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Abstract: The poly (vinylidene fluoride-trifluoroethylene—chlorofluoroethylene) P(VDF-TrFE-CFE)
terpolymer has been identified as a promising candidate for the effective conversion of low-frequency
mechanical vibrations into electricity. In this study, we provide a comprehensive and systematic
investigation of the solvent-dependent mechanical, microstructural, electrical, frictional properties
and triboelectric output performance of a relaxor ferroelectric P(VDF-TrFE-CFE) terpolymer. The
P(VDEF-TrFE-CFE) terpolymer films obtained from high dipole moment solvents have a longer rod-
shaped grain than those from low dipole moment solvents. The crystallinity, Young’s modulus and
dielectric constant of P(VDF-TrFE-CFE) terpolymer become larger as the dipole moment of solvents
increases, while the remnant polarization remains almost the same. The P(VDF-TrFE-CFE) terpolymer
film obtained from the highest dipole moment solvent generates almost 1.55 times larger triboelectric
charge than that obtained from the lowest moment. We attributed this large difference to the greatly
enhanced lateral friction of terpolymer film obtained from high dipole moment solvents.

Keywords: P(VDF-TrFE-CFE); relaxor ferroelectric terpolymer; solvents; mechanical energy harvesting;
lateral friction

1. Introduction

Triboelectric nanogenerators (TENGs) have been considered one of the most plausible
energy sources for powering portable and wearable devices due to their simple structure,
high efficiency, lightweight nature and cost-effectiveness [1-3]. TENGs can effectively
harvest wasted mechanical vibrations from daily life and convert them into electricity
based on the synergetic effects of triboelectrification and electrostatic induction. A variety
of TENGs have been developed to enhance the conversion efficiency through the judicious
selection of materials [4,5], functionalization of the surface [6,7], an increase in the contact
area [8,9] and an optimization of the device structure [10,11].

Ferroelectric polymers, such as poly(vinylidene fluoride) (PVDF) and poly(vinylidene
fluoride—trifluoroethylene) [P(VDF-TrFE)], have been frequently employed for the fabri-
cation of flexible and highly efficient TENG applications [12-17]. In comparison to other
materials, ferroelectric polymers possess an exceptionally large electron-attracting char-
acteristic and a high dielectric constant, which is necessary for enhanced triboelectric
output. Compared to PVDF and P(VDE-TrFE), poly (vinylidene fluoride-trifluoroethylene—
chlorofluoroethylene) [P(VDF-TrFE-CFE)] has not been extensively investigated for TENG
applications [18], despite exhibiting a significantly larger dielectric constant than the afore-
mentioned polymers. One of the main reasons is that the electric dipoles in P(VDF-TrFE-
CFE) are unable to remain aligned upon the removal of the electric field [19]. This results
in weaker dipole-dipole interactions, which in turn leads to diminished electron-attracting
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characteristics and, consequently, lower triboelectric output. It is noteworthy that a recent
study has reported modified electric properties and enhanced triboelectric output through
solvent control in P(VDF-TrFE) copolymer [20]. Consequently, it would be required to
explore the effect of solvent on physical property changes and, thus, triboelectric output in
P(VDE-TrFE-CFE) terpolymers, as similarly observed in P(VDF-TrFE) copolymers.

In this paper, we report the solvent-dependent mechanical, microstructural, electrical
and frictional properties of P(VDF-TrFE-CFE) terpolymer films. The fabrication of ter-
polymer films was conducted using tetrahydrofuran (THF), methylethyl ketone (MEK),
dimethylformamide (DMF) and dimethylsulfoxide (DMSO) solvents, with dipole moments
of 1.75,2.7,3.8 and 4.1 D, respectively, at 20 °C [20]. A solvent with a high dipole moment
results in the formation of a long rod-shaped grain, enhanced crystallinity and an enlarged
dielectric constant of P(VDF-TrFE-CFE). On the other hand, the dipole moment of the
solvent has a negligible effect on the remnant ferroelectric polarization. We observed a
markedly increased triboelectric output in P(VDE-TrFE-CFE) obtained from a high dipole
moment solvent, which we attribute to the substantial increase in lateral friction.

2. Experimental Details
2.1. Reagents

As-purchased P(VDF-TrFE-CFE) powder with VDE.TrFE:CFE = 63:30:7 mol % (Arkema
Piezotech, Pierre-Benite, France) and THF, MEK, DMF and DMSO solvents (purity > 99%,
Sigma Aldrich, Burlington, MA, USA) were used for the preparation of terpolymer solu-
tion [21]. The powder was mixed with each solvent at a concentration of 0.2 g/mL and
dissolved by stirring for 24 h at room temperature.

2.2. Film Fabrication

The dissolved solution was poured and coated on an indium tin oxide (ITO) coated
glass substrate (ITO-glass, Dasom RMS Co., Ltd., Anyang, Republic of Korea) using a
commercial bar-coater (KP-3000 VH, Kipae E&T Co., Ltd., Suwon, Republic of Korea). The
P(VDE-TrFE-CFE) films (10 x 10 cm?) were dried at 60 °C for 1 h on a hot plate (DATHAN
Scientific Co., Ltd., Wonju, Republic of Korea). Finally, the films were annealed at 110 °C
for 6 h in a furnace (AJ-MB2, Ajeon heating industrial Co., Ltd., Namyangju, Republic of
Korea) for crystallization. The process for film fabrication was schematically depicted in
Figure S1.

2.3. Characterization

The crystalline structure and Young’s modulus of the terpolymer films were charac-
terized by high-resolution X-ray diffraction (XRD) using Cu-K« radiation (SmartLab SE,
Rigaku, Tokyo, Japan) and a nanoindenter (G200, KLA instrument, Chandler, AZ, USA),
respectively. The surface and cross-sectional morphologies of the films were examined
by atomic force microscopy (AFM, FX-40, PSIA, Suwon, Republic of Korea) and field
emission scanning electron microscopy (FE-SEM, 5-4200, HITACHI, Tokyo, Japan). The
lateral friction of the film (6 x 6 um?) was determined using a contact mode of atomic
force microscopy (FX-40, PSIA, Suwon, Republic of Korea). For the AFM measurement,
we used the PPP-CONTSCR (PSIA, Suwon, Republic of Korea) tip with a spring constant
of 0.2 N/m. The loading force of the tip was maintained at 2 nN, and the scan rate was
fixed at 0.8 Hz. For the ferroelectric hysteresis loop and complex dielectric constant, we
employed a ferroelectric tester (Precision Multiferroic Tester, Radiant Technologies, Inc.,
Albuquerque, NM, USA) and an LCR meter (4284A, Hewlett-Packard, Palo Alto, CA, USA),
respectively. For the electrical measurements, a 0.8 mm? Au top electrode was deposited
by sputtering (Sputter Coater 108 auto, Cressington Scientific Instruments Ltd., Watford,
UK). The crystallinity of the terpolymer films was investigated by differential scanning
calorimetry (DSC, 200F3, NETZSCH, Selb, Germany). For the thermal measurement, the
films were heated to 150 °C at a rate of 5 °C/min under the flowing Ar gas.
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2.4. Triboelectric Power Generation Measurement

A commercial Al electrode (Dongil Chemical Co., Ltd., Busan, Republic of Korea) was
employed as a counter contact material for P(VDF-TrFE-CFE) polymer, with an effective
areaof 1 x 1.cm? (Figure 52). A custom-made vibration generator (Jaeil Optical Instrument,
Incheon, Republic of Korea) was employed to apply a force of 10 N, a frequency of 1 Hz,
and a separation distance of 2 mm. We used a two-channel digital phosphor oscilloscope
(DSOX2002A, Keysight, Santa Rosa, CA, USA), a programmed electrometer (6517, Keithley)
and a low-noise current preamplifier (SR570, Stanford Research Systems, Sunnyvale, CA,
USA) to measure the output voltage and current. We conducted all electrical measurements
within a Faraday cage to minimize noise.

3. Results and Discussion

Figure 1a shows the high-resolution X-ray diffraction pattern of P(VDF-TrFE-CFE)
terpolymer films on an ITO-glass substrate. For diffraction angles of 20 = 15~24°, only
the (200)/(110) peak of P(VDE-TrFE-CFE) and the (211) peak of ITO peak were observable,
irrespective of the solvents. Within the resolution of our X-ray diffraction (~0.01°), no peak
shifts were observed in the films. This result indicates that the films are of high purity and
that their lattice constants are almost identical for all solvents. However, it was observed
that the peak width was narrow for DMF and DMSO solvents, while it was wide for THF
and MEK solvents.
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Figure 1. (a) X-ray diffraction pattern; (b) differential scanning calorimetry heating thermogram;
(¢) Young’s modulus of P(VDF-TrFE-CFE) terpolymer films obtained from THF, MEK, DMF and
DMSO solvents. The dashed lines near the melting temperature in (b) represent the linear baselines
for the enthalpy calculation.

We calculated the grain size, d, using Scherrer’s formula of d = 0.93A/(Bcosf), where
A is the X-ray wavelength, B is the full-width at half-maximum (FWHM) of the diffraction
peak, and 0 is the peak position [22]. The estimated grain size of P(VDF-TrFE-CFE) obtained
from THF, MEK, DMF and DMSO solvents was found to be 37.6, 38.1, 46.9 and 48.5 nm,
respectively.
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Figure 1b shows the differential scanning calorimetry (DSC) heating thermogram of
P(VDEF-TrFE-CFE) terpolymer films. The sharp endothermic peaks at Ty = 124 °C are
attributed to the melting temperature of polymers [23]. Similar to previous reports [20,24],
we estimated the crystallinity of terpolymer films by comparing the melting enthalpy of a
100% crystalline film against an endothermal melting curve near Tys. That is,

X = (AHm> x 100% (1)
AHY,
where X, is the percentage crystallinity of terpolymer, AH,, is the melting enthalpy of
bar-coated film, and AHY, is the melting enthalpy of a 100% crystalline P(VDF-TrFE-CFE)
(i.e., 42 mJ/mg) [25,26]. For the calculation, we integrated the DSC result below the linear
baselines (dashed lines in Figure 1b). It is apparent that the crystallinity of the terpolymer
is dependent on the solvents, i.e., 44.4, 45.1, 46.4 and 46.7% for THF, MEK, DMF and DMSO
solvents, respectively.

It is evident that the use of DMSO, with the highest dipole moment of 4.1 D, results in
the highest degree of crystallinity in the resulting P(VDF-TrFE-CFE) film. The enhanced
crystallinity of the P(VDF-TrFE-CFE) film obtained from a high dipole moment solvent is
primarily due to the increase in the end-to-end chain length of the terpolymer [27].

Figure 1c shows the Young’s modulus of P(VDF-TrFE-CFE) terpolymer films. The
measured Shore A hardness (Sa) was used to calculate Young’s modulus (E) with the
equation of logjoE = 0.02355 — 0.6403 [28]. It can be observed that the calculated modulus
of terpolymer is larger for DMF and DMSO and smaller for THF and MEK solvents.
Given that an amorphous phase is typically softer than a crystalline phase [29], the greater
modulus observed for DMF and DMSO can be attributed to the larger grain size and
crystallinity, as illustrated in Figure 1a,b.

Figure 2a shows the atomic force microscopy images (5 x 5 um?) of the terpoly-
mer films. Regardless of the employed solvents, the surface morphology exhibits a
similar pattern, displaying nano-sized hills and pits. However, the root-mean-square
roughness (Rrms) increases with the increase in the dipole moment of solvent, as follows:
3.8, 4.6, 9.8 and 10.4 nm for THE, MEK, DMF and DMSO, respectively. Such solvent-
dependent roughness is expected to affect the triboelectric output, as reported in the
literature [30].

Figure 2b,c illustrate the top and side views of the scanning electron microscopy
images, respectively. All P(VDF-TrFE-CFE) terpolymer films exhibit dense and uniform
stacking on the ITO-glass substrate, with no discernable voids. Notably, all bar-coated
films exhibit almost the same thickness of 4.4 pm, in sharp contrast to the spin-coated films
(Figure S3).

From the top view of the images, it is evident that the P(VDF-TrFE-CFE) grains are long
for high dipole moment solvents and short for low dipole moment solvents. Quantitative
analysis of the images revealed that the length of grains was estimated to be 213 nm for
the highest dipole moment of DMSO solvent and 120 nm for the lowest dipole moment
of THF solvent. During the annealing, the molecular chains flow and self-organize to
form rod-shaped grains [31]. The degree of overlap between swollen polymer chains is
increased by high dipole moment solvents [32-34], which in turn leads to an increase in
rod-shaped grains. In Table 1, we provide a summary of the microstructural properties of
P(VDF-TrFE-CFE) terpolymer films obtained from different solvents.
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(a) THF Rime = 3.8 nm MEK Ry = 4.6 nm

DMF Rims = 9.8 nm

(b) THF MEK v DMF DMSO

Side-view
P(VDF-TrFE-CFE)

ITO-glass

Figure 2. (a) Atomic force microscopy (5 x 5 um?); (b) top and (c) side views of scanning electron
microscopy images of P(VDF-TrFE-CFE) terpolymer films on an ITO-glass substrate. In (a), we show
the root-mean-square values of roughness (Rrms) for each image.

Table 1. Solvent-dependent crystallinity, grain length, grain width, thickness and roughness of
P(VDF-TrFE-CFE) terpolymer films.

Solvent Crystallinity Grain Grain Width Thickness Roughness
(%) Length (nm) (nm) (um) (nm)
THF 444 119.8 39.7 44 3.8
MEK 45.1 155.3 40.1 42 4.6
DMF 46.4 164.5 43.5 44 9.8
DSMO 46.7 213.6 48.2 44 10.4

Further investigation was conducted to ascertain the effect of solvent on the electri-
cal properties of P(VDF-TrFE-CFE) terpolymer films. Figure S4a,b show the frequency-
dependent dielectric constant and loss tand, respectively, of the terpolymers at room
temperature. Given that the Curie temperature of P(VDE-TrFE-CFE) is close to the room
temperature, the dielectric constant at 100 Hz (~55) and loss tand at 1 MHz (~0.55) are
considerably larger than those of PVDF (dielectric constant of ~5, loss tand of 0.1) [35] and
P(VDF-TrFE) (dielectric constant of ~10, loss tand of ~0.05) [36]. Although the difference
is relatively minor, the dielectric constant of the terpolymer is greater for the high dipole
moment of DMF and DMSQO than for the low dipole moment of THF and MEK solvents.

Figure 3a,b show the temperature-dependent dielectric constant and loss tany, re-
spectively, of P(VDF-TrFE-CFE) terpolymer obtained from THF, MEK, DMF and DMSO
solvents. Both the dielectric constant and loss tand exhibit strong frequency dispersion over
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Figure 3. Temperature-dependent (a) dielectric constant and (b) loss tand of P(VDF-TrFE-CFE)
terpolymer films obtained from THF, MEK, DMF and DMSO solvents. (c) Vogel-Fulcher law fitting
(red lines) of dielectric constant peaks with respect to temperature and frequency.

Such relaxor behaviors can be modeled by Vogel-Fulcher’s law as follows:

fm :foexp<kB(Tf—Tf)> )

where U is the activation energy, kp is the Boltzmann constant, f, is the peak frequency, T},
is the peak temperature, and T is the freezing temperature [37,38]. As shown in Figure 3c,
the Vogel-Fulcher’s law explains the relationship between f;; and T}, for all solvents well.
The activation energy and freezing temperature of P(VDF-TrFE-CFE) terpolymer films
obtained from various solvents are listed in Table 2. The relatively large activation energy
and low freezing temperature in high dipole moment solvents, such as DMF and DMSO,
are likely related to the larger mean volume of the polar region [39].

Table 2. Activation energy and freezing temperature of relaxor ferroelectric P(VDE-TrFE-CFE)
terpolymers obtained from various solvents.

Solvent Activation Energy (meV) Freezing Temperature (°C)
THF 15.9 8.8
MEK 17.9 6.9
DMF 24.0 0

DMSO 26.7 -3.4
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The relaxor behavior of P(VDF-TrFE-CFE) can be further confirmed from the frequency-
dependent polarization—electric field (P-E) hysteresis loops. Figure 4a,b show the solvent-
dependent P-E hysteresis loop of P(VDF-TrFE-CFE) terpolymer at 1 Hz and 1 kHz, respec-
tively. Detailed P-E loops for each solvent at various frequencies are shown in Figure S5.
Overall, the P-E loops at 1 Hz exhibit a double-hysteresis loop-like behavior, while the loops
at 1 kHz exhibit an antiferroelectric-like behavior [40]. The polarization in the low field
region decreases significantly, while that in the high field region decreases slightly with
increasing frequency. The quantitative analysis revealed a 37% decrease in polarization
at 0 MV/m decreased from 1.9 pC/cm? at 1 Hz to 1.2 uC/cm? at 1 kHz, while that at
200 MV /m decreased by 15% from 7.9 uC/ cm? at 1 Hz to 6.7 uC/cm? at 1 kHz for DMSO.
Such behavior can be explained by the fact that the dipole from CFE is relatively insensitive
to applied frequency and responds at a high electric field, in contrast to the dipoles from
VDF and TrFE [41]. A significant influence on polarization at high electric fields may indi-
cate that the solvent effectively affects the CFE molecule. The solvent-dependent saturated
polarization, remnant polarization and coercive field are listed in Table 3.

(a) 10 T . ! ; . (b) 10 . . , ; .
5 i — THF :
& ~ 51
§ §
o o
2 2
S 5 o
1N ¥
ks ks
]
o £ 5
1Hz ; 1 kHz
'10 T T T T T - T T ; T T
-200 -100 0 100 200 -200 -100 0 100 200
Electric field (MV/m) Electric field (MV/m)

Figure 4. Polarization—electric field (P-E) hysteresis loops of P(VDF-TrFE-CFE) terpolymer films
obtained from THF, MEK, DMF and DMSO solvents at driving frequencies of (a) 1 Hz and (b) 1 kHz.

Table 3. Frequency-dependent saturated and remnant polarizations and coercive field of P(VDF-
TrFE-CFE) terpolymer films.

Saturated Pola;rlzatlon Remnant Polaznzatlon Coercive Field (MV/m)
Solvent (uC/cm*®) (uC/cm®)
1Hz 1kHz 1Hz 1kHz 1Hz 1kHz
THF 7.3 6.2 19 1.1 30.2 21.1
MEK 7.6 6.5 2.0 1.3 30.9 22.5
DMF 7.8 6.6 2.2 1.3 31.9 23.8
DMSO 8.0 6.8 1.9 1.1 30.0 20.2

Following the characterization of the structural, mechanical, microstructural and
electrical properties of P(VDF-TrFE-CFE) terpolymer films obtained from various solvents,
we have investigated the effect of solvent on the triboelectric output performance of P(VDE-
TrFE-CFE) films. In order to ensure the reliability of the results, all experimental parameters
were kept constant, with the exception of the P(VDF-TrFE-CFE) films. Figure 5a,b show
the solvent-dependent open-circuit voltage and short-circuit current of P(VDF-TrFE-CFE)-
based triboelectric nanogenerators (TENGs), respectively. It is evident that the output
performance of the TENG exhibits a clear increase with the increased dipole moment of the
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solvent. In Table 4, we provide a summary of the solvent-dependent peak-to-peak voltage
and peak-to-peak current for each P(VDF-TrFE-CFE)-based TENG.

(a) so —— (b) 1.2 ———
THF MEK DMF DMSO THF MEK DMF DMSO
60 - 1
0.8
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Figure 5. (a) Open-circuit voltage and (b) short-circuit current of P(VDE-TrFE-CFE)-based triboelectric
nanogenerators (TENGs). (¢) Comparison of the triboelectric charge with respect to lateral friction,
dielectric constant and remnant polarization of P(VDF-TrFE-CFE) terpolymer films obtained from
THF, MEK, DMF and DMSO solvents.

Table 4. Peak-to-peak voltage and peak-to-peak current of P(VDE-TrFE-CFE)-based triboelectric

nanogenerators.

Solvent Peak-to-Peak Voltage (V) Peak-to-Peak Current (uA)
THF 35.6 0.7
MEK 49.8 0.8
DMF 51.8 1.0

DSMO 58.6 1.1

Figure 5c illustrates the solvent-dependent triboelectric charge along with the remnant
polarization and dielectric constant of P(VDF-TrFE-CFE) terpolymers. It should be noted
that the triboelectric charge was obtained by integrating the triboelectric current over time.
As is evident, the almost constant remnant polarization and the slight increase in dielectric
constant (~7%) are insufficient to account for the considerable enhancement in triboelectric
charge (~55%) observed for P(VDF-TrFE-CFE) obtained from DMSO solvent compared to
that from the THF solvent.

In order to gain insight into the principal mechanism underlying the solvent-dependent
triboelectric output performance, we present the solvent-dependent root-mean-square
value of lateral friction in Figure 5c [42]. In contrast to dielectric constant and remnant
polarization, the lateral friction is markedly enhanced (~75%) in the film obtained from
DMSO in comparison to that from THF. Given the positive correlation between lateral
friction and surface roughness, as evidenced in Figure S6, it can be postulated that the
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solvent-dependent triboelectric output of P(VDF-TrFE-CFE)-based TENGs is related to the
variation in friction, which may be attributed to grain growth-induced surface morphology.

4. Summary

In summary, we systematically investigated the effects of solvent on the crystallinity,
Young’s modulus, surface morphology and electrical properties of bar-coated P(VDF-TrFE-
CFE) terpolymer films on an ITO-glass substrate. In contrast to spin-coating, the bar-coating
resulted in almost the same thickness (~4.4 um) of film, regardless of the employed solvent.
The terpolymer film obtained from DMSQO solvent exhibited a long rod-shaped grain (length
of 213.6 nm and width of 48.2 nm), while the film obtained from THF solvent displayed
a short rod-shape (length of 119.8 nm and width of 39.7 nm). The morphology change is
accompanied by a slight increase (~5%) in crystallinity and a significant increase (~270%)
in roughness. Furthermore, temperature- and frequency-dependent dielectric constant and
polarization measurements showed that relaxor ferroelectricity is preserved in P(VDE-TrFE-
CFE) with almost the same remnant polarization for all solvents. The dielectric constant
(~7%) and saturated polarization (~9%) were observed to increase slightly in DMF and
DSMO solvents with a higher dipole moment. In the contact-separation between Al and
P(VDF-TrFE-CFE), we observed a clear solvent-dependent triboelectric charge, i.e., 3.7, 4.4,
4.9 and 5.7 nC for THE, MEK, DMF and DMSO solvents, respectively. By comparing relevant
physical parameters, it is concluded that surface morphology-induced lateral friction plays
a dominant role in the solvent-dependent triboelectric output in P(VDE-TrFE-CFE).

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/cryst14070664 /s1, Figure S1: Schematic fabrication process of
P(VDE-TrFE-CFE) films on an ITO-glass substrate, (i) pouring, (ii) bar-coating, (iii) drying and
(iv) crystallization. Figure S2: (a) Schematic diagram and (b) digital image of a P(VDF-TrFE-CFE)-
based triboelectric nanogenerator. Contact and separation occurred between the Al electrode and the
P(VDEF-TrFE-CFE) polymer. The top (Al) and bottom (ITO) electrodes are connected to an electrometer
for triboelectric output measurement. Figure S3: Side view of spin-coated P(VDEF-TrFE-CFE) films.
In contrast to bar-coating, spin-coating results in different thicknesses of films obtained from THF
(~2.2 pm), MEK (~2.2 um), DMF (~1.1 um) and DMSO (~1.5 um). Figure S4: Frequency-dependent
(a) dielectric constant and (b) loss tand of P(VDF-TrFE-CFE) films at room temperature. Figure S5:
Frequency-dependent polarization—electric field (P-E) hysteresis loops of P(VDF-TrFE-CFE) obtained
from (a) THE, (b) MEK, (c) DMF and (d) DMSO solvents. Figure S6: (a) Lateral friction microscopy
images of P(VDF-TrFE-CFE) obtained from THF, MEK, DMF and DMSO solvents. The root-mean-
square values of friction (Frms) are shown in each image. (b) Positive correlation between lateral
friction and roughness.
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