-TrFE-CFE), which is consistent with previous literature
reports.29,30 No additional bands appear, while the trans-
mittance decreases as MXene loading increases.
Figure 4a displays the dielectric permittivity and loss tangent

of MXene/P(VDF-TrFE-CFE) composites as a function of
filler loading. It reveals that the dielectric permittivity of both
composites initially increases when the MXene filler concen-
tration is heightened. A dielectric constant of >100 000 was
reached in the case of a composite with 15.3 wt % MXene in
terpolymer. A further increase in the MXene loading leads to a
drop in the dielectric constant value, which indicates that we
have reached the percolation limit (φc) for this MXene/
P(VDF-TrFE-CFE) composite. According to percolation
theory, for composites that contain conductive fillers embedded
in an insulating polymer matrix, a power law provides the
dielectric permittivity of the composite (εeff) as

31−35

ε ε φ φ φ φ∝ − <−( ) forq
eff m c p p c (1)

where εm is the dielectric constant of the insulation matrix, φp is
the volume fraction of metallic fillers, φc is the volume fraction
at the percolation threshold, and q is the critical exponent. The
data in Figure 4a evidence that the percolation limit (φc) for
our MXene/P(VDF-TrFE-CFE) composites occurs at 6.9 vol
% (15.3 wt %) MXene loading. Table S2 notes the weight
percent and volume fraction of MXene embedded in the
P(VDF-TrFE-CFE) matrix.
Figure 4a additionally reveals that the dielectric loss also

increases with MXene loading. An interesting observation is
that the dielectric loss of the MXene/P(VDF-TrFE-CFE)
composite increases approximately 5-fold (from 0.06 to 0.35)
up to 10 wt % MXene loading, while the dielectric constant
increases by 25 times over the same composition range. This

excellent performance of the composites is best understood
through a comparison of the performance of the MXene/
P(VDF-TrFE-CFE) composite with published works on
dielectric constant enhancement in the same polymers using
a variety of fillers. Specifically, Figure 4b indicates the dielectric
constant and dielectric loss of the P(VDF-TrFE-CFE) polymer
in which various types of conductive fillers have been added.36

The fillers include hydrothermally reduced graphene oxide
(HT-rGO),12 hydrazine-reduced graphene oxide (HZ-rGO),12

carbon nanotubes (CNTs),13 copper phthalocyanine (CuPc),14

polyaniline (PANI),15 and functionalized graphene nanosheets
(FNGS).16 The data of the MXene/P(VDF-TrFE-CFE) clearly
stand out, as they show the best dielectric constant/loss factor
trade-off among all fillers. In fact, at the same dielectric loss as
HZ-rGO (∼2), the MXene-based composite shows a
reasonably higher dielectric constant (15 900 versus 12 600).
In addition, at the same loss factor of CuPc composites (0.35),
MXene composites achieve a significantly higher dielectric
constant (MXene 1425 versus CuPc 75) at 1 kHz. However,
Figure 4a also illustrates that the permittivity starts to diminish
when the MXene loading reaches approximately 15.3 wt %,
which is near the percolation limit. The drop in the dielectric
constant at higher MXene concentrations is likely due to rising
leakage currents caused by increased connectivity between the
MXene sheets, which leads to a transition from non-ohmic to
ohmic conduction.31 Figure S4 and Table S3 in the Supporting
Information specify the dielectric constant, dielectric loss, and
conductivity of MXene/P(VDF-TrFE-CFE) composites with
different MXene loadings. Additionally, for comparison, Table
S4 in the Supporting Information indicates the maximum
dielectric permittivity and corresponding dielectric loss
reported in the literature using P(VDF-TrFE-CFE) as the
matrix with different conductive fillers.

Figure 5. Pristine polymer: (a) The first J−E loop and third J−E curve of pristine P(VDF-TrFE-CFE) measured with an electric field of −2.5
to 2.5 kV cm−1. (b) Unipolar J−E loops measured with a positive field on a negatively prepoled pristine P(VDF-TrFE-CFE) sample with an
electric field of 2.5 kV cm−1. Inset (i): Variation of the current density at maximum field with the number of cycles (n) of the field. Inset (ii):
Time-dependent leakage current density measured under a constant field of 1.25 kV cm−1 for 1 h. Composite: (c) The first J−E loop and third
J−E curve of the MXene/P(VDF-TrFE-CFE) (8.0 wt % MXene) composite measured with an electric field of −2.5 to 2.5 kV cm−1. (d)
Unipolar J−E loops measured with a positive field applied to the MXene/P(VDF-TrFE-CFE) (8.0 wt % MXene) composite, which has been
prepoled with a negative field of 2.5 kV cm−1. Inset (i): Decrease in the current density at maximum field with the number of cycles (n) of the
field. Inset (ii): Time-dependent leakage current density measured under a constant field of 1.25 kV cm−1 for 1 h.
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In order to study the mechanism of dielectric constant
enhancement observed above, we performed bipolar and
unipolar current density vs electric field (J−E) loop measure-
ments on both pristine P(VDF-TrFE-CFE) and MXene/
P(VDF-TrFE-CFE) composites.37 Before either the bipolar or
the unipolar loop measurement, the samples were poled
negatively by applying an electric field of 2.5 kV cm−1 for 5 min
at room temperature. Figure 5a illustrates the first and third J−
E curves of the pristine P(VDF-TrFE-CFE) sample measured
by applying an electric field from −2.5 to 2.5 kV/cm, which
reveals almost no difference between these two curves. This
result demonstrates that the pristine terpolymer P(VDF-TrFE-
CFE) behaves as a liner dielectric, which is expected given the
paraelectric nature of this polymer. Figure 5b displays a
sequence of positive unipolar J−E curves (measured on
negatively prepoled terpolymer). As can be seen in Figure 5b,
inset (i), the current densities of the P(VDF-TrFE-CFE)
sample exhibit no obvious change, even after 19 unipolar cycles.
This result is not surprising since the terpolymer is not
ferroelectric after 70 °C annealing,30 so no switching current
can be measured. Figure 5b, inset (ii), shows the time-
dependent current density of the pristine terpolymer, which
was measured by applying a 1.25 kV cm−1 electric field and
holding it for 1 h. Evidently, the current density quickly
decreases before stabilizing at a constant value (9.0 × 10−4 μA/
cm2). The results in Figure 5a and b clearly demonstrate that
pristine P(VDF-TrFE-CFE) exhibits a typical paraelectric
behavior and no switching current. The XRD analysis (2θ =
16° to 22°) in Figure S3b presents only one sharp peak at 2θ =
18.4°, which indicates that the paraelectric polymer phase is
prominent in both the pristine P(VDF-TrFE-CFE) and the
MXene/P(VDF-TrFE-CFE) composite.30

Figure 5c and d respectively display the bipolar and the
unipolar measurement of the MXene/P(VDF-TrFE-CFE)
composite. Prior to these measurements, the composite had
been poled using negative 2.5 kV cm−1 for 5 min at room
temperature. Figure 5c shows the first and third J−E curves
measured after negatively poling the sample. These indicate
that the introduction of MXene to the terpolymer enables the
measurement of a much higher switching current. In Figure 5d,
the first unipolar J−E curve (0→ 2.5 kV cm−1) exhibits a bump
at about 1.5 kV cm−1, which must be due to the current
induced by some dipole reversal since the sample was
previously poled by a negative voltage. In the following J−E
loops (3rd to 19th), no bump was observed in either the

increasing-field or decreasing-field curve because most “dipoles”
had been aligned in the positive direction during the first
positive electric field application.37 The J−E curves of MXene/
P(VDF-TrFE-CFE) in Figure 5c and d exhibit typical relaxor
ferroelectric behavior, which some previous reports have
discussed.38,39 We measured eight samples and found that
they all exhibit similar behavior. In addition, the current density
decreased and gradually approached a constant value when the
field was cycled. In inset (i) of Figure 5d, the current density
indicates a clearly decreasing trend as a function of the number
of cycles at 2.5 kV cm−1, which could be due to gradually
decreasing dipole reversal under the positive unipolar electric
field.40 Relaxation measurements were performed to investigate
the relaxation properties of the MXene/P(VDF-TrFE-CFE)
composite. Inset (ii) of Figure 5d reveals that the current
density experienced an exponential decay, which eq 2 illustrates
as follows:

= +J t a t blog[ ( )] log( ) (2)

where J(t) is the current density at time t, and a and b are
constants. The substitution of several sets of original data into
eq 2 yielded the mean values of constants a (−0.276) and b
(−0.1425). Therefore, eq 2 can be written as follows:

= −J t t( ) 0.72 0.276
(3)

This long relaxation time observed in the MXene/P(VDF-
TrFE-CFE) composite (Figure 5d) has significant implications
for the mechanism of dielectric constant enhancement, which is
discussed shortly.
Figure 6a illustrates the leakage-corrected switching current

density (left y-axis) and derived polarization (right y-axis) of
MXene/P(VDF-TrFE-CFE) composites, both of which in-
crease with increasing MXene loadings. The leakage-corrected
polarization can be calculated as follows:

∫= −P t J t J t t( ) [ ( ) ( )] d
t

0 d (4)

where J(t) is the measured total current density, including the
current induced by dipole reversal and leakage, and Jd(t) is the
measured current density after several cycles of electric field,
which approximately represents the leakage current. Inset (i) of
Figure 6a depicts the leakage-corrected hysteresis loop and
leakage-corrected switching current density of the MXene/
P(VDF-TrFE-CFE) composite with 8.0 wt % MXene loading.
This result clearly indicates that some switching process takes

Figure 6. (a) Leakage-corrected switching current density and derived polarization of MXene/P(VDF-TrFE-CFE) composites with different
MXene loadings. Inset (i): Leakage-corrected J−E and P−E loops of MXene/P(VDF-TrFE-CFE) with 8.0 wt % MXene loading. (b) Dielectric
constant of different polymers without and with 4.0 wt % MXene. Inset (i): Dielectric loss of different polymers embedded with 4.0 wt %
MXene loading; P1, P(VDF-TrFE-CFE); P2, P(VDF-TrFE-CTFE); P3, P(VDF-TrFE); P4, PVP.
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place within the MXene-containing polymer, which is not the
case in the pristine P(VDF-TrFE-CFE) polymer. The
magnitude of the polarization ranged from 1.9 μC/cm2 for a
sample with 4.0 wt % MXene to 27.0 μC/cm2 for a sample with
10.7 wt % MXene. These polarization values are relatively large
for a polymer and indicate that some other dipole must have
formed within the composite that does not exist in the pristine
polymer. In fact, we investigated the dielectric constant
enhancement of several MXene-loaded insulating polymers
(see Figure 6b). These polymers are as follows: P1,
poly(vinylidene fluoride-trifluoroethylene-chlorofluoroehylene)
(P(VDF-TrFE-CFE)); P2, poly(vinylidene fluoride-trifluoro-
ethylene-chlorotrifl uoroethylene) (P(VDF-TrFE-CTFE)); P3,
poly(vinylidene fluoride-trifluoroethylene) (P(VDF-TrFE));
and P4, polyvinylpyrrolidone (PVP). With 4.0 wt % MXene
loading, the dielectric constants of polymers P1, P2, P3, and P4
increase from 55, 47, 18, and 2.5 to 317, 159, 80, and 16.4,
respectively. These results convey that the dielectric constant
enhancements in various polymers embedded with MXene are
of the same order of magnitude. Inset (i) of Figure 6b reveals
that the dielectric loss of several different MXene−polymer
composites only slightly increases, while the dielectric constant
of the same composites increases significantly after 4.0 wt %
MXene loading. Table S5 in the Supporting Information lists a
comparison of the dielectric constant and dielectric loss of
MXene−polymer composites with 4.0 wt % MXene loading.
Based on the above results, the remaining question is how to

explain the significant increase in the dielectric constant of the
MXene−polymer composites. Figure 7 displays our proposed
mechanism for the origin of the dielectric constant enhance-
ment in the MXene/P(VDF-TrFE-CFE) composite, but the
same model applies to all MXene-loaded insulated polymers
tested in this study (Figure 6b). Figure 7a presents a schematic
illustration of the P(VDF-TrFE-CFE) MIM capacitor, which
indicates that the pristine P(VDF-TrFE-CFE) acts as a typical
dielectric polymer under an externally applied electric field
(Eext). In contrast, the MIM capacitor that uses the MXene/
P(VDF-TrFE-CFE) composite as a dielectric layer (Figure 7b)
responds differently to the externally applied electric field.
Several models have been proposed to explain the dielectric
constant enhancement of polymer composites with conductive
fillers.32,41,42 Near percolation, the large increase in the
dielectric constant has generally been explained by two main
mechanisms, both of which lead to interfacial polarization in
the composite bulk at the interfaces between the conducting
fillers and the host polymer. These two mechanisms are known
as the microcapacitor network model43 and the microscopic

dipole model.44 In the former, microcapacitors are created
when neighboring conductive fillers become so close to each
other that they leave only a very thin dielectric layer between
them. Because of this thin dielectric layer, each microcapacitor
makes a substantial contribution to the capacitance of the
microcapacitor network, which results in a much larger
dielectric constant near the percolation limit.32 For conductive
spheres in an insulator, a percolation limit of approximately 16
vol % has been predicted, although it can be smaller in
practice.31,45 However, the percolation volume fraction of
MXenes in our composite is below 7.0 vol %. In addition, even
away from the percolation limit, the dielectric constant of our
MXene-based composites could be increased by 1 order of
magnitude by merely adding a few percentages of MXene (3.6
vol % or 8 wt %). With such low MXene concentrations, the
MXene sheets will be too far apart, which would make it
difficult to form microcapacitors with extremely thin polymer
layers between the MXene sheets.
Hence, we believe that the microscopic dipole model can

more effectively describe the increased dielectric constant of
these MXene-containing polymers. In this model, when an
electric field (Eext) is applied to the device (Figure 7b), charges
accumulate on the interfaces between conductive fillers
(MXene sheets in our case) and the polymer matrix, where
the microscopic dipoles are situated. This differs from the
MXene-free polymer, where the polarization charge is
accumulated near the electrodes of the MIM device (Figure
7a). In the microscopic dipole model, the MXene sheets do not
need to be as close together as the microcapacitor model
requires, which is the case for our samples. The microscopic
dipole model can even explain the slow current relaxation that
is apparent in Figure 5d, inset (ii). In true metallic fillers
embedded in a polymer matrix, the relaxation of charges on the
surface of metal fillers should occur rapidly. However, in our
MXene/P(VDF-TrFE-CFE) composite, a long relaxation time
was observed (see Figure 5d, inset (ii)), which suggests that the
positive and negative charges that accumulated on the
interfaces between the MXene sheet and the polymer matrix
will recombine slowly after the removal of the electric field. We
believe that the long relaxation time is due to the fact that the
MXene sheets, while metallic, have some polymer chains
intercalated between them, as indicated by the increased
interlayer spacing of MXene (from 1.2 to 1.4 nm) (see Figure
3d, Table S1, and Figure S3a). These polymer chains can slow
down the recombination of the accumulated charges (at the
interfaces between the MXene sheets and the polymer) after
the removal of the external electric field.

Figure 7. (a, b) Schematic illustration of the polarization charges that exist in pristine P(VDF-TrFE-CFE) and MXene/P(VDF-TrFE-CFE)
MIM capacitors under an external electric field (Eext). (c) Schematic illustration of dipoles that may form between MXene surface atoms (F,
O) and H on the polymer backbone if polymer chains are intercalated between MXene sheets.
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Finally, these MXenes−polymer composites may feature a
special type of polarization deriving from hydrogen bonds that
can form at any point where polymer chains manage to
intercalate between the MXene sheets (see Figure 7c). As
mentioned earlier, XRD data in Figure 3d, Table S1, and Figure
S3 indicate that the MXene interlayer spacing expands at a
higher polymer content, which suggests that some polymer
chains may have successfully intercalated between MXene
sheets. The hydrogen bonds between negative charges on the
MXene surface (e.g., F and O) and H atoms on the polymer
backbone can form a dipole that responds to the applied
electric field. A previous report46 has proposed the large dipole
moment of such hydrogen bonds as the key factor for dielectric
constant enhancement of a PVDF/hydrated metal salt
composite. Moreover, another study has calculated the
dielectric constant enhancement factor due to hydrogen
bonds to be approximately 3 through a comparison of the
dielectric constant of hydrogen-bonded and dipolar aprotic
solvents.47 Since the H−F and H−O bonds can exist in
MXene−polymer composites, we surmise that hydrogen
bonding between the atoms on the MXene surface and an H
atom on the polymer backbone could contribute to the
enhanced dielectric constant in our composites.

CONCLUSION
We have demonstrated that dispersing MXene in the P(VDF-
TrFE-CFE) matrix induces a large enhancement of the
dielectric constant, which can reach as high as 105 near the
percolation limit of 15.3 wt % MXene loading. The ratio of the
dielectric constant to loss tangent for MXene-loaded
composites outperforms all previously reported conductive
fillers incorporated in the same polymer. Current voltage and
current relaxation measurements suggest that the origin of the
substantial permittivity enhancement is primarily due to the
microscopic dipoles formed by the accumulation of charges at
the interfaces between the MXene fillers and the polymer
matrix. This dielectric constant enhancement by MXene
dispersion is also observed in other insulating polymers.

METHODS
Preparation of MXene. All chemicals were used as received

without further purification. Layered ternary carbide Ti3AlC2 (MAX
phase) powder was commercially procured (Carbon-Ukraine Ltd.,
particle size <40 μm). Ti3C2Tx MXene was synthesized following the
minimally intensive layer delamination (MILD) method, which
entailed selective etching of aluminum from Ti3AlC2 using in situ
HF-forming etchant as previously reported in extensive detail.48 The
etching solution was prepared by adding 1 g of lithium fluoride (LiF,
Alfa Aesar, 98+%) to 20 mL of 9 M hydrochloric acid (HCl, Fisher,
technical grade, 35−38%) followed by stirring for 5 min. Then, 1 g of
Ti3AlC2 powder was slowly added to the MILD etchant at 35 °C and
stirred for 24 h. The acidic suspension was washed with deionized
water until pH > 6 via centrifugation at 3500 rpm (5 min per cycle),
with decanting of the supernatant after each cycle. Around pH ≥ 6, a
stable dark green supernatant of Ti3C2Tx was observed and then
collected after 5 min of centrifugation at 3500 rpm. The concentration
of the Ti3C2Tx solution was measured by filtering specific amounts of
colloidal solution through a polypropylene filter (3501 coated PP,
Celgard LLC, Charlotte, NC, USA), followed by overnight drying
under a vacuum at 70 °C. The electrical conductivity (5500 S/m) of
Ti3C2Tx MXene sheets was was determined with a Keithley four-point
probe meter.
Fabrication of Nanocomposites. MXene sheets were weighed

according to the desired filler loadings, suspended in 3 mL of
dimethylformamide, and dispersed via shaking for 1 h. Subsequently,

300 mg of P(VDF-TrFE-CFE) (61.5/30.2/8.3 mol % Piezotech S.A.,
France), P(VDF-TrFE-CTFE) (66.5/24.9/8.6 mol % Piezotech S.A.,
France), P(VDF-TrFE) (70/30 mol % Piezotech S.A., France), and
PVP (Sigma-Aldrich, USA) were dissolved into the suspensions under
continuous stirring for 30 min at 80 °C. The MXene−polymer
solutions were then ultrasonicated for 2 h, and the dispersion was cast
directly onto platinum-coated silicon substrates. The samples were
then dried overnight in an oxygen-free glovebox and were finally
annealed at 70 °C in a vacuum oven for 2 days. For dielectric
characterization, top Ti (100 nm)/Au (50 nm) electrodes were
deposited on the films (with an average thickness of 100 μm) by
electron-beam evaporation through a shadow mask.

Equipment and Characterization. Thermogravimetric analysis
confirmed the weight percent of MXene in the matrix. In addition, the
structure and properties of MXene−polymer composites were studied
using XRD (Bruker D2 Phaser) and FT-IR in transmission mode
(Nicolet iS10, Thermo Scientific). Raman spectroscopy was performed
on a Horiba Aramis Raman microscope with 633 nm laser excitation.
The MXene sheets were investigated with TEM (Titan Cs Image),
SEM (Nova Nano), and XPS (Amicus). The electrical conductivity of
the MXene sheets was investigated with a Keithley four-point probe
meter (model: 195 A, detection limit: 20 MΩ). Surface and cross-
sectional images of composite films were observed with TEM (Titan
Cs Image). Frequency-dependent capacitance was measured with an
Agilent LCR meter (4980A) in the frequency range of 1K Hz to 100
kHz and an oscillation signal of ∼50 mVrms with a parallel equivalent
circuit. The current density vs electric field (J−E) loops in our article
were derived from I−V curves measured by an Agilent B1500A system.
The J−E loops were measured by using a direct current source with a
field ramping rate of 50 V cm−1 s−1. The dwell time was 0.5 s for each
step.
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