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ABSTRACT

Here, we report the fabrication of electrostatic fractional capacitors based on two-dimensional Ti;C, MXene/vinylidene fluoride-trifluoroe-
thylene-chlorofluoroethylene terpolymer [P(VDF-TrFE-CFE)] composites. The bandwidth of MXene-based fractional capacitors varies
between 200 kHz and 2 MHz, while the phase angle varies less than +2°. Additionally, the constant phase angle of the MXene/P(VDF-TrFE-
CFE) can be precisely tuned from —67° to —34° by varying the volume ratio of MXene nanosheets in the polymer matrix. The results pre-

sented in this work demonstrate the potential of MXene/P(VDF-TrFE-CFE) composites as solid-state electrostatic fractional capacitors.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5094236

Inductors, resistors, and capacitors can be classified as passive
electrical circuit elements, whose impedance Z can be expressed in the
frequency domain

Z(joo) = D(jeo) 7, M

where D is the constant coefficient, w is the cyclic frequency, j is the
unit imaginary number, and o represents the phase angle of Z, which
is ideally —1, 0, or 1. The magnitude and phase angle of this imped-
ance are |Z| = D/w* and ¢ = —on/2, respectively. The impedance
can be also described in the Laplace domain by substituting s for jo,
and the impedance then becomes

Z(s) = Ds™*. (2)

Three integer values of o, —1, 0, and 1, represent the phase angle of
7/2, 0, and —7/2 and lead to a pure inductor, pure resistor, or pure
capacitor, respectively.'  If o takes noninteger values, the element is
termed as a fractional-order element (FOE). As such, a fractional
order element (FOE) exhibits a constant phase behavior and is often
referred to in the literature as a constant phase element (CPE). The
concept of fractional-order element provides increased flexibility in
modeling, characterizing, and understanding the behavior of various
electrical circuits and systems leading to several unconventional prop-
erties that cannot be achieved using traditional circuit elements.” "
Moreover, fractional order elements offer unique benefits in elec-
tronic circuitry by enabling broader impedance matching'>'® and
allowing flexibility in shaping the frequency response of electronic
filters.”'”'® Though many physical processes observed the presence

of the fractional order element, realization of such a discrete element is
not easy. There are several types of fractional order capacitors (0 < o
<1, =90 < ¢ < 0) reported in the literature, including electrochemi-
cal capacitors,w fractal structures,”” RC ladders,”’ CMOS-based
emulators,”””” polymer dilectrics,” and composites.”****

Two-dimensional materials have attracted intense attention due
to their promising potentials in electrical applications.”® For the com-
posite fractional order capacitors (FOCs),” in order to represent the
response of a RC network, solid-state structures were used to realize
FOCs by embedding two-dimensional nanosheets, i.e., reduced gra-
phene oxide (rGO)' sheets or multiwalled carbon nanotubes
(MWCNTSs)™ in the P(VDF)-based polymer matrix. The magnitude
of the constant phase angle (CPA) could be tuned by varying the filler
volume. Recently, MXene, a 2D transition metal carbide, was shown
to be an effective filler to increase the dielectric constant of the
MXene-polymer composites.”” However, there have been no attempts
to fabricate solid-state fractional order capacitors using MXene fillers.

In this work, we demonstrate that a two-dimensional Ti;C,Ty
MXene/vinylidene fluoride-trifluoroethylene—chlorofluoroethylene ter-
polymer [P(VDF TrFE CFE)] nanocomposite can be used to fabricate
compact and stable electrostatic fractional-order capacitors. The MXene-
based fractional order capacitors exhibited a constant phase angle (CPA)
that could be tuned from —67° to —34° by changing the MXene nano-
sheet loadings over a frequency from 200 kHz to 2 MHz.

Exfoliated MXene nanosheets with a 4 um lateral size were pre-
pared using an etching and delamination process.”® Figure 1(a) shows
the typical transition electron microscopy image of single-layer
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FIG. 1. (a) TEM image of MXene sheets. (b) AFM image of MXene sheets on the
mica substrate. (c) and (d) X-ray diffraction and Raman spectroscopy of the Ti;C,
MXene film.

Ti;C, Ty sheets. The Fourier transform of the TEM image [inset of Fig.
2(a)] indicates a clear hexagonal symmetry of the Ti;C,Tx MXene
nanosheet. The surface morphology and lateral size of MXene nano-
sheets are further confirmed by AFM imaging, as shown in Fig. 1(b).
Raman spectroscopy and X-ray diffraction (XRD) were used to char-
acterize the MXene sheets. Ti;C, Ty presents a strong (002) XRD peak
at 20 = 7.2° with FWHM = 0.55° [see Fig. 1(c)]. As shown in Fig.
1(d), the Raman spectrum of Ti;C,T,/CF exhibits strong peaks at 205
and 721 cm™", which can be assigned to the Alg modes of Ti;C,0y;

(@ CJ—

© — (d)
——Pristine P(VDF-TrFE)-CFE

| ——6.0 wt% MXene —

3: —10.0 wt%, 3
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> >
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FIG. 2. (a) and (b) SEM and TEM cross-sectional image of the MXene/P(VDF-
TrFE-CFE) composite with 10.0wt. % MXene loading. (c) and (d) Diffraction peak
and Raman spectra of the MXene/P(VDF-TrFE-CFE) composite with different
MXene loadings.

scitation.org/journal/apl

the additional peaks at 280, and 620 cm ™' can be assigned to the fol-
lowing vibrational modes: E; of TizC;(OH),, and Eg of TisCyF,,
respectively. These peaks reveal the presence of —OH, —O, and —F
functional groups on the Ti;C,Tx MXene surface.”’

Figure 2(a) shows cross-sectional SEM image of the MXene/
P(VDF-TrFE-CFE) composite film, which clearly exhibits a layered
morphology (14.0wt. %). The TEM image of the MXene/P(VDEF-
TrFE-CFE) composite in Fig. 2(b) indicates that a uniform dispersion
of MXene nanosheets in the P(VDF-TrFE-CFE) matrix has been
formed. Figure 2(c) shows XRD results for polymer composites con-
taining different MXene loadings, which indicates that the polymer
characteristic peak around 18° decreases as the MXene concentration
increases. The MXene concentration in the polymer matrix was inves-
tigated by using thermogravimetric analysis (TGA), as shown in Fig.
S1. Raman spectra of MXene, P(VDF-TrFE-CFE), and their compo-
sites were obtained as shown in Fig. 2(d). It can be seen that the char-
acteristic peaks of the composites consist only of known peaks from
pristine MXene and terpolymer, suggesting that there are no reactions
or any vibrational changes during the mixing process. As shown in
Fig. 2(d), the intensity of the major MXene peak at 205 cm ™" increases
with higher MXene loading, while the intensity of the terpolymer peak
at 801 cm ™' decreases as the MXene concentration increases.

Figure 3 shows a schematic representation of the fractional order
capacitor. As can be seen in Fig. 3(a), the capacitor comprises two elec-
trodes representing the capacitor terminals (bottom and top), a poly-
mer backbone serving as the dielectric, and MXene sheets that reside
within the polymer matrix. The presence of conductive MXene sheets,
if properly dispersed, can create several capacitors that are connected
in series (Cml, Cm?2, ...), as shown in Fig. 3(a), which can be equiva-
lently represented as Cl. Practically, a dielectric loss will exist, which
can be modeled as a series resistor (R1). The latter situation, ie., a
capacitor connected in series with a resistor, can be used repetitively to
describe the rest of the structure of the capacitor, as shown in Fig. 3(b).
Ultimately, the overall capacitor can be modeled as a network very
similar to a parallel-combination of series connected Rs and Cs,
and the fractional impedance of the network can be tuned by varying
the MXene loading. Figure 3(c) shows the impedance Z(jw) loci of
integer and fractional order RC circuits. For the integer RC circuit,
o =1, LZ(jw) = —90°, and for fractional order one, 0 <a <1,
—90° < LZ(jw) < 0°.

In order to evaluate the performance of fabricated capacitors, the
FOCs were characterized using an Agilent 4980A LCR meter in the
frequency range between 10kHz and 2 MHz. In total, four fractional
capacitors were fabricated, in which the MXene loading varied from
2.0wt. % up to 14.0 wt. %. As can be seen from Fig. 4(a), the phase
angle is nearly constant and stable over the frequency range from
200kHz to 2 MHz. Furthermore, we notice that the constant phase
angle in the 200 kHz-2 MHz range increases by introducing the con-
ductive Ti;C, Ty MXene fillers into the P(VDF-TrFE-CFE) matrix.
This phenomenon can be explained by the interplay of Maxwell-
Wagner-Sillars relaxation and dipolar relaxation.””’ The linear rela-
tionship between real and imaginary parts of the impedance of the
FOC:s fabricated using MXene/P(VDE-TrFE-CFE) composites is pro-
vided in Fig. 4(b). The slopes of these linear relations are 0.72, 0.69,
0.62, and 0.37, and their corresponding CPA values are —64.8°,
—62.1°, —55.8°, and —33.3°, respectively. These values are in agree-
ment with the CPA values obtained by averaging (see Table S1 in the
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FIG. 3. (a) A conceptual front view and a 3D schematic of the proposed fractional capacitor showing the top and bottom electrodes, the polymer matrix, and the MXene sheets.
(b) The approximate equivalent network comprising an equivalent capacitance (C1, C2, ...) in series with a resistor that models loss (R1, R2, ..., Rn). Horizontal fringing
capacitances are ignored assuming that the thickness of the MXene sheet is very small. (c) Impedance Z(jw) loci of integer and fractional order RC circuits. CPE: constant

phase element.

supplementary material). As for the fractional capacitor proposed
herein, the tunable CPA range is wide enough and the variation is
within #2°. Since the design process allows creating a compact device,
integration with other microelectronic circuits/systems and printed
circuit boards becomes viable. Furthermore, the proposed capacitors
are electrostatic capacitors rather than electrochemical capacitors,
which eliminates the hazards associated with chemical spills and elec-
trode corrosion from liquid electrolytes. We also note that percolation
allows flexibility in changing the value of the phase angle by changing
the loading of the filler material.

In summary, we demonstrate solid-state fractional capacitors fab-
ricated using MXene/P(VDF)-based polymer composites. The frac-
tional capacitors exhibit a tunable but stable phase angle over a broad
frequency range. The proposed compact capacitors possess dimen-
sions in the micrometer range enabling integration with a broad range
of electronic devices. The percolated MXene-based composites are
composed of a large number of microcapacitors, whose phase angle
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FIG. 4. (a) The measured phase angle of impedance vs frequency from 200 kHz
up to 2MHz for different MXene loadings. (b) The impedance magnitude vs fre-
quency on a log scale. The slope in the line equations represents alpha, and the
results confirm the measurement provided in (a). Explicitly, the values of alpha are
approximately 0.38, 0.60, 0.70, and 0.72.

can be changed by varying the loading of the MXene filler. Our
MZXene-based approach is an effective method for the realization of
surface-mount fractional devices that will ultimately be used in com-
mercial electronics.

See the supplementary material for the thermogravimetric analy-
sis of MXene/P(VDF-TrFE-CFE) composite and the phase angle and
corresponding o of MXene/P(VDE-TrFE-CFE) composites with dif-
ferent MXene loadings. The experimental section describes the prepa-
ration of MXene and composites and the characterization of devices.
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