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ARTICLE INFO ABSTRACT

Keywords: In this study, the effects of n-butylamine-modified graphite nanoflakes (BMGNFs) on the crystalline phase
Graphite transition, ferroelectric behaviors, and piezoelectric energy harvesting properties of poly(vinylidenefluoride-co-
Nanoflake ) ) trifluoroethylene) (P(VDF-TrFE)) copolymers are investigated. To confirm the blending of BMGNFs in P(VDF-
fpo(l\};gg%fi;%r;eﬂuonde-co-trlﬂuoroethylene) TrFE), X-ray spectroscopy and Fourier-transform infrared spectroscopy (FTIR) are performed. Additionally, X-
Piezoelectric ray diffraction, FTIR, field-emission scanning electron microscopy, and atomic force microscopy are performed to
Nanogenerator analyze the crystallization of the polar p-phase of BMGNF-blended P(VDF-TrFE) copolymers. For P(VDF-TrFE)

copolymers blended with pure graphite nanoflakes (GNFs), the crystallization of the polar f-phase is
enhanced, but a high dielectric loss induced by the leakage current is clearly observed. The dielectric loss can be
effectively reduced through the modification of GNFs by n-butylamine, which improves the remnant polarization
and coercive electric field of metal-ferroelectric-semiconductor devices. Furthermore, the piezoelectric nano-
generators comprising BMGNF-blended P(VDF-TrFE) copolymers present a high open-circuit output voltage of
4.9 V and a high short-circuit output current of 4.5 pA for more than 500 times of cycling tests, exhibiting a high
generating power density of 33.73 mW/m? under a load resistance of 3 MQ. Hence, the P(VDF-TrFE) copolymers
blended with n-butylamine-modified GNFs show superior ferroelectric and piezoelectric behaviors, rendering
them promising candidates for applications in future organic sensors and self-powered consumer electronics.

1. Introduction

Electricity shortage has become a severe issue that hinders the
development of the industry and economy. Fossil fuel depletion, also
known as energy crisis, will occur in the mid-21st century because
approximately 64 % of the global electricity originated from fossil fuels
[1]. According to Solomon’s prediction, all fossil fuels will be depleted
by 2088 [2]. Hence, the search for renewable energy has become
extremely important over the past few years. Energy harvesting is
considered a renewable energy technology and has been extensively
investigated since 2006 [3]. Recently, many technologies have been
employed in nanogenerators, including electromagneticity,

thermoelectricity, triboelectricity, and piezoelectricity [4-7]. For
example, electromagnetic generators can convert low-frequency vibra-
tions into electrical energy via electromagnetic induction; however, they
present some disadvantages such as low efficiency, heavy device weight,
and high cost [8]. In addition, thermoelectric generators transform heat
into electricity through the temperature gradient distribution between
thermocouples. Nevertheless, a steady temperature gradient distribu-
tion is difficult to realize [9]. Triboelectric nanogenerators can generate
electricity through contact and movement between material surfaces but
are affected by problems of durability and warpage owing to the need of
large contact size [10]. Thus, most nanogenerators cannot generate
energy stably, which limits their applications in high-performance self-
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powered electronics [11]. In this regard, piezoelectric generators (PGs),
which can generate electricity uninterruptedly through steady pressure
application, are considered the most promising candidate for harvesting
energy. The mainstream development of PGs is their integration with
wearable devices, as well as energy harvesting by detecting human body
signals to power wearable devices for realizing multiple functions [12].
Piezoelectric materials can exhibit switching dipoles when me-
chanical strain is applied [13]. Generally, ferroelectric materials can
demonstrate piezoelectric behaviors for energy harvesting, which can
primarily be categorized into two groups: inorganic (e.g., BaTiO3, Pb
[Zr4Ti; _x]03, and LiTaOg3) and organic materials (e.g., poly(vinylidene
fluoride) (PVDF)-based materials). Although inorganic ferroelectric
materials can induce considerable polarization, they present disadvan-
tages such as complex manufacturing processes and brittleness [4],
which degrade the device performance after cyclic bending tests.
Recently, organic ferroelectric materials such as PVDF and its copolymer
poly(vinylidene fluoride-trifluoroethylene)  (P(VDF-TrFE)) have
garnered significant attention because of their advantages of high
remnant polarization (2P;), excellent piezoelectric response, high
breakdown voltage, and high elasticity [14,15]. Under certain process-
ing conditions, P(VDF-TrFE) can be crystallized into five phases, namely
a-, B-, y-, 8-, and e-phases, based on different chain conformations
[16,17]. In P(VDF-TrFE) copolymers, the a-phase is thermodynamically
favorable but non-polar, whereas the B-phase is a polar phase that can
induce strong ferro-, pyro-, and piezo-electric behaviors owing to the
well-aligned polarization dipoles with the neatly arranged C-F bonds.
To achieve ferroelectricity in P(VDF-TrFE), the degree of the polar
B-phase should be improved via appropriate processes such as thermal
annealing, solvent vapor annealing, electrical polling, and nanofiller
doping [18-21]. Among them, nanofiller doping to form nano-
composites is the simplest and most cost-effective strategy. Nanolayers,
nanofibers, nanoflakes (NFs), and nanoparticles (NPs) are four types of
nanofillers that can be blend with organic materials [22]. Al;O3 and
graphene nanolayers can be inserted into the P(VDF-TrFE) films via
deposition and transfer methods, respectively, as protective or trans-
mission layers to enhance the ferroelectric behaviors of P(VDF-TrFE) for
the applications in organic electronics [23,24]. For nanofibers, the main
manufacturing process is electrospinning, which contributes to the
enhancement of the surface-area-to-volume ratio to well-align the dipole
moments in P(VDF-TrFE) copolymers [25]. Furthermore, NPs and NFs,
which exhibit unique properties compared with bulk films, have been
investigated extensively to improve the ferroelectric and piezoelectric
characteristics of P(VDF-TrFE) copolymers. It has been reported that Au-
NP and GO-NF blended P(VDF-TrFE) copolymers exhibit enhanced
ferroelectric properties because of the directional arrangement of C-F
bonds via the interaction between NPs/NFs and P(VDF-TrFE) co-
polymers [26,27]. Additionally, Wang et al. reported that carbon
nanotubes (CNTs) can serve as a template to guide the crystal growth of
P(VDF-TrFE) copolymers, and that the specific direction of CNTs enables
the polarization direction to be parallel to the electric field during
electrical operation, thereby improving the ferroelectric behaviors of P
(VDF-TrFE) copolymers [28]. However, metal NPs and CNTs provide
conductive pathways for electrons in P(VDF-TrFE) copolymers, resulting
in a significant increase in leakage current that obstructs their utilization
in nanogenerators [29]. In this study, n-butylamine-modified graphite
nanoflakes (BMGNFs) were blended in P(VDF-TrFE) copolymers to
achieve superior ferroelectric and piezoelectric properties for energy
harvesting applications. Graphite is an excellent conductor owing to the
sp? hybridization of each of its carbon atom, and its conductivity is three
times higher than that of copper [30]. Graphite has been used as an
electrode in ion batteries and metal-oxidesemiconductor field-effect-
transistors [31,32], steel manufacturing [33], capping layers [34], and
dopants in nanocomposite films [35]. The incorporation of graphite into
P(VDF-TrFE) copolymers have been reported to improve the dielectric
properties owing to the high conductivity of graphite [36]. In addition, it
has been suggested that the graphene oxide nanosheets with high
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dielectric constant can be doped into P(VDF-TrFE) films to fabricate the
high-performance piezoelectric nanogenerators [37]. However, the
ferroelectric and piezoelectric behaviors of P(VDF-TrFE) copolymers
blended with GNFs and their applications in nanogenerators have not
been reported. Although the crystallization of the polar p-phase of GNF-
blended P(VDF-TrFE) copolymers can be improved significantly, the
high leakage current induced by GNFs worsens the ferroelectric prop-
erties. To suppress the leakage current for achieving P(VDF-TrFE)
nanocomposite films with better ferroelectricity, the GNFs were modi-
fied with n-butylamine at different concentrations and then blended into
P(VDF-TrFE). Subsequently, the P(VDF-TrFE)/BMGNF nanocomposites
were utilized in energy harvesting devices, and the generated output
power was optimized under different load resistances. The P(VDF-TrFE)
copolymers blended with BMGNFs with a nitrogen percentage of 0.75 %
exhibited superior ferroelectric and piezoelectric characteristics,
rendering them suitable for future high-performance energy harvesting
systems.

2. Experimental
2.1. Material synthesis and device preparation

Fig. 1(a) shows a schematic diagram of the BMGNF synthesis pro-
cedure. The GNF preparation method used was that proposed by Nishina
etal [38], and the GNFs were placed in a three-necked bottle. Two necks
of the bottle were used for the injection and exhaustion of nitrogen to
create an oxygen-free environment. Subsequently, n-butylamine was
added at different concentrations (1 %, 10 %, and 50 %) through the
remaining neck of the bottle and reacted with the GNFs. The mixed
solution was dried in an ambient environment to form BMGNFs for
blending in P(VDF-TrFE). The dimension (length or width) of the
BMGNFs was approximately 400 nm, as confirmed via field-emission
scanning electron microscopy (FE-SEM) (Fig. 1(b)), and the thickness
of the BMGNFs could be approximately 3 — 5 nm according to the
thickness of the flakes obtained by the electrochemical exfoliation of
graphite [38]. Fig. 1(c) shows the mixing procedure for the BMGNFs and
P(VDF-TrFE). Pure P(VDF-TrFE) powder (70:30 mol %) provided by
Piezotech S.A.S. (Arkema, Colombes, France) and BMGNFs were dis-
solved in dimethylformamide, and the proportions of P(VDF-TrFE) and
BMGNFs were fixed at 5 wt% and 0.01 wt%, respectively. After P(VDF-
TrFE) and BMGNFs were blended, the mixing solution was stirred using
a magnetic stirrer for at least 24 h to obtain a homogenous solution.

For device fabrication, a 4-inch n"-silicon was first cleaned using the
standard Radio Corporation of America cleaning procedure. To obtain
uniform BMGNF-blended P(VDF-TrFE) copolymers, spin-coating was
performed on the n*-Si wafers at 1000 rpm for 30 s under a pressure of
10 Pa in N3 ambient in a glove box. The thickness of the nanocomposite
films was approximately 360 nm, which was analyzed by the ellips-
ometry (M—2000X, J.A. Woollam, USA). After that, the P(VDF-TrFE)/
BMGNF nanocomposite films were thermally annealed at 130 °C for 2
h to enhance the crystallinity of the films, particularly that of the
B-phase. Finally, a 300-nm-thick Al electrode was deposited using a
thermal evaporation system at 10~° Torr with a pure Al bullet (99.999%
purity); subsequently, it was patterned via a standard lithographical
procedure and etched using a wet solution (H3PO4:HNO3:CH3COOH:
H20 =50:2:10:9) at 60 °C to form a top electrode. The schematic device
structure of the metal-ferroelectric-metal (MFM) capacitor with the P
(VDF-TrFE)/BMGNF nanocomposites is illustrated in Fig. 1(d).

2.2. Characterization of materials and devices

To identify their binding characteristics, the BMGNF-blended P(VDF-
TrFE) copolymers were analyzed via X-ray photoelectron spectroscopy
(XPS) (JPS-9030, JEOL, Japan) using Al Ka (1486.6 eV) radiation as the
excitation source. Hence, devices with BMGNF-blended P(VDF-TrFE)
copolymers are denoted as N_0.50%, N_0.75%, and N_1.00%, indicating
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Fig. 1. (a) Schematic diagram of the BMGNF synthesis procedure. A three-necked bottle was used to modify GNFs by n-butylamine. (b) FE-SEM image of a GNF. The
inset shows the statistical distribution of the dimension of GNFs. (c) Schematic diagram of the mixing procedure for the BMGNFs and P(VDF-TrFE) copolymers. The
mixing solution was stirred using a magnetic stirrer for at least 24 h to obtain a homogenous solution. (d) Schematic device structure of the BMGNF-blended P(VDF-

TrFE) MFM capacitor.

1 %, 10 %, and 50 % n-butylamine-modified GNFs blended in P(VDF-
TrFE) copolymers, respectively, as confirmed by the atomic percent-
age of nitrogen from XPS spectra. Furthermore, the devices with pure P
(VDF-TrFE) and GNF-blended P(VDF-TrFE) copolymers are denoted as C
and G, respectively. The crystallinity of the P(VDF-TrFE)/BMGNF
nanocomposite films was analyzed via X-ray diffraction (XRD) (D2
Phaser, Bruker, USA) using Cu Ka radiation and Fourier-transform
infrared (FTIR) spectroscopy (Bruker Tensor 27 IR, Bruker, USA). The
scanning rate and angle of incidence of the XRD analysis were 0.01° and
17-30°, respectively, and the resolution of the FTIR analysis was 2 cm L.
FE-SEM (SU8010, Hitachi, Japan) and atomic force microscopy (AFM)
(Digital Instruments Dimension 3100, Advanced Surface Microscopy,
USA) were performed to observe the surface and cross-sectional mor-
phologies of the P(VDF-TrFE)/BMGNF nanocomposite films. The
accelerating voltage of the FE-SEM investigation was 5 kV, and the scan
rate of AFM imaging was 0.5 Hz. For the electrical characterization of P
(VDF-TrFE)/BMGNF MFM capacitors, the polarization vs. electric field
(P-E) curves, leakage current density vs. electric field (J-E) curves,
capacitance vs. electric field (C-E) curves, and frequency-dependent
dielectric loss characteristics were analyzed using a Keithley 4200-SCS
semiconductor characterization system (Tektronix Inc., USA). To
investigate the energy harvesting ability of piezoelectric BMGNF-
blended P(VDF-TrFE) copolymers, a high resolution digital oscillo-
scope (RTE1024, Rohde & Schwarz, Germany) conducted with a multi-
channel power probe (RT-ZVC02, Rohde & Schwarz, Germany) was used
to obtain the open-circuit voltage (V,.) and short-circuit current (Ig.) of
the nanogenerators. The input resistance of the oscilloscope was 50 MQ
under the measurement of the output voltage of a nanogenerator.

3. Results and discussion
3.1. Material analyses of BMGNF-blended P(VDF-TrFE) nanocomposites

Fig. 2(a) shows the C1 sand N 1 s XPS spectra of the BMGNF-blended
P(VDF-TrFE) copolymers. In the C 1 s spectra, four distinct peaks located
at binding energies of 286.3, 288.8, 291.0, and 292.5 eV were observed,
representing the C-H, C-N/C-F, C-HF and C-F; bonds, respectively
[39-41]. Compared with the pure P(VDF-TrFE) film, the increase in the
intensity of the C-H bond for the GNF-blended and BMGNF-blended
samples indicates the presence of GNFs in the P(VDF-TrFE) co-
polymers. Owing to the similar binding energy of approximately 288.8
eV in the XPS spectra, the C-N and C-F bonds could not be easily
distinguished. Because the intensity of the C-F bond in the P(VDF-TrFE)
copolymers is the same for all samples, the increase in the intensity of
the C-N/C-F bonds with the nitrogen percentage of the P(VDF-TrFE)/
BMGNF nanocomposites should originate from the formation of C-N
bonds in the n-butylamine-modified GNFs; this can be further confirmed
by the C-N bond in the N 1 s spectra at the binding energy of 400.8 eV
[42]. It has been reported that the nitrogen-related bonds in polymers
yield more insulated films [43], which significantly affect the electrical
characteristics such as the leakage current of polymer films. Fig. 2(b)
and (c) show the absorption spectra of FTIR in low (400-1500 em Y and
high (1500-3600 cm™!) wavenumbers, respectively. In the low-
wavenumber region, the peaks located at 475, 840, 1288, and 1400
em™! can be attributed to the p-phase of P(VDF-TrFE) copolymers
[44,45]. The intensity of the pB-phase increased as the nitrogen per-
centage of the nanocomposite films increased from 0.5 % to 0.75 % due
to the well-aligned C-F bond and low leakage current of the film via the
n-butylamine-modified GNFs. However, the crystallinity of the P(VDF-
TrFE) copolymers degraded when a high concentration of n-butyl-
amine was treated on the GNFs because the excess n-butylamine induced
some unnecessary charges in the GNFs, randomized the placement of
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Fig. 2. () C 1 s and N 1 s XPS spectra of the
BMGNF-blended P(VDF-TrFE) copolymers. The ab-
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BMGNFs, and hindered the crystallization of the films [46-48]. In the
high wavenumber FTIR spectra, two important regions are noteworthy,
i.e., regions near 1600 em! (Region 1, blue line) and 3400 cm~! (Re-
gion 2, red line), which represent the C = C and C-N bonds, respectively
[49,50]. The enlarged spectra of these two regions are presented in
Fig. 2(d). In Region 1, a significant increase in the FTIR intensity at 1600
em ! can be attributed to the incorporation of GNFs in the P(VDF-TrFE)
copolymers. Meanwhile, in Region 2, with the increase in the nitrogen
percentage of the P(VDF-TrFE)/BMGNF nanocomposites, the FTIR in-
tensity at 3400 cm ™! can be attributed to the C-N bond of the n-butyl-
amine-modified GNFs, which was observed in the XPS spectra as well
(see Fig. 2(a)).

Fig. 2(e) shows the XRD patterns of the BMGNF-blended P(VDF-
TrFE) copolymers with two prominent peaks. The strong peak at 20 =
20.5° can be attributed to the (200) and (110) reflections of the polar
B-phase of the P(VDF-TrFE) copolymers. The BMGNF-blended P(VDF-
TrFE) film with a nitrogen percentage of 0.75 % exhibited the highest
peak, thereby demonstrating its superior polar-phase behavior. In
addition, all samples showed a distinct peak at 20 = 27.5° except for the
pure P(VDF-TrFE) film. This peak reflects the crystallinity of graphite
[51] and indicates the successful incorporation of GNFs into P(VDF-
TrFE) copolymers. To analyze the crystallinity of the BMGNF-blended
P(VDF-TrFE) copolymers, the XRD patterns were deconvoluted into
three components, as shown in the inset of Fig. 2(e) and S1(b)-(d). In the
deconvoluted patterns, another peak at 20 = 20.1° was observed that

-. y-pha.se m| [li-phase.

A (@u)

C Gﬂ /“5%0//% n%o/i\ W

belonged to the y(002) phase [18,19,52,53], ie., a semi-polar phase
between the nonpolar a- and polar p-phases. The degrees of crystallinity
of the B- and y-phases were calculated using the following equations
[54]:

A

Xy =1 % 100% (1
Total
A

1, = - % 100% @
Total

Atoral = A/;+A7 + Adms (3)

where Ap and A, are the integrated areas of the crystalline §- and
y-peaks, respectively, Aams is the integrated area of the amorphous type,
and A¢ota) is the summation of the integrated area of all diffraction peaks.
The calculated values of A¢otq and the proportion of crystallinity of the p-
and y-phases of the BMGNF-blended P(VDF-TrFE) copolymers are
shown in Fig. 2(f). For the pure P(VDF-TrFE) film, the degrees of crys-
tallinity of the B- and y-phases were only 58.01 % and 25.03 %,
respectively. For the P(VDF-TrFE) copolymers blended with BMGNFs,
the overall crystallization area, i.e., the summation of the crystallinity of
the B-phase (yp) and y-phase (y,), increased significantly. In addition, the
transformation from the y-phase to the p-phase became more significant
when the nitrogen percentage of the BMGNFs increased to 0.75 %, i.e., yp
increased to 74.77 %, whereas y, decreased to 18.07 %. It was evident
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that the phase transformation was owing to the good alignment of the
C-F bond and the low leakage current of the film via the modified GNFs,
as revealed in the FTIR spectra of Fig. 2(b)-(d). However, for the P(VDF-
TrFE)/BMGNF nanocomposites with a nitrogen percentage of 1 %, the
overall crystallization area attenuated to 85.21 %, and the phase
transformation was vague, which can be ascribed to crystallization
hindrance by the excess n-butylamine modification in the GNFs.

Fig. 3(a),(b) and S2 show the surface morphologies of the P(VDF-
TrFE)/BMGNF nanocomposites. Compared with the samples without
GNFs, the P(VDF-TrFE) copolymers blended with BMGNFs, i.e. sample
N_0.75%, presented a significant needle-shaped crystalline structure,
indicating that the crystallization of the polar p-phase can be enhanced
through the blending of BMGNFs. If the amount of n-butylamine
modification in the GNFs is increased to 50 %, i.e. sample N_1.00%, then
fewer needle-shaped crystalline structures will be observed in the P
(VDF-TrFE) copolymers, which can be ascribed to the crystallization
hindrance by the excess n-butylamine modification in the GNFs. The
needle-like crystallization of the p-phase in the P(VDF-TrFE)/BMGNF
nanocomposites can be further confirmed by the FE-SEM topographic
images, as shown in Fig. 3(c),(d) and S3(a)-(c). As shown in Fig. 3(d),
the crystal length of needles in the P(VDF-TrFE)/BMGNF nano-
composites was defined [55]. To obtain a statistical distribution, more
than 100 needles for each sample were measured, as plotted in Fig. S3
(d). When the amount of n-butylamine modified in the GNFs increased
to 10 % (sample N_0.75%), the average crystal length of the needles in
the P(VDF-TrFE)/BMGNF nanocomposites increased from 295.7 to
682.4 nm, resulting in an enhanced crystallization of the polar $-phase.
Nevertheless, the excessive n-butylamine modification in the GNFs led
to a decrease in the crystal length of the needles to 283.7 nm for the low

- - 4i|| I I..ﬁ
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crystallization of the p-phase in the P(VDF-TrFE)/BMGNF nano-
composites, which is consistent with the AFM images. Fig. 3(e) and (f)
show the cross-sectional FE-SEM images of the pure and BMGNF-
blended P(VDF-TrFE) nanocomposites, respectively, for analyzing the
placement of BMGNFs in P(VDF-TrFE). For the P(VDF-TrFE) blended
with BMGNFs, the BMGNFs were placed horizontally in the P(VDF-TrFE)
copolymers, contributing to well-aligned C-F bonds by the interaction
between the BMGNFs and P(VDF-TrFE) for enhanced ferroelectric be-
haviors, which will be discussed later.

3.2. Electrical behaviors of ferroelectric MFM capacitors with BMGNF-
blended P(VDF-TrFE) copolymers

A schematic illustration of the crystallite structures of the P(VDF-
TrFE)/BMGNF nanocomposites are illustrated in Fig. 4. For the pure P
(VDF-TrFE) copolymers, a thermodynamically unstable a-phase and
randomly aligned dipoles were observed (Fig. 4(a)), which resulted in a
low amount of polar p-phase in the P(VDF-TrFE) copolymers [56]. To
enhance the ferroelectric behaviors, the GNFs were blended into P(VDF-
TrFE) to achieve well-aligned polarization dipoles, as shown in Fig. 4(b).
However, the highly conductive GNFs might induce conductive path-
ways in the P(VDF-TrFE) copolymers. Therefore, the GNFs were modi-
fied with n-butylamine and then blended into P(VDF-TrFE) copolymers
in this study. For the P(VDF-TrFE) copolymers blended with moderate n-
butylamine modified GNFs, i.e., sample N_0.75%, not only the polari-
zation dipoles were arranged neatly via GNFs, but also the GNFs were
modified by the amino groups (Fig. 4(c)). In XPS and FTIR spectra (Fig. 2
(a) and (d)), the amino groups at BMGNFs of the P(VDF-TrFE)/BMGNF
nanocomposite films were observed, thereby inducing the positive

200.0 nm

100.0 nm

K

0.0 nm

N_0.75%

Fig. 3. AFM surface morphologies of (a) pure (VDF-TrFE) and (b) P(VDF-TrFE)/BMGNF nanocomposites with a nitrogen percentage of 0.75 %. FE-SEM topographic
and cross-sectional images of (c),(e) pure (VDF-TrFE) and (d),(f) P(VDF-TrFE)/BMGNF nanocomposites with a nitrogen percentage of 0.75 %, respectively.
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Fig. 4. Schematic crystallite structures of (a) pure P(VDF-TrFE), (b) GNF-blended P(VDF-TrFE), and BMGNF-blended P(VDF-TrFE) nanocomposites with a nitrogen
percentage of (¢) 0.75 % and (d) 1 %.
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charges at the amino terminus [46,47]. The large number of positive
charges generated by the excessive n-butylamine modification in the
GNFs randomized the placement of BMGNFs and interfered with the
alignment of the polar B-phase in the P(VDF-TrFE) copolymers [48], as
shown in Fig. 4(d), giving rise to the degradation of ferroelectric
characteristics.

To characterize the ferroelectric behaviors of the BMGNF-blended P
(VDF-TrFE) MFM capacitors, all devices were measured using the
positive-up negative-down (PUND) method [57] with an applied bias of
+ 20V at a frequency of 20 Hz. Fig. 5(a) shows the P-E characteristics of
all samples. At least 10 devices of each sample were measured to
investigate the effect of the BMGNF-blended P(VDF-TrFE) on the
ferroelectric properties. The statistical distributions of 2P, and E. were
extracted, as shown in Fig. 5(b). For the MFM capacitors with GNF-
blended P(VDF-TrFE) nanocomposites, i.e., sample G, only a slight in-
crease in 2P, was observed. By contrast, when the GNFs were modified
with n-butylamine and blended into the P(VDF-TrFE) copolymers, a
significant improvement in the P-E curves of the MFM capacitors was
obtained. When the nitrogen percentage of the P(VDF-TrFE)/BMGNF
nanocomposites increased to 0.75 %, the 2P, increased to more than 4
pC/cm? and the E, reduced to less than 0.35 MV/cm owing to the well-
aligned polarization dipoles by the interaction between the BMGNFs and
P(VDF-TrFE) copolymers, as illustrated in Fig. 4(c). Compared with the
samples with P(VDF-TrFE)/BMGNF nanocomposites, sample G showed
a worse ferroelectric behaviors because of the high leakage current
originating from the undesirable conducting paths through the GNFs
[36], as shown in Fig. 5(c). On the other hand, for the samples with
excessive n-butylamine modification in the GNFs, i.e., sample N_1.00%,
the ferroelectric behaviors worsened because the large number of pos-
itive charges at the amino terminus induced by the excess n-butylamine
modification in the GNFs disrupted the arrangement of dipoles in the P
(VDF-TrFE) copolymers, as displayed in Fig. 4(d). Fig. 5(d) shows the
J-E hysteresis loops of all samples. A significant increase in the
switching current of the capacitors with P(VDF-TrFE)/BMGNF nano-
composites was achieved, which is consistent with the characteristics
exhibited by the P-E curves. To further confirm the effects of the
BMGNFs blended in the P(VDF-TrFE) copolymers, the C-E characteris-
tics of the MFM capacitors at a frequency of 1 MHz were analyzed, as
shown in Fig. 5(e). All samples exhibited butterfly-shaped hysteresis
loops, indicating ferroelectric polarization. It is noteworthy that the
capacitance of the devices with GNF- and BMGNF-blended P(VDF-TrFE)
nanocomposites increased significantly, which can be ascribed to the
enhancement in permittivity via graphite incorporation [36] and addi-
tional n-butylamine modification in the GNFs [58]. The frequency
dispersion characteristics of the MFM capacitors with P(VDF-TrFE)/
BMGNF nanocomposites were analyzed at frequencies ranging from 1
kHz to 1 MHz at a bias of 20 V, as shown in Fig. 5(f). As the frequency
increased, both the relative permittivity and dielectric loss (tans) of all
samples decreased gradually due to the delayed response of the space
charges and dipole moments in the P(VDF-TrFE) films under the high
switching speed of an external electric field [59,60]. At the high-
frequency operation, the polarizations of the space charges and dipole
moments decrease and the corresponding charges can only execute a
localized motion, resulting in a reduced permittivity and dielectric loss,
respectively. Compared with other samples, a high dielectric loss of the
MFM capacitors with GNF-blended P(VDF-TrFE) nanocomposites was
observed, which can be ascribed to the high leakage current, as pre-
sented in Fig. 5(c). By contrast, the dielectric loss can be effectively
reduced by the n-butylamine modification in the GNFs, which is suitable
for applications in energy harvesting.

3.3. Output characteristics of piezoelectric nanogenerators with BMGNF-
blended P(VDF-TrFE) copolymers

To investigate the piezoelectric energy harvesting behaviors of the P
(VDF-TrFE)/BMGNF nanocomposites, the output voltage was measured
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under different applied pressures (19.6-78.4 kPa) at a frequency of 7 Hz.
Fig. 6(a),(b) and S4 show the open-circuit output voltages generated by
the BMGNF-blended P(VDF-TrFE) nanogenerators. In these figures, a
strong correlation between the pressures and the peak output voltages
was observed, demonstrating the superb piezoelectric behavior of the P
(VDF-TrFE) copolymers. The peak output voltages of the samples under
different applied pressures were extracted, as shown in Fig. 6(c). For the
BMGNF-blended P(VDF-TrFE) nanogenerators with a nitrogen percent-
age of 0.75 %, a peak output voltage of 4.9 V was obtained under an
applied pressure of 78.4 kPa, which was approximately twice larger than
that of the pure P(VDF-TrFE). The outstanding energy harvesting
capability of sample N_0.75% can be ascribed to its superior ferroelectric
characteristics, as shown in Fig. 4. To acquire the short-circuit output
current of the BMGNF-blended P(VDF-TrFE) nanogenerators, a multi-
channel power probe was connected to the oscilloscope. Figs. S5(a)—
(e) show the output currents of the samples under different applied
pressures. Similarly, all samples generated currents stably, and the
highest output current of 4.5 pA was achieved in sample N_0.75% under
an applied pressure of 78.4 kPa, as shown in Fig. S5(f). According to the
literature [11], the power density of a nanogenerator is important for
evaluating its energy-harvesting performance. Fig. 6(d) illustrates a
schematic diagram of the measurement setup to obtain the power den-
sity of a nanogenerator, where a load resistance was applied across the
nanogenerator, and an oscilloscope was used to record the output
voltage. A real image of the measurement system is also presented in
Fig. S6. To obtain the maximum power density and extract the internal
resistance of the BMGNF-blended P(VDF-TrFE) nanogenerators simul-
taneously, the load resistances were varied from 0.5 to 20 MQ. Fig. 6(e),
() and S7(a)-(c) show the output voltages of all samples under a re-
petitive and compressive cycling pressure of 78.4 kPa. The output
voltage as a function of the load resistance was measured, as shown in
Fig. S7(d). Subsequently, the power density (S) can be calculated using
the following equation:
Vou'

S = R, ()]

where Ry, is the load resistance and V is the output voltage across
Ry. Fig. 6(g) shows the power density vs. load resistance characteristics
of the BMGNF-blended P(VDF-TrFE) nanogenerators. When the nitrogen
percentage increased to 0.75 %, the power density enhanced signifi-
cantly. The maximum power density of sample N_0.75% was approxi-
mately 33.73 mW,/m?, which was more than three times higher than
that of the pure P(VDF-TrFE) devices. However, for the P(VDF-TrFE)/
BMGNF nanocomposites with the excessive n-butylamine modification
(sample N_1.00%), the power density decreased significantly. If an in-
ternal resistance in series with the voltage across the piezoelectric film is
used to model a P(VDF-TrFE) nanogenerator [9], as illustrated in Fig. 6
(d), then the internal resistance (R;) can be calculated using the
following equation:

out

\Y
R; = <—p—1> X Vou X R )

where V}, is the voltage across the piezoelectric films. Fig. 6(h) shows
the internal resistance vs. load resistance characteristics of the BMGNF-
blended P(VDF-TrFE) nanogenerators. Compared with the pure P(VDF-
TrFE), a smaller internal resistance of 1.5 and 1.8 MQ was observed in
samples N_0.50% and N_0.75%, respectively, indicating that the
generated output voltage can be delivered much more easily to the load
resistance for better power generation efficiency. For a material with
superior ferroelectric properties and a low internal resistance, ie.,
sample N_0.75%, as shown in Fig. 4(a) and 6(h), the power generation
efficiency of a nanogenerator would be better and more suitable for
further integration in application-specific integrated circuits. Finally, a
cycling test was performed to confirm the stability of the BMGNF-
blended P(VDF-TrFE) nanogenerators with a nitrogen percentage of
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Fig. 6. Output voltage characteristics of (a) pure P(VDF-TrFE) and (b) BMGNF-blended P(VDF-TrFE) nanogenerators with a nitrogen percentage of 0.75 % under
different applied pressures at 7 Hz. (c) Statistical distributions of the open-circuit voltage for the BMGNF-blended P(VDF-TrFE) nanogenerators under different
applied pressures. (d) Measurement setup of the energy harvesting system with a load resistance in parallel with the P(VDF-TrFE) nanogenerator. An internal
resistance in series with the voltage across the piezoelectric film is used to model a P(VDF-TrFE) nanogenerator. Output voltage characteristics of (e) pure P(VDF-
TrFE) and (f) BMGNF-blended P(VDF-TrFE) nanogenerators with a nitrogen percentage of 0.75 % under an applied pressure of 78.4 kPa at different load resistances.
(g) Power density and (h) internal resistance vs. load resistance characteristics of the BMGNF-blended P(VDF-TrFE) nanogenerators. (i) Cycling test of the BMGNF-
blended P(VDF-TrFE) nanogenerators with a nitrogen percentage of 0.75 % under an applied pressure of 78.4 kPa.

0.75 %, as shown in Fig. 6(i). The applied pressure was fixed at 78.4 kPa
during the testing. The results show that the generated output voltage
was stable over 500 cycles, meaning the potential of the nanogenerators
fabricated using P(VDF-TrFE)/BMGNF nanocomposites for future self-
powered consumer electronics. Table S1 summarizes the output per-
formances of the piezoelectric nanogenerators of this study and some
published works. Compared with other materials, the BMGNF-blended P
(VDF-TrFE) copolymers show competitive performances of output
voltage, output current, and power density in piezoelectric energy
harvesting.

4. Conclusion

In this work, it was demonstrated that the excellent crystalline
structure and superior ferroelectric properties of the P(VDF-TrFE)/
BMGNF nanocomposites resulted in piezoelectric nanogenerators with
high power generation efficiency. XPS, FTIR, and XRD were performed
to confirm the blending of BMGNFs in P(VDF-TrFE) and the trans-
formation from the y-phase to p-phase of P(VDF-TrFE) copolymers
through the blending of BMGNFs. By analyzing the FE-SEM and AFM

images, a needle-shaped crystalline structure was observed in the
BMGNF-blended P(VDF-TrFE) copolymers. Furthermore, it was
observed that the BMGNFs were placed horizontally in the P(VDF-TrFE)
copolymers, leading to well-aligned polarization dipoles because of the
interaction between BMGNFs and P(VDF-TrFE), and enhanced ferro-
electric behaviors indicated by a high 2P; of more than 4 pC/cm? and a
low E. of less than 0.35 MV/cm. With an appropriate n-butylamine
modification in the GNFs, the dielectric loss induced by the leakage
current of the P(VDF-TrFE) copolymers decreased significantly owing to
the reduction in the conductive pathways of electrons through the GNFs,
resulting in excellent ferroelectric behaviors. Therefore, the P(VDF-
TrFE)/BMGNF nanocomposites were utilized in piezoelectric nano-
generators to yield a high output voltage of 4.9 V, a high output current
of 4.5 A, and a high generating power density of 33.73 mW,/m? under
an applied pressure of 78.4 kPa. The BMGNF-blended P(VDF-TrFE)
nanogenerators can convert mechanical energy to electrical signals
effectively without any degradation for more than 500 cycles; hence,
they are a promising candidate for future high-performance organic
sensors and self-powered consumer electronics.
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