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Abstract
Poly(vinylidene fluoride) (PVDF) is a versatile polymer, whose dielectric, piezoelectric and ferroelectric properties can be 
augmented by a range of processing routes and/or additives. We developed a flexible nanogenerator using electrospun PVDF/
COOH-functionalized graphene nanosheet (FGNS)/talc nanosheet (TNS) hybrid nanocomposites. TNS loading was fixed at 
0.50 wt% while FGNS loading was varied (0.05, 0.10, 0.15, and 0.20 wt %) in these nanofabrics and their structure–property 
relationship was explored. Incorporation of FGNS led to formation of an electrically conductive network in the polymer 
matrix aided by TNS and electrospinning. The uniform dispersion of the filler nanosheets led to effective enhancement of 
the electroactive β-phase of the PVDF matrix. Crystallinity and polymorphism in these systems were explored by FTIR 
spectroscopy, X-ray diffraction and differential scanning calorimetry. A nanogenerator made of the nanofabric containing 
0.5 wt% of TNS and 0.10 wt% of FGNS was mechanically impacted by pneumatic actuator (operating pressure 0.4 MPa), 
resulting in an output voltage of 12.9 V and a power density of 1.72 µW/cm2, respectively. The piezoelectric coefficient  (d33) 
of this nanofiber system was 61 pm/V as revealed by piezoelectric force microscopy. These novel nanocomposites could be 
used in flexible energy-harvesting devices.
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Introduction

Rapid advancement in the internet of things has seen an 
upsurge in the development of microelectronic devices that 
is crucial for the performance of the former. These microe-
lectronic devices require relatively low power for their oper-
ation in the range of nano-watts to milli-watts [1]. Powering 
these microelectronic devices via a piezoelectric energy har-
vesting source has gained momentum as the latter delivers 
uninterrupted power supply to the former, thereby making 
them self-powered [2, 3]. In this direction, poly(vinylidene 

fluoride) (PVDF) with its piezoelectric, ferroelectric, pyro-
electric, and flexible characteristics has been a potential 
choice of material for developing self-powered flexible 
microelectronic devices [4]. Among the polymorphic phases 
of PVDF, the electroactive β- and γ-phases are accountable 
for its piezoelectric response. The β-phase has fluorine and 
hydrogen atoms arranged on either side of the polymer back-
bone, i.e., all-trans (TTTT) chain conformation, resulting in 
a significant dipole moment compared to the γ-phase [5, 6]. 
Thus it necessitates promoting the β-phase to enhance the 
piezoelectric response of PVDF. Further, the piezoelectric 
coefficient of PVDF is relatively lesser than its piezoelec-
tric ceramic counterparts. Hence, methods such as forming 
composites, mechanical stretching, and electrical poling are 
adopted to enhance the piezoelectric response of PVDF and 
its functional applicability [7–10].

Electrospinning is an efficient technique favoring the 
formation of electroactive β-phase of PVDF. During elec-
trospinning, the PVDF nanofibers experience a mechani-
cal stretching/electrical poling effect due to the elongation 
and whipping of the polymer jet that further contributes to 
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the enhancement of the electroactive phase of the latter. 
Previously reported articles demonstrated the transition of 
the α- phase to the β-phase of PVDF via electrospinning 
[11–15]. Further, the inclusion of nanosize fillers/addi-
tives has enhanced the piezoelectric property of PVDF by 
providing nucleation sites for the growth and promotion of 
β-crystallites [16–20]. For example, Neppalli et al. reported 
that clay and electrospinning synergistically promoted the 
β-phase of PVDF/clay composite [21]. The authors proposed 
that: clay functioned as both nucleating agent and hindrance 
to polymer chain mobility while electrospinning aided the 
elongation of the polymer chain, thereby facilitating the 
all-trans conformation of PVDF. Liu et al. proposed an 
ion–dipole interaction between organically modified mont-
morillonite (OMMT) and PVDF that led to the stabilization 
of polar phases (β-/γ-phase) with the elimination of α-phase 
in the electrospun PVDF/OMMT composites [22]. Thus clay 
mineral fillers have been a popular choice to induce polar 
crystalline phases in the PVDF matrix. On the other hand, 
carbon-based fillers have also been successful in tuning the 
electroactive phases of PVDF [23, 24]. Among them, gra-
phene has been a potential filler in polymer matrices owing 
to its high surface area, dominant aspect ratio, flexibility, 
and enhanced mechanical, thermal, and electrical proper-
ties [25, 26]. Abolhasni et al. reported the fabrication of 
PVDF/graphene composite nanofiber by electrospinning 
[27]. Their results indicated that the inclusion of 0.1 wt% 
of graphene in the PVDF matrix significantly enhanced the 
electroactive β-phase fraction that subsequently led to the 
higher piezoelectric response of the composite nanofibers. 
Agglomeration/aggregation is inevitable in graphene-based 
fillers. Hence, functionalization of graphene is a prerequisite 
that aids its dispersion in a polymer matrix, following an 
improved adhesion and interfacial interaction with the host 
matrix. Recently, Ongun et al. synthesized graphene oxide 
(GO) and reduced graphene oxide (RGO) by Hummer’s 
method and incorporated them into PVDF matrix by elec-
trospinning process [28]. The PVDF/RGO based composite 
with a loading of 0.8wt% of RGO resulted in a four-fold 
increment in open-circuit voltage value compared to pristine 
PVDF nanofibers. The authors ascribed the improved pie-
zoelectric response of the composite to strong interactions 
between PVDF and RGO. In our recent work, a low loading 
of 0.50 wt% talc nanosheet in the PVDF matrix was able to 
enhance the nanocomposite fabric’s piezoelectric response 
significantly. The authors ascribed this to the high-aspect 
ratio of the talc nanosheets along with their strong inter-
actions with the polymer matrix via hydrogen bonds [29]. 
However, the piezoelectric response of the PVDF compos-
ite nanofabrics was comparable but not higher than that of 
most of the carbon-based fillers (CNT, graphene)/PVDF 
composites. Hence, the current work's motivation was to 
further improve the performance of talc nanosheets/PVDF 

composite nanofabrics by the inclusion of carboxyl func-
tionalized graphene nanosheets. Lately, a hybrid combina-
tion of fillers, such as silver/RGO, barium titanate/graphene, 
calcium carbonate/MMT, has effectively enhanced the elec-
troactive phases of PVDF [30–32].

Thus, in this work, new flexible electroactive nanofabrics 
with superior piezoelectric property were electrospun from 
PVDF/carboxyl functionalized graphene nanosheet (FGNS)/
talc nanosheet (TNS) hybrid nanocomposite. In these hybrid 
nanocomposite nanofabrics (TGP), TNS loading was fixed at 
0.50 wt%, and FGNS loading was varied (0.05, 0.10, 0.15, 
and 0.20 wt%) relative to PVDF. Herein, functionalization 
of graphene nanosheets improved the compatibility with 
the polymer matrix, and the carboxyl groups of FGNS were 
anticipated to promote the β-phase of PVDF via interfacial 
interactions. Further, FGNS could provide electrically con-
ducting pathway for the easy alignment of β-phase PVDF. 
Apart from its interfacial interactions with PVDF, TNS 
was also anticipated to enhance the dispersibility of FGNS 
thereby an electrically conductive network formation in 
the PVDF matrix [33, 34]. Piezoelectric performance of a 
nanogenerator assembled from these hybrid nanocomposite 
nanofabrics was evaluated using piezoelectric response force 
microscopy (PFM) and a custom-made pneumatic compres-
sion setup.

Experimental details

Materials

Natural graphite flakes, sodium nitrate, potassium perman-
ganate, hydrogen peroxide, sulphuric acid, hydrochloric 
acid, para-aminobenzoic acid were procured from Sigma 
Aldrich, Korea. PVDF ( M

W
=575,000, Solef 1051, Bel-

gium) was purchased from Prakash Chemicals Pvt.Ltd, 
Vadodara, India. Talc nanoparticles (Celina-80, Nanoshell, 
USA, purity: 99.9%, avg. particle size: < 100 nm) were pro-
cured from Intelligent Materials Pvt. Ltd, Punjab, India. N, 
N’-dimethylformamide (DMF) and acetone were purchased 
from Molychem, India. All the chemicals used were of ana-
lytical grade.

Preparation of graphene oxide (GO) and reduced 
graphene oxide (RGO)

GO was prepared from purified natural graphite according 
to modified Hummer’s method [35, 36]. Typically, 1 g of 
graphite flakes was dispersed in 100 mL of sulphuric acid 
by sonication for 30 min, followed by addition of 1 g of 
sodium nitrate. To the resultant mixture, 6 g of potassium 
permanganate was gently added under the ice-cold condi-
tion. This mixture was stirred for 2 h maintaining the water 
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bath temperature at 35 °C. Next, 40 mL of de-ionized water 
(70 °C) was added drop-wise to the solution, and the temper-
ature of the solution was elevated to 90 °C. At last, 140 mL 
of de-ionized water (70 °C) followed by 20 mL of hydrogen 
peroxide (30 wt%) was added so as to terminate the reac-
tion. The as-prepared GO dispersion was purified via the 
dialysis route to remove any residual salts and acids. Finally, 
the resultant GO was dried overnight in a vacuum oven at 
60 °C. For the preparation of RGO, above synthesized GO 
was subjected to a temperature of 400 °C in a muffle furnace 
under a nitrogen atmosphere for 3 h [37].

Synthesis of carboxyl functionalized graphene 
nanosheets (FGNS)

The chemical functionalization of RGO was done via a 
diazonium coupling reaction using aminobenzoic acid [38]. 
Briefly, 960 mg of para-aminobenzoic acid was added to 
80 mL deionized water. To this solution, 526 mg (7.6 mmol) 
sodium nitrate was introduced slowly via a dropper, while 
the solution was maintained in an ice bath and stirred till the 
solution became clear. Next, 6 mL HCl (20 v/v%) solution 
was quickly added and stirred for another 45 min till the 
solution turned yellow. The resultant diazonium salt solu-
tion was added to an aqueous solution of RGO (250 mg), 

maintained at 5 °C, and stirred for 6 h. After this, the reac-
tion mixture was further stirred for 8 h under ambient condi-
tions. Finally, the obtained products were filtered and washed 
repeatedly with de-ionized water and later dried overnight in 
vacuum at 60 °C to obtain FGNS. The schematic illustration 
of the synthesis method was displayed in Fig. 1.

Electrospinning of PVDF and TGP‑based 
nanocomposite nanofabrics

For preparing electrospun PVDF nanofabrics (E-PVDF), 
PVDF powder (13.5 wt/v%) was dissolved in 9:1 v/v mix-
ture of DMF/acetone and stirred for 10 h at 30 °C. For the 
TGP-based nanocomposite nanofabrics, desired amount 
of FGNS was first dispersed in the solvent mixture by 
ultrasonication for 1 h, and then TNS was added under 
stirring followed by ultrasonication for another 1 h. To 
the resultant mixture, PVDF powders were added fol-
lowed by continuous magnetic stirring for 10 h to pro-
duce a homogeneous electrospinning solution. For the 
TGP-based system, talc nanosheets content was fixed at 
0.50 wt% and FGNS loading was varied (0.05, 0.10, 0.15, 
and 0.20 wt%) relative to PVDF. The prepared electro-
spinning solution was then loaded into a 10 mL syringe 
with a stainless steel needle (22-G), and electrospinning 

Fig. 1  Schematic depicting the synthesis of GO, RGO, and FGNS
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was performed at 30 °C on a vertical electrospinning unit 
(Espin-NanoV1-Physics Equipments Co., India) under the 
following optimized conditions: voltage 18 kV; flow rate 
0.6 mL/h; tip to collector distance 16 cm; rotating drum 
collector speed 1400 rpm; and relative humidity 52 ± 2%.

Characterization

The morphological features of the samples were exam-
ined by field emission scanning electron microscopy 
(FESEM) (ZEISS GeminiSEM-300, Germany). All the 
samples were deposited with thin layer of gold prior to 
FESEM observation. The surface elemental composition 
was measured using energy dispersive X-ray spectroscopy 
(EDS) (AMETEK-Elite Super, Japan). X-ray diffraction 
(XRD) of the samples was done using X-ray diffractom-
eter (Empyrean-Malvern Panalytical, UK) with Cu  Kα 
radiation (λ = 0.154 nm) under 45 kV and 30 mA. The 
morphology and structure of synthesized samples were 
further investigated using transmission electron micros-
copy (TEM) (JEOL-2100, Japan). Raman spectra were 
acquired using a Raman spectrometer (Horiba-LabRAM 
HR, France) using a 532 nm laser source. Fourier trans-
form infrared spectroscopy (FTIR) (JASCO-4200, Japan) 
was performed in the wavenumber range of 4000  cm−1 
– 400  cm−1 for nanoparticles (KBr mode) and 4000  cm−1 
– 650  cm−1 for electrospun nanofabrics (ATR mode) with 
32 accumulated scans at a resolution of 4  cm−1. Differ-
ential scanning calorimetry (DSC) (PerkinElmer-6000, 
USA) was performed at a heating rate of 10 °C/min under 
dry nitrogen atmosphere at a temperature range of 0 to 
200 °C. The mechanical properties of the electrospun 
nanofabrics (50 mm × 10 mm) were measured using a 
universal testing machine (INSTRON-5967, USA) at 
a crosshead speed of 5 mm/min. For the piezoelectric 
evaluation, a nanogenerator was assembled with the syn-
thesized electrospun nanofabrics. The construction detail 
of the nanogenerator is described in Sect. S1, ESI. Later, 
the assembled nanogenerator was mechanically impacted 
by a custom-built pneumatic compression setup (FESTO-
DSNU-20–100-P-A, Germany) operating at an inlet 
pressure of 0.4 MPa (Sect. S2, ESI). The correspond-
ing output voltage was recorded on a USB oscilloscope 
(Digilent-Analog Discovery 2, USA). The local ferroelec-
tric hysteresis loop and piezoelectric coefficient  (d33) of  
the electrospun nanofabrics were measured by piezoelec-
tric force microscopy (PFM) (Asylum Research- MFP- 
3D-BIO, USA). The Ti/Ir coated tip (Asylum Research-
ASYELEC-01, USA) with a spring constant of 2 N/m was 
used for the measurements. The hysteresis loop was ana-
lyzed under the dc bias voltage range of –30 V to + 30 V.

Results and discussion

Characterization of carboxyl functionalized 
graphene nanosheets (FGNS)

The FTIR spectra of GO, RGO, and FGNS are shown in 
Fig. 2. In the spectrum of GO, the absorption peaks at 3400 
and1720  cm−1 correspond to the O‒H stretching and car-
boxyl C = O stretching, respectively. Further, the absorption 
peaks at 1228 and 1045  cm−1 are assigned to the epoxy C‒O 
stretching. The peak at 1620  cm−1 is assigned to the stretch-
ing and bending vibrations of adsorbed water molecules on 
the GO [39–42]. In the spectrum of RGO the absorption 
peak at 1720  cm−1 completely disappeared, and the intensity 
of peak at 1620  cm−1 is noticeably reduced. This implies 
a significant reduction in the oxygen functional groups of 
RGO. The FGNS exhibits strong absorptions at 1555 and 
1171  cm−1 due to the C‒C stretching and C‒H bending 
vibrations related to the aromatic benzene groups [43]. And 
C-O stretching vibrations of -COOH group can also possi-
bly appear in that range. The absorption peak at 1685  cm−1 
is assigned to the C = O stretching of aromatic carboxylic 
acids. [44] The peak at 780  cm−1 is due to C‒H out of plane 
bending vibrations in the benzene rings [45]. Moreover, the 
absence of a peak in the range of 2200–2300  cm−1 corre-
sponding to the diazonium group's N≡N stretching mode 
corroborates the grafting mechanism of benzoate on the 
RGO [46].

XRD patterns of GO, RGO, and FGNS are shown in 
Fig.  3. Compared to the reference graphite diffraction 
pattern (ICDD-00–001-0646), GO displays a sharp peak 
at 9.41° (001) that corresponds to an interlayer space of 

Fig. 2  FTIR spectra of GO, RGO, and FGNS
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0.942 nm. This is significantly greater as against the inter-
layer space of graphite (0.337 nm) due to the intercala-
tion of oxygen functional groups between the layers [47]. 
Thermal reduction of GO results in the diffraction peaks at 
12.5°, 25.20°, and 42.9° that correspond to the (001), (002), 
and (100) crystal planes of RGO, respectively. The weak 
peak at 12.5° (001) arises due to the remnant oxygen func-
tional groups that were not completely eliminated during 
the thermal reduction process [48]. Further, the XRD pat-
tern of RGO exhibits broadening and shifting of diffraction 
peak (002) to 25.20° with reduced interlayer space value 
of 0.354 nm as against the 9.41° (001) and 0.942 nm of 
GO. This reduction in the interlayer space value of RGO 
could be due to elimination of the most of the oxygen func-
tional groups between the layers that subsequently led to 
the restacking of graphene sheets. Compared to RGO, the 
FGNS exhibit a broadening and marginal shift in the dif-
fraction peak (002) from 25.20° to 24.78°. Also, the func-
tionalization of RGO led to the introduction of additional 
oxygen-containing functional groups (‒COOH) on the gra-
phene sheets that led to the increment of interlayer space 
value from 0.354 nm (RGO) to 0.360 nm in the FGNS.

Raman spectroscopy was used to assess the structural 
changes from RGO to FGNS, as shown in Fig. 4. Raman 
spectra of both RGO and FGNS exhibit characteristic 

D and G bands. The D band arises from the breathing 
modes of  sp2  rings and is initiated by the defects/disor-
ders in the graphite lattice, and the G band corresponds 
to the first-order scattering of  E2g mode of  sp2  carbon 
atoms [49]. The Raman spectrum of RGO exhibits the 
D-band at 1346  cm−1 and a G-band at 1580  cm−1, with 
an intensity ratio  (ID/IG) of 1.22. After functionalizing 
RGO, the D- and G-bands were observed at 1346  cm−1 
and 1587  cm−1, respectively, with an intensity ratio  (ID/
IG) of 1.18. The intensity ratio of D and G bands  (ID/IG) 
is used to measure the degree of disorder/defects. The  
intensity ratio  (ID/IG) of FGNS was lower in comparison 
with that of RGO. This was possibly due to the contri-
bution of a larger amount of  sp2  carbon atoms from the 
grafted aromatic structure of benzoate that outweighs 
the net amount of transformed  sp3  carbon atoms in the 
FGNS. This functionalization of RGO does not induce 
any additional defects in the graphene domains. The 
results demonstrated here agree well with earlier litera-
ture on functionalized RGO [50].

The surface morphological characteristics of RGO 
and FGNS were imaged under FESEM and are shown 
in Fig. 5a, b. The micrograph of RGO displayed layered 
stacks of nanosheets with irregular, lightly crumpled, and 
folded structures that can be attributed to the intrinsic 
thermal stability of 2-D structured graphene (Fig. 5a). 
However, the FGNS surface morphology (graphite-
rose) showed the dominance of corrugated and wrin-
kled structure that is predominant on the edges of the 
sheet, resulting from the grafting of carboxylic groups 
via the functionalization route (Fig.  5b). This is fur-
ther corroborated via TEM analysis of the FGNS that 
demonstrates the lamellar structure with the folding of 

Fig. 3  XRD patterns of GO, RGO, and FGNS

Fig. 4  Raman spectra of RGO, and FGNS
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graphene sheets (Fig.  6a, b). The dark regions repre-
sent the crumpled structure that is formed by the stack-
ing of several graphene nanosheets. The lateral dimen-
sions of the nanosheets range from a few nanometers to 
several micrometers. The selected area diffraction pat-
tern (SAED) of FGNS shows its polycrystalline nature 
(Fig. 6c). Additionally, the lattice fringes measure the 
interlayer space value of 0.360 nm (that belongs to the 
(002) plane), which is well in agreement with the XRD 
results of FGNS (Fig. 6d).

Characterization of TGP‑based nanofabrics

FESEM results

The FESEM micrographs of TGP-based nanofabrics with 
varying FGNS content (0, 0.05, 0.10, 0.15, and 0.20 wt%) 
are shown in Fig. 7a−e. Electrospun PVDF (E-PVDF) and 
TGP-based nanofabrics demonstrated a bead-free mor-
phology, with E-PVDF displaying a mean fiber diameter 
(MFD) of 397 ± 56 nm. On the contrary, the TGP-based 

Fig. 5  FESEM images of a) 
RGO and b) FGNS

Fig. 6  Microstructure analysis 
of FGNS: (a, b) TEM images 
with yellow arrows indicat-
ing the wrinkled structure, (c) 
SAED pattern, and (d) d-space 
value from TEM image
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nanofabrics exhibited a reduction in MFD compared to 
the E-PVDF. This is attributed to the increased electrical 
conductivity and viscosity of the electrospinning solution 
in the presence of talc nanosheets and FGNS [29, 51]. 
Throughout electrospinning, the increased electrical con-
ductivity of the solution causes longer stretching of the 
nanofibers resulting in reduced fiber diameters. While the 
viscosity of the solution increases, the viscoelastic forces 
resist the stretching of the nanofiber and lead to formation 
of thicker fibers. Hence, the balance between the viscoe-
lastic and charge repulsion forces during electrospinning 
could significantly influence the morphology of nanofib-
ers. As reported from the previous findings, graphene was 
demonstrated to improve the electrical conductivity and 
viscosity of the electrospinning solutions [32, 52]. In the 
current work, the increased content of FGNS loading in 
TGP-based nanofabrics had a significant effect on the vis-
cosity of the solution that contributed to the increased fiber 
diameters. A high magnification SEM micrograph of TGP-
0.20 based fiber displayed (Fig. 7f) a rough surface with 
a sheet-like texture, possibly due to the inclusion of talc 
nanosheets and graphene in the PVDF matrix. The elec-
trostatic stretching effect induced during electrospinning 
ensures the alignment and embedding of the fillers within 
the PVDF matrix. Additionally, improving the interfaces 
of FGNS with the PVDF matrix facilitates the chemical 
interaction between them. This is further corroborated by 

the EDS elemental mapping of TGP-0.10 based nanofab-
rics that display improved dispersion of fillers without any 
possible aggregation in the PVDF matrix (Fig. 8).

XRD results

Figure 9 represents the XRD patterns of E-PVDF and 
TGP-based nanocomposite nanofabrics. E-PVDF displays 
the diffraction peak at 2θ = 18.4° and 20.4°, which corre-
spond to the (020) and (110/200) crystal planes of α- and 
β-phases of PVDF, respectively [53]. With the introduc-
tion of FGNS in TGP nanofabrics, the intensity of α peak 
weakens while the β peak intensifies. Notably, the charac-
teristic α peak diminishes while β peak shifts to 2θ = 20.6° 
for TGP-0.10 based nanofabrics, thereby indicating the 
probable interactions between the fillers and PVDF matrix. 
Additionally, the diffraction peaks at 2θ = 9.4° and 28.6° 
displayed by the TGP nanofabrics correspond to the crys-
tal planes (002) and (006) of talc nanosheets (ICDD-
013–0558), thus confirming their presence in the former. 
XRD results imply the domination of the β-phase with 
the strong reflection peak at 2θ = 20.6° and a weak peak 
at 2θ = 36.3° for TGP-0.10 based nanofabrics compared to 
E-PVDF [54]. Thus the addition of FGNS facilitates the 
transformation of α- to β-phase of PVDF in the TGP-based 
nanofabrics.

Fig. 7  FESEM micrographs of electrospun nanofabrics: a) E-PVDF; b) TGP-0.05; c) TGP-0.10; d) TGP-0.15; e) TGP-0.20; f) high magnifica-
tion FESEM image of TGP-0.20
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FTIR results

The enhancement of β-phase crystallization in the TGP 
nanofabrics is further confirmed via FTIR analysis. Evi-
dent from Fig. 10a, E-PVDF and TGP nanofabrics dis-
play absorption bands characteristic of the α-phase (763 

and 975   cm−1) and the β-phase (840, 1071, 1275, and 
1401  cm−1) of PVDF [29, 55]. The tiny peak at 1234  cm−1 
corresponds to the γ-phase; however, other exclusive bands 
(776, 812, and 833  cm−1) characteristic of the γ-phase 
are not evident in the present study [56]. Moreover, the 
presence of a prominent band at 1275  cm−1 that is charac-
terstic of the β-phase exhibited by TGP nanofabrics sub-
stantiates the crystallization of the β-phase in the PVDF 
matrix. Considering the TGP nanofabrics majorly display 
the presence of the β-phase with traces of α-phase and 
negligible γ-phase, the relative β-phase fraction (F(β)) can 
be calculated using Eq. (1) [32].

where  Aα and  Kα (6.1 ×  104   cm2   mol−1) are the absorp-
tion peak and coefficient values at 763  cm−1 (α-phase), 
at the same time,  Aβ and  Kβ (7.7 ×  104   cm2  mol−1) are 
the absorption peak and coefficient values at 840  cm−1 
(β-phase). The calculated F(β) values for E-PVDF and 
TGP nanofabrics are shown in Table 1. TGP nanofab-
rics demonstrated improved F(β) values compared to 
E-PVDF, with TGP-0.10 reaching a maximum of 90.2%. 
Thus the enhancement of F(β) values displayed by TGP 

(1)F(�) =
A�

(

K�

K�

)

A� + A�

× 100%

Fig. 8  EDS elemental mapping of TGP-0.10 nanofabrics: (a) overlay distributions of elements, (b) distribution of carbon, (c) distribution of oxy-
gen, (d) distribution of fluorine, (e) distribution of magnesium, and (f) distribution of silicon

Fig. 9  XRD patterns of E-PVDF and TGP-based nanofabrics
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nanofabrics implies the facilitation of β-phase by the 
induced FGNS in the talc/PVDF matrix. This enhancement  
of β-phase in the TGP based nanofabrics can be ascribed 
to the strong interactions between the functional groups 
(− OH, − C = O, − COOH) on the graphene sheets/talc 

nanosheets and –CF2 groups of PVDF. The vibrational 
bands at 875 and 1173  cm−1 associated with the CC asym-
metric stretching and  CF2 symmetric stretching modes of 
E-PVDF shifted to 877–879  cm−1 and 1177–1179  cm−1, 
respectively in the vibrational spectra of TGP- based 

Fig. 10  FTIR spectra of E-PVDF and TGP-based nanofabrics in the wavenumber range of a) 2000–650   cm−1, b) 920–800   cm−1, c) 1250–
1080  cm−1, and d) 3100–2900  cm−1

Table 1  β-phase fraction, 
crystallization temperature, 
melting temperature, degree of 
crystallinity, tensile strength, 
and Young’s modulus of the 
E-PVDF and TGP-based 
nanofabrics

Sample FTIR
%β-phase

DSC Mechanical property

Tc (°C) Tm (°C) Xc (%) Tensile strength 
(MPa)

Young’s 
modulus 
(MPa)

E-PVDF 61.4 141.5 171.7 55.4 12.70 ± 0.11 26.69 ± 0.23
TGP-0.05 87.7 142.6 174.8 48.4 13.70 ± 0.55 32.61 ± 0.74
TGP-0.10 90.2 141.9 174.7 38.2 17.03 ± 2.58 53.41 ± 1.12
TGP-0.15 82.6 141.7 174.8 51.0 17.49 ± 0.55 33.52 ± 2.21
TGP-0.20 76.9 142.6 174.3 42.8 19.43 ± 1.22 42.43 ± 0.44
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nanofabrics (Fig. 10b, c) [57, 58]. Due to the higher elec-
tronegativity of fluorine as against carbon and hydrogen 
atoms of PVDF, the shifting of vibrational bands as men-
tioned ealier corroborates the strong interaction between 
the FGNS and PVDF chains; this interaction facilitates 
the transformation of trans-gauche-trans-gauche (TGTG) 
conformation of the α-phase to the all-trans conformation 
(TTTT), characteristic of the β-phase.

Further, the FTIR bands in the region of 3100–2900  cm−1 
(Fig. 10d) were probed to ascertain the interfacial interac-
tions between the FGNS and PVDF matrix. The ‒CH2 
stretching vibration bands [asymmetric (υas) and symmetric 
(υs)] of TGP-based nanofabrics shifted to lower wavenum-
bers when compared with that of the E-PVDF, affirming the 
interfacial interactions between the filler and the polymer 
matrix. The shifting of the bands mentioned above could 
be ascribed to the damping of the stretching vibrations of 
‒CH2 dipoles, and accordingly the damping coefficient  (rdc) 
is calculated using Eq. 2 [59].

where c is the velocity of light, �
PVDF

 is the wavenumber 
of E-PVDF with damping-free stretching vibrations of ‒
CH2 dipoles, and �

TGP
 is the wavenumber of TGP-based 

nanofabrics exhibiting damped stretching vibrations of ‒
CH2 dipoles. The damping coefficient  (rdc) increases and 
attains the maximum value for TGP-0.10 nanofabrics and 
decreases thereafter (Fig. S3, ESI). This is ascribed to the 
attainment of percolation threshold loading of FGNS at the 
loading of 0.10 wt% in the PVDF matrix. The increased 

(2)r
dc
= 4�c

√

(�2
PVDF

− �
2

TGP
)

damping coefficient  (rdc) displayed by TGP-0.10 nanofabrics 
indicates good interfacial interaction, which promotes the 
electroactive β-phase of PVDF. The probable mechanism of 
interaction between the hybrid fillers (TNS and FGNS) and 
the PVDF matrix is represented in Fig. 11.

DSC results

Figure 12a, b shows the DSC curves during the cooling and 
heating cycles for E-PVDF and TGP-based nanofabrics with 
their corresponding melting temperatures  (Tm), crystalliza-
tion temperature  (Tc), and degree of crystallinity  (Xc) as 
listed in Table 1. The value of  Xc was calculated using Eq. 3.

Here, ∆Hm and ∆H100 are the melting enthalpies of 
the nanofabric samples and 100% crystalline PVDF 
(104.7 J/g), respectively [60]. Evidently, for TGP-based 
nanofabrics, the  Tm and  Tc values shifted to a higher tem-
perature than E-PVDF. This can be attributed to the inclu-
sion of well-dispersed filler particles that act as nucleation 
sites, which promote the crystallization of PVDF. How-
ever, the  Xc values of TGP-based nanofabrics decreased 
as against the E-PVDF. This may be ascribed to a larger 
number of nuclei growth initiated by the nucleating 
agents, which continue to grow in the limited space of 
the nanofiber during electrospinning, subsequently leading 
to smaller spherulites. Thus, the growth of these nuclei 
results in more crystal defects that reduce the degree of 

(3)X
c
=

ΔH
m

ΔH
100

× 100%

Fig. 11  Schematic illustra-
tion of plausible interactions 
between hybrid fillers and 
PVDF

419   Page 10 of 17 Journal of Polymer Research (2021) 28: 419



1 3

crystallinity. Furthermore, the length, distribution, and 
curvature of filler hinder the mobility of PVDF chains, 
which also affects the  Xc values. A similar trend in the 
decline of  Xc values for graphene/PVDF-based systems 
was reported in the literature [61, 62].

Since the melting temperature range for the α- and 
β-crystallites of PVDF is similar (167–175 °C), the DSC 
will not be able to distinguish between these two phases 
[63]. However, DSC can be used to identify γ-phase in the 
TGP-based nanofabrics, as the melting peak of the same 
appears in the temperature range of 179–190 °C [64, 65]. 
Accordingly, the results of XRD, FTIR, and DSC together 
suggest the predominance of the β-phase in TGP-based 
nanofabrics.

Tensile testing results

The characteristic tensile stress–strain behavior of the 
E-PVDF and TGP-based nanofabrics is shown in the Fig. 13, 
with its mechanical properties summarized in Table 1. The 
addition of FGNS in TGP-based nanofabrics enhanced the 

tensile strength and Young’s modulus of the latter. Gra-
phene and its derivatives have been proven to improve the 
tensile properties of PVDF-based composites as the former 
offers higher aspect ratio, flexibility and Young’s modu-
lus [66, 67]. A low loading of 0.10 wt% FGNS in TGP-
based nanofabrics resulted in a significant increment in 
tensile strength (17.03 ± 2.58 MPa) and Young’s modulus 
(53.41 ± 1.12 MPa) while the strain at break was reduced, 
compared to E-PVDF. Moreover, the FGNS loading beyond 
0.10 wt% in TGP-based nanofabrics displayed no significant 
enhancement in the mechanical properties. This is attribut-
able to the possible restacking of graphene flakes due to 
van der Waals forces that promote the piling of graphene 
flakes at higher loading; and this subsequently impairs the 
mechanical properties the composite [68]. The enhance-
ment of mechanical properties demonstrated by the TGP-
based nanofabrics is ascribed to the following: first, the 
good dispersion of nanofillers (talc nanosheets and FGNS) 
in the PVDF matrix improves the filler–polymer interfa-
cial contact. Second, the effective interaction between the 
‒CF2 groups of PVDF and hydroxyl groups of nanofillers 
via hydrogen bonding facilitates the stress transfer from 
the polymer matrix to the nanofillers. And third, the high 
aspect ratio offered by nanofillers restricts the movement of 
PVDF chains. Overall, the inclusion of FGNS in TGP-based 
nanofabrics increased the mechanical properties due to the 
compatibility of the former with the PVDF matrix.

Piezoelectric measurements

The flexoelectric effect is the induction of electrical polari-
zation due to strain gradient evident in dielectric materials. 
Further, this effect is more significant at the nanoscale and 
has been demonstrated to enhance the piezoelectric response 
of the nanogenerator [69]. Thus, the flexoelectric effect pos-
sibly contributes to the piezoelectric performance of the 
TGP-based nanogenerator. The nanogenerators based on 
the E-PVDF and TGP nanofabrics were imparted with com-
pression force using a pneumatic actuator (operating pres-
sure 0.4 MPa) setup (Fig. S2, ESI) and their corresponding 
piezoelectric responses are shown in Fig. 14a. TGP based 

Fig. 12  DSC traces of E-PVDF 
and TGP-based nanofabrics: (a) 
Cooling cycle; and (b) Heating 
cycle

Fig. 13  Tensile stress–strain plots of E-PVDF and TGP-based nano-
fabrics
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nanofabrics demonstrated a significant enhancement in the 
piezoelectric potential when compared to virgin PVDF 
nanofabrics, with TGP-0.10 reaching a maximum open-
circuit voltage of 12.9 V. In contrast, E-PVDF displayed the 
open-circuit voltage of 2.0 V. The piezoelectric performance 
of the nanogenerator is enhanced with an increase in FGNS 
loading up to 0.10 wt% beyond which the piezoelectric 
output voltage decreased. The declined piezoelectric per-
formance of the TGP nanofabrics at higher FGNS loading 
may be attributed to the filler aggregation leading to leakage 
of charges through the conducting FGNS networks in the 
PVDF matrix.

Figure 14b shows the switching polarity sequence with 
voltage amplitudes implying the mechanical imparting and 
releasing modes on the nanogenerator comprised of TGP-
0.10 nanofabrics. Evidently, the imparting mode voltage 
amplitude is greater compared to release amplitude, as the 
former is proportional to the impact force while the latter is 
dependent on the elasticity of the material. The switching 
polarity sequence demonstrated by the TGP based nano-
generator confirms that the output signals stemmed solely 
from the piezoelectric response of TGP nanofabrics. When 
the nanogenerator composed of electrospun nanofabrics is 
excited via a compressive strain in vertical direction, posi-
tive and negative piezoelectric potentials are produced on 
the top and bottom electrodes of the nanogenerator, respec-
tively. The potential difference between the nanogenerator 
electrodes causes the charges to flow between the electrodes 
through an external circuit resulting in an electrical signal. 
The moment the compressive strain is released the piezo-
electric potential difference between the electrodes vanishes 
and the accumulated charges flow in opposite direction 

resulting in a reverse electrical signal. Figure 15a displays 
the working mechanism of the nanogenerator under the 
mechanical impact and releasing modes.

Further, the power density of the TGP-0.10 based nanogen-
erator was measured by connecting the nanogenerator across 
different load resistances (0.1–5 MΩ) and noticing the volt-
age drop across the same as illustrated in Fig. 15b. Under the 
mechanical imparting mode, TGP-0.10 based nanogenerator 
produced a maximum voltage of 8.8 V across a load resistance 
of 3 MΩ. Accordingly, the instantaneous power density (P) was 
measured to be 1.72 µW/cm2  and calculated using the Eq. 4.

where V is the voltage drop across the load resistance  RL  
and A is the effective area (15  cm2 ). Figure 16b shows  
the output voltage and power density generated from TGP-
0.10 based nanogenerator across varying load resistance. 
The piezoelectric performance of TGP based nanogenera-
tor is higher or comparable with that of the ones hitherto 
reported in the literature (Table 2). This increment in the 
open-circuit voltage and power density displayed by TGP-
0.10 nanofabrics can be ascribed to the higher β-phase frac-
tion and easier alignment of the ‒CH2/‒CF2 dipoles due 
to the uniformly dispersed networks of talc nanosheets and 
FGNS in the PVDF matrix. Further, the electrical conductiv-
ity of the E-PVDF and TGP-based nanofabrics was meas-
ured (Sect. S4, ESI). The electrical conductivity of the TGP  
nanofabrics reached a maximum value at FGNS loading of 
0.10 wt %, beyond which there was a marginal decrease in it 
(Fig S4, ESI). The inherent electrical conductivity of FGNS 

(4)P =
V2

R
L
A

Fig. 14  a) The output voltage generated from E-PVDF and TGP-based nanofabrics under impact by pneumatic actuator mode, b) switching 
polarity sequence test of TGP-0.10 nanofabrics with inset displaying magnified impacting and releasing responses
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led to the higher conductivity at a lower percolation thresh-
old that boosted the piezoelectric performance of TGP-0.10 
based nanofabrics. Further, the rough and porous surface 
morphology of TGP-0.10 based nanofibers possibly con-
tributed to their improved piezoelectric response (Sect. S5,  
ESI).

PFM results

PFM was used to probe the local piezoelectric response of 
the TGP-based nanofabrics at the nanoscale. In PFM, a single 
nanofiber was subjected to a bias voltage, and its correspond-
ing electromechanical response was recorded in terms of PFM 

Fig. 15  a) working mechanism of the nanogenerator under impact and release mode; b) generated output voltage and power density as a function 
of varying load resistance from a TGP-0.10 based nanogenerator

Fig. 16  PFM analysis of TGP-0.10: (a) topography image, (b) amplitude image, (c) phase image, (d) amplitude loop, and (e) phase loop
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amplitude and phase data. The PFM amplitude and phase data 
yield the material's local strain and polarization responses, 
respectively. PFM evaluated the nanoscale electromechanical 
behavior of the TGP-0.10 based single nanofiber with topog-
raphy, amplitude, and phase responses as a function of bias 
voltage -30 V to + 30 V, as represented in the Fig. 16a−c. The 
phase image (Fig. 16c) displays regions of different contrast 
(bright and dark) indicating the polarization directions; the 
corresponding phase hysteresis loop (Fig. 16d) represents 
180° domain switching behavior, indicating the ferroelectric 
response of TGP nanofiber. The phase switches by 180° at 
the coercive voltage ( ∼ 0.9 V), beyond which the phase loop 
saturates. Furthermore, the amplitude signal (Fig. 16e) from 
TGP nanofiber depicts the butterfly-shaped characteristics 
loop resembling its piezoelectric property. The variation of 
amplitude response equals the strain changes (S) under the 
external electrical field (E); thus, the piezoelectric coefficient 
 (d33) of the TGP nanofiber can be calculated using the formula 
S = d

33
E [70]. From Fig. 16e, the maximum amplitude for 

TGP-0.10 nanofiber is 1.83 nm at 30 V, and accordingly, the 
calculated  d33 is 61 pm/V, which is much higher than that of 
E-PVDF with  d33 value of 10 pm/V. Similarly, the piezoelec-
tric coefficient values for TGP-0.05, TGP-0.15, and TGP-0.20 
based nanofibers were measured to be 45 pm/V, 38 pm/V, and 
36 pm/V, respectively (Fig. S6, ESI).

According to Eq. 5, the output voltage (V) is dependent on 
the material’s piezoelectric coefficient, Young’s modulus (E), 
applied strain (ε), and charge separation distance/nanofiber 
diameter (d) [71]. Thus, the significant output voltage exhib-
ited by TGP-based nanofabrics can be accounted to its reduced 
fiber diameter and higher Young’s modulus when compared 
against E-PVDF nanofabrics.

Further, the interactions between the oxygen containing 
functional groups (‒OH, ‒COOH) of the hybrid fillers (talc 
nanosheets and FGNS) and ‒CF2/‒CH2 groups of PVDF 
matrix enable the orientation of the all-trans β-phase. Also, the 
conducting path provided by FGNS in the host matrix would 
reduce the internal resistance of the nanogenerator and thereby 
facilitate the movement of induced charges generated by the 
PVDF. Herein, talc nanosheets facilitated the β-phase con-
formation and aided in the dispersion of FGNS in the PVDF 
matrix. In contrast, the FGNS provided conductive network 
for easy movement of induced charges in the polymer matrix 
and partly contributed to the β-phase fraction enhancement via 
interaction with PVDF. Thus these hybrid fillers synergisti-
cally improved the performance of PVDF-based composite 
nanofabrics.

Conclusions

In summary, a flexible hybrid filler/PVDF based nanocom-
posite fabric was successfully fabricated by electrospinning. 
Synergistic effects of talc nanosheets and carboxyl function-
alized graphene nanosheets contributed to the enhanced 
piezoelectric response of the PVDF-based nanocomposite 
nanofabrics. A low loading of 0.10 wt% of FGNS in TGP-
based nanofabrics led to a significant improvement in the 
β-phase fraction, mechanical property, and piezoelectric 
performance when compared against E-PVDF nanofabrics. 
Further, the nanogenerator based on electrospun nanofabrics 

(5)V =
d
33
E
33
�
3
d

k

Table 2  Comparison of the piezoelectric performance of the TGP-based nanofabrics with that of the other PVDF-based systems

Type of materials Output Voltage Power density Piezoelectric 
coefficient  (d33)

Reference

(2 wt%) Fe-RGO/PVDF nanocomposite film 5.1 V - -  [72]
(0.1 wt%) Graphene/PVDF composite nanofibers 7.9 V - -  [27]
(1 wt%) Ag-CNT/PVDF composite nanofibers - - 54 pm/V  [73]
(1 wt%) RGO-Ag/PVDF nanocomposite films 18 V 28 μW/cm3 -  [30]
(1 wt%) RGO/NaNbO3/PVDF nanocomposite films 2.16 V - -  [74]
(0.5 wt%)  TiO2/PVDF composite nanofibers 11.5 V - 39 pm/V  [18]
(1 wt%) GOCOOH/PVDF composite nanofibers - - 46 pm/V  [70]
(30 wt%) Modified potassium sodium
Niobate/PVDF nanocomposite films

18 V - 53 pm/V  [75]

(0.50 wt%) Talc nanosheets/PVDF nanocomposite fabrics 9.1 V 1.12 μW/cm2 -  [29]
(3 wt%) Ni-Co LDH/PVDF nanocomposite fibers 6.9 V 0.92 μW/cm2 -  [76]
(0.40 wt%)  CaCO3/(0.03 wt%) montmorillonite/PVDF nanocomposite - - 7.4 pm/V  [31]
(17.5 wt%) PANi/(10 wt%) HNT / PVDF nanocomposite fibers 7.2 V 0.25 μW/cm2 -  [20]
(0.50 wt%) Talc/(0.10 wt%) FGNS / PVDF nanocomposite nanofabrics 12.9 V 1.72 μW/cm2 61 pm/V This work
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with 0.5 wt% of TNS and 0.10 wt% of FGNS demonstrated 
a peak output voltage of 12.9 V and a maximum power den-
sity of 1.72 µW/cm2 under instrumented mechanical impact. 
TGP-0.10 based nanofibers exhibited the piezoelectric coef-
ficient  (d33) value of 61 pm/V, that being 6 times higher than 
the E-PVDF nanofibers (10 pm/V). The uniform distribution 
and effective interactions of hybrid fillers (talc nanosheets 
and FGNS) with the PVDF matrix led to the promotion of 
all-trans conformation of β-phase. The developed hybrid 
nanocomposite nanofabrics could be a promising material 
in designing portable and flexible electronic devices.

Supplementary information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10965- 021- 02786-6.
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