
26314 |  Phys. Chem. Chem. Phys., 2024, 26, 26314–26329 This journal is © the Owner Societies 2024

Cite this: Phys. Chem. Chem. Phys.,

2024, 26, 26314

Influence of H-bonding on the crystalline
structures and ferroelectric and piezoelectric
properties of novel nanogenerators of the lithium
salt of 6-amino hexanoic acid incorporated
poly(vinylidene fluoride) composites†

Ananya Aishwarya, Akanksha Adaval, Suvankar Mondal, Titas Dasgupta and
Arup R. Bhattacharyya *

The lithium salt of 6-amino hexanoic acid (Li–AHA) was melt-mixed with poly(vinylidene fluoride)

(PVDF), wherein the Li–AHA concentration was varied between 1–15 wt% with the aim of establishing

hydrogen bonding between the NH2 functionality of Li–AHA and the –CF2 moieties of PVDF. This was

followed by compression-moulding as well as solution-casting to make PVDF/Li–AHA composite thin films.

FTIR analysis established interactions between the –CF2 groups in PVDF with amine functional moieties of

Li–AHA. Moreover, FTIR analysis estimated that the solution-cast PVDF/Li–AHA composite of 15 wt% Li–

AHA exhibited the highest polar phase fraction of B60%. Furthermore, ferroelectric analysis showed that the

solution-cast PVDF/Li–AHA composite of 15 wt% Li–AHA exhibited the highest remnant polarization of 0.07

mC cm�2 (at 50 Hz, 1000 V) from the polarization versus electric field loop. Finally, energy harvester devices

were fabricated using compression-moulded and solution-cast PVDF/Li–AHA composite films, in which a

maximum output voltage of B110 V was obtained in the solution-cast PVDF/Li–AHA composite of 15 wt%

Li–AHA. The devices also displayed a maximum power density of 75 mW cm�2 and 85 mW cm�2 for those

fabricated via compression-moulding and solution-casting, respectively. Three different capacitors were effi-

ciently charged by the tapping of the devices made from solution-cast and compression-moulded compo-

site films of 15 wt% Li–AHA. An interrelationship between processing, structure and properties was

successfully established in the PVDF/Li–AHA composites with greatly enhanced piezoelectric properties.

1. Introduction

The advancements in the field of electronics emphasize the
development of portable and adaptable gadgets for applications
related to health and wellness monitoring, sensor networks,
synthetic muscles, transducers, microbalances, vibration sensors,
and engineered tissue structures.1–5 Piezoelectric polymers hold
significant promise for such applications, as they can harness
deformations triggered by external forces such as pressure,

mechanical vibration, stretching/compression, bending, or
twisting.6 Poly(vinylidene fluoride) (PVDF) has attracted focus in
these areas, due to its piezoelectric nature, with numerous
benefits such as biocompatibility, chemical resistance, excellent
film-forming ability, affordability, high strength, flexibility, ease of
processing, high piezoelectric coefficients etc.7,8 PVDF exhibits
predominantly three crystalline phases: a, b and g with different
chain conformations, of which the a-phase is thermodynamically
the most stable.7 Considering the chain structure of PVDF, due to
the overall cancellation of the oppositely placed fluorine atoms in
the a-phase, it shows net zero dipole moment.9,10 Interestingly, due
to the unidirectional orientation of the dipole chains, the b and
g-phases of PVDF are polar phases.11,12 Further, b and g-phases
exhibit a net non-zero dipole moment in PVDF.13,14 Out of all the
forms of PVDF, the b-phase exhibits higher piezoelectric properties
due to the dipolar arrangement of the chains and the highest dipole
moment (2.1 Debye).15 In the context of PVDF, which has repeating
units of –CH2–CF2–, the b-phase conformation arranges these
dipoles in a way that maximizes the net dipole moment along
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the polymer chain. The value of 2.1 Debye represents the dipole
moment of a single monomer unit in the b-phase, which
contributes to the overall piezoelectric properties of the material.
Due to this advantage, PVDF is widely used in various industrial
applications due to its higher dielectric constant and enhanced
electroactive response, in comparison to other polymers.16,17

The electroactive properties of PVDF have been exploited in
various applications owing to its ferroelectric and piezoelectric
behaviour.18,19 Thus, the improvement of the electroactive phases
of PVDF through various techniques has been extensively
investigated.20,21 The amount and alignment of PVDF polymorphs
are influenced by different processing techniques like stretching,
poling, rolling, solvent casting, electrospinning, etc.22–28 One such
method involves the introduction of micro/nanomaterials or
modifiers in PVDF to obtain polar phases of PVDF and to under-
stand the phase transformation and its enhancement influenced
by the addition of micro/nanomaterials, organic modifiers, and
salts.28–32 Vijayakumar et al. studied the influence of benzyl
triphenyl phosphonium chloride and tetrabutyl ammonium per-
chlorate on the crystallization of PVDF from its molten state and
reported that the inclusion of these salts led to enhancement
of the polar phases within the PVDF structure.29 Xing et al.
incorporated 1-butyl-3-methylimidazolium hexafluorophosphate
as filler with PVDF and observed that a maximum of B80% g-
crystalline form was formed at 2 wt% of the filler in PVDF.30 Jana
et al. fabricated piezoelectric energy harvesters by incorporating a
hydrated metal salt (MgCl2�6H2O) (Mg-salt) into PVDF, in which
they reported a polar fraction of B90% at 2.25 wt% of the
hydrated metal salt, and the fabricated device showed an output
voltage of 4 V at 2 wt% of the hydrated metal salt.31 Dias et al.
made composite films of PVDF and its copolymers with ionic
liquid (1-ethyl-3-methylimidazolium bis(trifluoromethanesulfo-
nyl) imide) via solvent casting, wherein they reported that the ionic
liquid in PVDF induced b-phase formation in PVDF and in its
copolymers.32 Li et al. fabricated ZnO modified with (n-propyl-
amine) and a silane coupling agent, which was incorporated into
PVDF and reported a d33 value B34.7 pC N�1 of the composite film,
while neat PVDF–TrFE film exhibited a d33 value B20 pC N�1.33

In the current work, a novel Li-salt of 6-amino hexanoic acid
(Li–AHA) was incorporated to prepare PVDF/Li–AHA compo-
sites, wherein the amine group of Li–AHA salt is expected to
establish hydrogen bonding (H-bonding) with the fluorine
moiety of PVDF, thereby inducing polar crystalline phase of
PVDF. Further, a greater extent of interfacial interaction is
expected to be obtained with increasing the Li–AHA concen-
tration in the PVDF/Li–AHA composites, which may result in
an enhanced degree of polar fraction in the respective
PVDF composite. Moreover, melt-mixed PVDF/Li–AHA compo-
sites were further processed via two different routes namely,
compression-moulding and solution-casting, to investigate the
effect of the processing method on polar phase fraction and
piezoelectric properties of corresponding PVDF/Li–AHA compo-
sites. The variation of spherulitic superstructures in the composite
film has been investigated through polarizing optical microscopy,
while the structural investigations and the subsequent formation
of polar phases have been observed via X-ray diffraction and

FTIR spectroscopy. Furthermore, ferroelectric and piezoelectric
properties have also been explored and compared in
compression-moulded and solution-cast PVDF/Li–AHA composite
films. Furthermore, nanogenerator devices have been fabricated
using compression-moulded and solution-cast composite films to
demonstrate piezoelectric energy harvesting applications. A thor-
ough investigation has been conducted to establish the relation-
ship between the processing method employed, the resulting
structure, and the properties of PVDF/Li–AHA composites.

2. Experimental section
2.1. Materials

Poly(vinylidene flouride) (PVDF) (Kynar 720, density = 1.78 g cm�3,
Tm = 168 1C) was procured from Arkema, India. Dimethylforma-
mide (DMF) was obtained from Sigma Aldrich, India. The Li-salt of
6-amino hexanoic acid (Li–AHA) was obtained by neutralization of
6-aminohexanoic acid (AHA; Sigma-Aldrich, USA) with lithium
hydroxide in deionized water to obtain the lithium salt of 6-amino-
hexanoic acid (Li–AHA).32 To synthesize the lithium salt of 6-amino-
hexanoic acid (Li–AHA), 6-aminohexanoic acid (AHA), a compound
that contains both an amino group (–NH2) and a carboxylic acid
group (–COOH), was neutralized using lithium hydroxide (LiOH).
This reaction occurs in deionized water as the solvent.

In the neutralization process, the carboxylic acid group
(–COOH) of AHA reacts with the lithium hydroxide base. The
hydroxide ion (OH�) from lithium hydroxide deprotonates
the carboxyl group (–COOH), converting it to a carboxylate
anion (–COO�). Simultaneously, the lithium ion (Li+) associates
with the deprotonated carboxyl group, forming the lithium salt
of 6-aminohexanoic acid (Li–AHA) and water as a by-product.
The water was completely evaporated and salt crystals were
obtained, which were used in further processes.

2.2. Preparation of PVDF/Li–AHA composites

PVDF/Li–AHA composites with varying concentrations of
Li–AHA salt (1–15 wt%) were prepared via melt-mixing in a conical
twin screw micro-compounder (5 cc micro-compounder, Xplore-5,
Netherlands) for 10 minutes, at 240 1C. The extrudate was then
collected, cooled to room temperature, and cut into small pieces for
further processing. Two different processing methods viz. (i)
compression-moulding and (ii) solution-casting were adopted to
prepare the PVDF/Li–AHA composite films. The compression-
moulded film (with an average thickness of B50 mm) was obtained
at B240 1C and B20 MPa using cut extrudates in a hot press. For
solution-casting, initially the extrudates were dissolved in DMF at
B60 1C, until no residue of the extrudate remained undissolved.
The composite dispersion was then drop-cast onto a Petri-dish and
vacuum dried at B100 1C until the solvent completely evaporated
and a solution-cast film of average thickness of B40 mm was
obtained.

2.3. Characterization

2.3.1. Polarized optical microscopy. A polarized optical
microscope (Leica 2700LP, Leica, Germany) was utilized to
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observe the crystalline superstructure in pure PVDF and PVDF/
Li–AHA composite films. Compression-moulded and solution-
cast pure PVDF and PVDF/Li–AHA composite films (thickness
B40 mm) were melt-pressed on a glass slide for observation
under an optical microscope.

2.3.2. Scanning probe microscopy. Scanning probe micro-
scopy (Bruker, Multimode Nanoscope-IV) was used to charac-
terize surface roughness and topography at a nanoscale level.
Compression-moulded and solution-cast pure PVDF and PVDF/
Li–AHA composite films (5 mm � 5 mm) of thickness B40 mm
were used for scanning probe microscopy.

2.3.3. Fourier transform infrared (FTIR) spectroscopy.
FTIR analysis (Bruker 3000 Hyperion microscope, Vertex 80)
of the compression-moulded and solution-cast pure PVDF film
and PVDF/Li–AHA composite thin films (B40 mm) was carried
out in the range 400–4000 cm�1 at 0.2 cm�1 resolution.

2.3.4. Wide angle X-ray diffraction (WAXD). WAXD mea-
surements were carried out using an X-ray diffractometer
(X’Pert Pro, PANalytical) with 1.54 Å incident line of Cu-Ka

radiation in the range of 2y = 10–451.
2.3.5. Ferroelectric analysis. Ferroelectric polarization

investigations for both pure PVDF and PVDF/Li–AHA composite
films (thickness B40 mm) were conducted (TF Analyzer 2000,
Aixact, Germany). Triangular waveforms at frequencies of 1 Hz
and 50 Hz were applied with variable voltages.

2.3.6. Piezo force microscopy (PFM). Piezoelectric proper-
ties of pure PVDF and PVDF/Li–AHA composite films (5 mm �
5 mm) were measured in the contact mode with a scanning
probe microscope (Agilent 5500). During measurements, a
silicon conductive probe coated with Cr/Pt was used (force
constant = 3 N m�1). Subsequently, the tip was biased with
AC voltage of 10 V (AC voltage) and the DC voltage was varied
from �10 V to +10 V. The cantilever tip had a deflection
sensitivity of 109 nm V�1 and x128 gains. The piezoelectric
coefficient (d33) of the pure PVDF and PVDF/Li–AHA composite
films was calculated using eqn (1):

d33 ¼
Amplitude Vð Þ �Deflection sensitivity

nm

V

� �
AC Bias Vð Þ �Gain

(1)

2.3.7. Piezoelectric device testing. Pure PVDF and PVDF/
Li–AHA composite films, produced via solution-casting and
compression-moulding, were used to fabricate into piezoelec-
tric devices. These films, with dimensions of 3 � 1.5 cm2 and
thickness of B50 mm, were sandwiched between copper foils,
which served as electrodes. The entire device (the film sand-
wiched between copper electrodes) was completely laminated,
which ensured full adherence of the electrodes (copper foils) to
the sample surface (PVDF composite). The copper foils used as
electrodes adhered well to the sample surface to ensure con-
sistent electrical contact across the entire area. Even after
lamination, the rigidity of the copper foils was sufficient to
maintain their shape and ensure a stable connection with the
sample. However, they were also flexible enough to conform to
the surface of the PVDF sample, allowing for uniform contact.
For our studies, the copper foils used in the device fabrication

were of B160 mm thickness. These copper foil electrodes were
connected to a digital oscilloscope (Tektronix TBS 1072B),
using thin copper wires. To ensure stable contact between the
composite film and electrodes, the assembly was wrapped with
Kapton tape, providing insulation. The piezoelectric voltage
was generated by finger tapping on the device, and its response
was observed with an oscilloscope.

3. Results and discussions
3.1. Morphological observations via polarized optical
microscopy (POM)

Polarized optical microscopic observations (Fig. 1) reveal the
surface morphology of compression-moulded and solution-cast
pure PVDF (Fig. 1(a) and (c)) and PVDF/Li–AHA composite of
15 wt% Li–AHA concentration (Fig. 1(b) and (d)). In addition,
Fig. S1(a)–(h) (ESI†) shows the representative POM images of
compression-moulded, solution-cast and PVDF/Li–AHA compo-
site films with varying Li–AHA concentration. The average
size of PVDF spherulites was measured using ImageJ software
which allows for the precise measurement of spherulite
diameters by analyzing optical micrographs of the PVDF com-
posite films. The images were first captured at a suitable
magnification and then the spherulite boundaries were manu-
ally traced within the software. The average spherulite size was
calculated by measuring multiple spherulites across different
regions of the sample to ensure a representative average value.
This method provides an accurate estimation of the spherulite
size distribution in the films.

In general, PVDF crystallizes predominantly in the a-
crystalline form. The average spherulite size of solution-cast
pure PVDF (B33.5 mm) is smaller as compared to the
compression-moulded pure PVDF (B46.7 mm) film. The faster
rate of crystallization of PVDF in the case of solution-casting as
compared to compression-moulding has been observed

Fig. 1 Polarised optical microscopic images of (a) and (b) compression-
moulded and (c) and (d) solution-cast films of (a) and (c) neat PVDF and (b)
and (d) PVDF/Li–AHA composite of 15 wt% Li–AHA.
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previously.34,35 Lower drying temperatures in the case of
solution-casting result in a higher rate of nucleation, which
lead to smaller size of spherulites.34 However, in the case of
compression-moulding, the crystallization process is suddenly
arrested, which inhibits the rate of crystallization. Also, with
the decrease in the isothermal crystallization temperature dur-
ing solution-casting, the crystallization rate increases, which is
less in the case of compression-moulding due to the faster
cooling that otherwise slows down the rate of crystallization,
leading to formation of bigger spherulites.35 In this context, we
have carried out a comparative study for both the systems via
polarized optical spectroscopy regarding the average spherulite
size in the PVDF/Li–AHA composites. The incorporation of Li–
AHA facilitates the formation of smaller average spherulitic
structures in the PVDF/Li–AHA composite prepared via
compression-moulding and solution-casting as compared to
neat PVDF. The average spherulite size decreases progressively
from B46.7 � 1.5 mm for pure PVDF to 23.46 � 1.51, 10.34 �
1.34, and 8.35� 1.09 mm in the PVDF/Li–AHA composite of 4, 10
and 15 wt% Li–AHA concentration, respectively, in the case of
the compression-moulded composite films (Fig. S1(i), ESI†).
Furthermore, the average spherulite size decreases progressively

from B33 � 1.1 mm for pure PVDF to 18.16 � 0.81, 5.39 � 0.76,
and 3.24 � 0.65 mm in PVDF/Li–AHA composite of 4, 10 and
15 wt% Li–AHA concentration, respectively, in the case of the
solution-cast composite films (Fig. S1(i), ESI†). Fig. S1(i) (ESI†)
shows the gradual decrease in the average spherulite size of
PVDF on incorporation of 1–15 wt% of Li–AHA in PVDF/Li–AHA
composites. So, it is evident that the average spherulite size in
the solution-cast PVDF/Li–AHA composite is lower than the
corresponding composite of the compression-moulded film.
These observations signify that Li–AHA acts as a heterogenous
nucleating centre during PVDF crystallization, which creates a
large number of nucleating sites with the concomitant growth of
smaller average spherulite size.

Fig. 2 exhibits the progression of surface roughness of pure
PVDF and PVDF/Li–AHA composite films of 6 and 15 wt% of Li–
AHA concentration made via compression-moulding and
solution-casting as observed using scanning probe microscopy
(SPM). As reported in Table S1 (ESI†), the RMS roughness value
(Sq) increases from B4.3 to B11.6 nm when transitioning from
pure PVDF to the PVDF/Li–AHA composite with 15 wt% Li–AHA
concentration for the compression-moulded films. Conversely,
for the solution-cast films, the RMS roughness value rises from

Fig. 2 AFM images showing the surface roughness of (a) compression-moulded films, (b) solution-cast films and (c) progression of surface roughness
with varying Li–AHA concentration for compression-moulded and solution-cast pure PVDF and PVDF/Li–AHA composite films.
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B4.9 nm to B12.3 nm with the same concentration of Li–AHA.
Moreover, the maximum height of the roughness value
increases from B10.9 nm for pure PVDF to B45.7 nm for
PVDF/Li–AHA composite films containing 15 wt% Li–AHA for
the compression-moulded films. Similarly, for solution-cast
films, the height of the roughness value increases from
B18.8 nm for pure PVDF to B38.7 nm for the composite with
15 wt% Li–AHA. This increase in height is comparable to the
increase in depth, as shown in Table S1 (ESI†), indicating the
combined contribution of both elevations and depressions
within the roughness. The addition of Li–AHA molecules
increases roughness of the composite films caused by the
random overlapping on the PVDF backbone.36 The formation
of these heights and pits stems from the differences in atomic
stacking direction between the PVDF chains and Li–AHA mole-
cules. The physical bond relies on the interaction among the
adjacent elevations, which serve as hooks to promote bonding
and aid in the continued crystallization of PVDF.37 Further,
AFM topographical images also illustrate the surface roughness
of PVDF in the PVDF/Li–AHA composites, where the preferen-
tial orientation of the crystalline grains increases with the

increase of the Li–AHA concentration in the respective
composite.

3.2. Interfacial interaction studies via Fourier transform
infrared (FTIR) spectroscopy

FTIR spectroscopy was carried out to explore the interaction
between Li–AHA and PVDF chains. The corresponding FTIR
spectra of pure PVDF and PVDF/Li–AHA composite films pre-
pared via solution-casting (Fig. 3(a)) and compression-
moulding (Fig. 3(b)) are presented from B850–1300 cm11.
Additionally, Fig. S2(a)–(d) (ESI†) displays FTIR spectra of
compression-moulded and solution-cast PVDF/Li–AHA compo-
sites of all the compositions. Prominent peaks detected at
B875 and B1180 cm�1 denote –CF2 stretching vibrations in
PVDF.38 A prominent peak shift in the ns (CF2) stretching band
at B875 cm�1 is observed in case of compression-moulded
as well as solution-cast PVDF/Li–AHA composite films. The
ns (CF2) band obtained at B875 cm�1 for the neat PVDF
film shifts progressively to higher wavenumbers (B881 and
883 cm�1) in the PVDF/Li–AHA composite with increased Li–
AHA concentration (Fig. 3(c)). The maximum peak shift is

Fig. 3 FTIR spectra indicating the –CF2 peak shift in (a) compression-moulded, (b) solution-cast pure PVDF and PVDF/Li–AHA composite films, (c) shift
in the –CF2 peak with the increase in Li–AHA concentration for compression-moulded and solution-cast films, FTIR spectra indicating the –NH2 peak
shift in (d) compression-moulded and (e) solution-cast pure PVDF and PVDF/Li–AHA composite films, and (f) a schematic representation of the
mechanism of interaction between PVDF chains and Li–AHA.
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observed in the PVDF/Li–AHA composite film with 15 wt% Li–
AHA in the compression-moulded and solution-cast films.
Further, the band at B1180 cm�1 corresponding to ns (CF2),
depicts a prominent peak shift in the compression-moulded
PVDF/Li–AHA composite films, which suggests a greater extent
of interfacial interaction.38 However, this could not be mani-
fested in the case of the solution-cast PVDF/Li–AHA composite
films, due to which no peak shift in B1180 cm�1 could be
observed. Moreover, the absorbance peak at B3290–3350 cm�1

is present due to the –NH stretching vibration associated with
–NH2 functional group in Li–AHA as exhibited in Fig. S2(e)
(ESI†).39 Pure PVDF films did not show an absorbance peak at
B3295 cm�1 but it gradually appeared at B3312 cm�1 in the
case of compression-moulded PVDF/Li–AHA composite and at
B3370 cm�1 in the case of compression-moulded PVDF/Li–
AHA composite as Li–AHA is incorporated into PVDF, as
depicted in Fig. 3(d) and (e). Further, in the case of the
compression-moulded PVDF/Li–AHA composite, the –NH peak
shifts from B3312 cm�1 in the PVDF/Li–AHA composite of 1
wt% Li–AHA to B3296 cm�1 in the PVDF/Li–AHA composite of
15 wt% Li–AHA (Fig. 3(d)). In the case of the solution-cast
PVDF/Li–AHA composite, the –NH peak shifts from B3370 cm�1

in the PVDF/Li–AHA composite of 1 wt% Li–AHA to B3355 cm�1

in the PVDF/Li–AHA composite of 15 wt% Li–AHA (Fig. 3(e)).
This progressive shift of the ns (CF2) band and corresponding
shift in the –NH absorbance peak of Li–AHA indicate the
increased H-bonding between the –NH2 functional moiety of
Li–AHA and the –CF2 groups of PVDF with increased Li–AHA
concentration in PVDF/Li–AHA composite. In light of the above,
we propose a schematic representation of H-bonding between
the –CF2 groups of PVDF and –NH2 moiety of Li–AHA in the
PVDF/Li–AHA composite (Fig. 3(f)).40,41

Furthermore, the dipole moment of the filler material plays
a crucial role in aligning the dipoles within the PVDF matrix.
A filler with a strong dipole can enhance the polar b-phase
nucleation by interacting with the polar segments of the PVDF
chains. This interaction favors the formation of the b-phase,
which has a higher dipole alignment compared to the non-
polar a-phase. As the dipoles of the PVDF and the filler interact,
this can help stabilize the b-phase structure, particularly under
poling or mechanical stretching.42 By increasing the separation
between PVDF chains, the filler can reduce the van der Waals
forces that normally hold the chains together in the non-polar
a-phase. This reduction in intermolecular forces enhances the
rotational freedom of the PVDF dipoles, making it easier for
them to reorient from the non-polar a-phase to the polar
b-phase during stretching or poling. Additionally, by reducing
the van der Waals forces, the filler can decrease the energy
barrier for the phase transition, thereby facilitating the for-
mation of the b-phase.43

3.3. Development of electroactive (b/c) phases

The FTIR spectra (Fig. 4(a) and (b)) provide an idea of the
various phases that are present in the compression-moulded
and solution-cast pure PVDF and PVDF/Li–AHA composite
films, respectively. The absorption bands at B487 cm�1 (CF2

wagging and bending), B532 cm�1 (–CF2 bending), B615,
B765 cm�1 (–CF2 bending), B875 cm�1 (–CF2 stretching) and
B975 cm�1 (C–H out of plane deformations) indicate the
presence of a-phase of PVDF.44 Further, the stretching band
at B840 cm�1 (–CH2 rocking and –CF2 asymmetric stretching)
suggests the existence of both polar phases (b and g-crystalline
phases). Absorption bands at B1234 cm�1 and 1275 cm�1 (C–F
out-of-plane deformations) are specifically associated with
the g-phase and b-phase of PVDF, respectively.45 It is also
noteworthy that absorption peaks representative of the polar
phase/s at 840 cm�1 and shoulders at B1234 cm�1 and
B1275 cm�1 become more prominent, which correspond to a
higher intensity of the normalized absorption peaks with the
progressive increase of Li–AHA in the PVDF/Li–AHA composite.
The PVDF/Li–AHA composite of 15 wt% Li–AHA exhibits the
highest intensities of the normalized absorption bands of the
electroactive phase than the composite of other Li–AHA concen-
tration, representing the presence of the highest electroactive
phase fraction. FTIR plots of compression-moulded and
solution-cast neat PVDF and the remaining compositions of
PVDF/Li–AHA composites are depicted in Fig. S2 (ESI†).

Further, WAXD analysis was carried out to corroborate
the observations from FTIR analysis in compression-moulded
and solution-cast pure PVDF and PVDF/Li–AHA composite
films (Fig. 4). WAXD patterns of neat PVDF and the remaining
compositions of the PVDF/Li–AHA composite films are
depicted in Fig. S3 (ESI†). Fig. 4(c) and (d) show two prominent
peaks at 2y = 18.41and 19.91, corresponding to the a-crystalline
phase (monoclinic crystal structure) of [020] and [110/200]
diffraction planes, respectively. A weak diffraction peak is
detected at 2y = 17.71 corresponding to the non-polar a-
crystalline phase at a diffraction plane of [100].46 Further, the
existence of the electroactive (b/g) phase is established from the
peak at 20.11 [110]. The diffraction peak at 19.91 shifts towards
higher 2y values indicating that the a-phase gets converted
to the b (orthorhombic)/g-crystalline phase (monoclinic) in the
PVDF/Li–AHA composite with the incorporation of Li–AHA. The
PVDF/Li–AHA composite of 15 wt% Li–AHA shows a peak at
2y = B20.11, which indicates the existence of polar phases.39

Dipolar interactions and H-bonding at the interface among
PVDF chains, Li–AHA, and DMF may promote a more organized
packing of CH2–CF2 dipoles, thus facilitating development of
the trans (TTT) conformation, which represents the electro-
active phases.46 Consequently, a higher polar phase fraction is
observed in the PVDF/Li–AHA composite films prepared via
solution-casting compared to those produced through
compression-moulding.

The polar phase fraction of PVDF was calculated using
eqn (2), which is depicted in Fig. 4(e) with varying concen-
tration of Li–AHA in the PVDF/Li–AHA composites:

F pð Þ ¼ Ap

Kp

Ka

� �
� Aa þ Ap

(2)

where, Ap and Aa refer to absorption intensities and Kp (7.7 �
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104 cm2 mol�1) and Ka (6.1 � 104 cm2 mol�1) refer to absorp-
tion coefficients at 840 and 765 cm�1, respectively.38

Fig. 4(e) depicts the variation of the polar phase content
(b/g-phase) with Li–AHA concentration for compression-
moulded and solution-cast PVDF/Li–AHA composites. It is
evident that the polar phase fraction consistently rises with
increasing Li–AHA concentration in both the compression-
moulded and solution-cast PVDF/Li–AHA composite films.
Notably, solution-cast neat PVDF films exhibit B35% polar
phase formation, whereas their compression-moulded counter-
parts show B32% polar phase formation. Moreover, solution-
cast PVDF/Li–AHA composite films with a 15 wt% Li–AHA
concentration demonstrate B60% polar phase, whereas the
corresponding compression-moulded composite films exhibit
B49% polar phase, which is attributed to the increased hydro-
gen bonding between the –NH functional moiety of Li–AHA and
fluorine moiety of PVDF dipoles leading to higher electroactive
phase contents in the PVDF/Li–AHA composites, as previously
observed via FTIR spectroscopy. The higher electronegativity of
fluorine in PVDF compared to nitrogen in the amine group
drives this interfacial interaction, resulting in the generation of

additional dipoles, thereby further augmenting the polar phase
content in the PVDF/Li–AHA composites.47 Also, as mentioned
earlier, dipolar interactions and hydrogen bonding between the
PVDF moieties and DMF molecules contribute to a more
organized arrangement of CH2–CF2 dipoles, promoting the
formation of the trans (TTT) conformation, which represents
the electroactive phases. This combined effect leads to a higher
polar phase fraction in PVDF for solution-cast composites
compared to compression-moulded samples.

3.4. Analysis of the piezoelectric coefficient via piezoelectric
force microscopy (PFM)

Piezoelectric properties of neat PVDF and PVDF/Li–AHA compo-
sites were investigated via a PFM study in contact mode. The
PFM tip is a conductive probe, which scans across the sample
surface at an applied AC voltage. This causes small deformations
at the molecular level in the composite film. The cantilever tip
detects the deformation to produce the output. Due to the
principle of the inverse piezoelectric effect, the tip then bends
when voltage is applied, and this movement is reciprocated to

Fig. 4 Representative FTIR spectra of (a) compression-moulded and (b) solution-cast neat PVDF and PVDF/Li–AHA composites, representative WAXD
patterns of (c) compression-moulded and (d) solution-cast neat PVDF and PVDF/Li–AHA composites, (e) variation of the polar phase content (%) with the
increase in Li–AHA concentration in compression-moulded and solution-cast neat PVDF and PVDF/Li–AHA composites.
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create an image.46 The deformation is thus recorded as the
amplitude with applied bias voltage.

It is observed (Fig. 5) that there is an increase in amplitude
(Fig. 5(a) and (b)) and the corresponding d33 values (piezoelectric
coefficient) (Fig. 5(c)) of the PVDF/Li–AHA composite with an
increase in Li–AHA concentration in compression-moulded as well
as solution-cast films. The observed amplitude signifies the mag-
nitude of polarization in the PVDF/Li–AHA composites. A max-
imum amplitude of B240 nm and B260 nm was obtained in the
case of the PVDF/Li–AHA composite with 15 wt% Li–AHA prepared
via compression-moulding and solution-casting, respectively
(Fig. 5(a) and (b)). The d33 value were B63 pm V�1 and
B72 pm V�1 in the compression-moulded and solution-cast PVDF/
Li–AHA composites with 15 wt% of Li–AHA (Fig. 5(c)). Increased
interfacial interaction, resulting in a greater proportion of polar phase
generation, can be attributed for an increased d33 value at higher
concentrations of Li–AHA in PVDF/Li–AHA composites. Once again,
the higher d33 value in solution-cast PVDF/Li–AHA composite samples
compared to the corresponding composite film prepared via
compression-moulding is attributed to the formation of a larger
amount of polar phase in the solution-cast sample.

3.5. Ferroelectric properties via polarization vs. electric field

The polarization curves with varying electric fields for compre-
ssion-moulded and solution-cast neat PVDF and PVDF/Li–AHA

composites were obtained to investigate the ferroelectric beha-
viour of PVDF/Li–AHA composites under an electric field. The
hysteresis loops were recorded at 50 Hz and at an applied voltage
of 1000 V, which are shown in Fig. 6(a) and (b). Fig. S4 (ESI†)
shows the hysteresis loops of compression-moulded and solution-
cast PVDF/Li–AHA composites of all the compositions. The hys-
teresis loops shown in Fig. 6 and Fig. S4 (ESI†) show unsaturated
PE-loop curves and lack the characteristic curved shape seen in
ideal ferroelectric materials.

It is understood that the ferroelectric properties of PVDF are
entirely reliant on the quantity of electroactive phases present
in PVDF matrix. PVDF/Li–AHA composites exhibit enhanced
ferroelectric properties compared to neat PVDF, in the case
of both compression-moulded and solution-cast films. Neat
PVDF shows a weak P–E loop, but compression-moulded and
solution-cast PVDF/Li–AHA composites films of 15 wt% Li–AHA
exhibit maximum polarization (Pmax) values of B0.014 mC cm�2

and B0.07 mC cm�2, respectively (Fig. 6(a) and (b)). It is
also observed that remnant polarization (Pr) and maximum
polarization increase progressively in the PVDF/Li–AHA
composite with an increase in the Li–AHA concentration in
both compression-moulded as well solution-cast films. The
improved ferroelectric properties can be attributed to larger
polar phases in the PVDF/Li–AHA composites. PVDF/Li–AHA
composite films contain ferroelectric domains, which become

Fig. 5 Variation of amplitude with bias voltage in (a) compression-moulded pure PVDF and PVDF/Li–AHA composite films and (b) solution-cast pure
PVDF and PVDF/Li–AH composite films and (c) a comparison of the d33 values of compression-moulded and solution-cast PVDF/Li–AHA composite
films with varying Li–AHA concentration.
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oriented with the increase in electric field, which is further
enhanced with the increase in polar phase content in the PVDF/
Li–AHA composites.45 Further, the breakdown voltages of
compression-moulded and solution-cast PVDF/Li–AHA compo-
sites of 15 wt% Li–AHA were observed to be B4200 V and
B5000 V, respectively, whereas neat PVDF films could reach
only up to B1700 V.

The change of remnant polarization (Pr) and maximum
polarization (Pmax) of PVDF and PVDF/Li–AHA composites,
varying with Li–AHA concentration, are illustrated in Fig. 6(c)
and (d). Solution-cast PVDF/Li–AHA composite samples exhibit
slightly higher polarization values compared to their comp-
ression-moulded counterparts, due to greater polar phase fractions.
The PVDF/Li–AHA composite of 15 wt% Li–AHA shows the highest
Pr and Pmax values due to significantly enhanced interfacial inter-
actions resulting in a higher polar phase fraction. Due to strong
interfacial interactions (H-bonding) between –CF2 dipoles and
–NH2 groups of Li–AHA, polarization occurs which leads to an
increase in remnant polarization.48

To explore the ferroelectric properties of our samples, we
conducted additional measurements using piezoresponse force
microscopy (PFM). PFM is a highly sensitive method for detect-
ing nanoscale ferroelectric domains and switching behaviour
that may be missed in macroscopic hysteresis loops due to
factors like low electric field strength, sample defects, or
suboptimal conditions. By visualizing the domains and their

reaction to applied fields, PFM provides clearer evidence of
ferroelectricity, even when macroscopic measurements do not
show saturation. It also allows us to differentiate between
ferroelectric and dielectric responses through quantitative ana-
lysis of piezoresponse amplitude and phase.

3.6. Piezoelectric energy harvesting device

To showcase the energy harvesting capability of the devices, a
vertical compressive force generated by human finger tapping
was applied on the fabricated devices. The resulting output
voltage was logged with an oscilloscope, both for the
compression-moulded and solution-cast films, as depicted in
Fig. S5 (ESI†), and the circuit model of the nanogenerator is also
presented in Fig. 7(a). Fig. S5 (ESI†) also depicts the variation of
the force of B12–15 N, which was applied as a function of time
on the device. While pressing, the bound charges initiate a
potential within the nanogenerator. Consequently, external
charges are attracted to the nanogenerator to neutralize this
potential difference. Upon releasing the force, the piezo-
potential decreases, causing the accumulated free charges to
generate an opposing potential at the two surfaces of the device.
The positive amplitude of output voltage corresponds to the
‘press’ of the impulse, whereas the negative amplitude reflects
the ‘release‘ of the impulse during finger tapping.49

The output voltage signal from the respective compression-
moulded and solution-cast PVDF/Li–AHA composite films is

Fig. 6 Polarization versus electric field loops of PVDF/Li–AHA composites prepared by (a) compression-moulding and (b) solution-casting, (c) and (d)
variation of remnant polarization and maximum polarization with varying Li–AHA concentration in PVDF/Li–AHA composites prepared via (c)
compression-moulding and (d) solution-casting, respectively.
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shown in Fig. 7(b) and (c). The corresponding recorded piezo-
electric output voltage of the PVDF/Li–AHA composite with
varying concentration of Li–AHA is depicted in Fig. 7(d) for
compression-moulded and solution-cast films. During the
impact and release of force, the polarization of the piezoelectric
charge becomes disturbed, thus creating a potential imbalance
in the two electrodes, which causes the electrons to flow in the
circuit.50,51 Due to this, alternate positive and negative voltages
are generated in a short time span. In both the systems, the
output piezoelectric response increases in the PVDF/Li–AHA
composite as the concentration of Li–AHA increases. The device
prepared with the neat PVDF film generated an output of B10.7
� 0.6 V in the case of the solution-cast film and B5.2 � 0.4 V in
the case of compression-moulded film. Further, the output
response increases with the increase in the Li–AHA concen-
tration in the PVDF/Li–AHA composite device, and a maximum
output voltage of B60.8 � 0.3 V and B110.7 � 0.5 V was
obtained in the PVDF/Li–AHA composite of 15 wt% Li–AHA for

compression-moulded and solution-cast films, respectively.
Moreover, a maximum output voltage of B18.2, B28.1,
B37.5, B42.3 and B58.1 V was obtained in the case of the
device fabricated with the compression-moulded PVDF/Li–AHA
composite of 2, 4, 6, 8 and 10 wt% of Li–AHA. Whereas a
maximum output voltage of B47.4, B59.6, B68.2, B91.8 and
B101.4 V was obtained in the case of device fabricated with the
solution-cast PVDF/Li–AHA composite of 2, 4, 6, 8 and 10 wt%
of Li–AHA. A higher piezo-voltage response obtained in the
PVDF/Li–AHA composites can be attributed to a higher fraction
of the polar phase of PVDF, compared to neat PVDF films. The
increased piezo-voltage response of solution-cast PVDF/Li–AHA
composite as compared to the compression-moulded compo-
site is due to the more electroactive phase of PVDF, which leads
to the creation of dipoles in the composite. In general, with an
increase in the concentration of Li–AHA in the PVDF/Li–AHA
composite films, interfacial interaction is greatly enhanced,
which results in the improved electromechanical response in

Fig. 7 (a) A schematic representation showing the working principle of the nanogenerator, (b) and (c) output voltage obtained by finger tapping on the
PVDF/Li–AHA composite-based energy harvesting devices prepared by (b) compression-moulded films and (c) solution-cast films, (d) comparison of
output voltage in compression-moulded and solution-cast films of neat PVDF and PVDF/Li–AHA composites, and (e) variation of output voltage for
different frequencies during the finger tapping experiment in compression-moulded and solution-cast PVDF/Li–AHA composites of 15 wt% Li–AHA,
respectively.
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the composite. Due to the higher piezoelectric output voltage in
PVDF/Li–AHA composites, the devices can be exploited for
energy harvesting.52

To assess the impact of frequency on the output voltage of the
fabricated device, the frequency of finger tapping was adjusted
from 1 to 6 Hz to simulate low frequency motions.53 The output
voltage of the compression-moulded and solution-cast PVDF/Li–
AHA composite device of 15 wt% Li–AHA with varying frequency
is represented in Fig. 7(e). The output voltage increases with
tapping frequency from 1 Hz to 6 Hz, with the solution-cast
composite sample displaying a superior response compared to
the compression-moulded film. This can be attributed to better
impedance matching with the digital oscilloscope, resulting in
higher electrical outputs. The internal impedance of the device
decreases with increasing frequency, leading to improved coher-
ency of the fabricated device’s internal electrical impedance and
the oscilloscope, thereby increasing the output voltage. The
effective response to low-frequency indicates that the fabricated
device holds the potential for harvesting energy from low-
frequency motions, such as human movements.49,54

Further, the composite device was tested under the biome-
chanical stimulation of knuckle tapping, wrist tapping, fist
thumping, little finger tapping, and keyboard typing. Fig. 8
depicts the output voltages obtained for various tapping motions
on the devices fabricated from the PVDF/Li–AHA composite of
15 wt% Li–AHA made via compression-moulding and solution-
casting. Each type of tapping generates a different amount of
force on the device, and it is evident that even with a gentle
touch, the device is sensitive enough to generate a voltage. The
significant response of the nanogenerator to human motions
demonstrates its potential to effectively harvest energy from
various human movements.54

To determine the power density of PVDF/Li–AHA compo-
sites, varying resistors (10 kO to 200 MO) were connected in
series with the device, and the voltage drop across the resistors
was simultaneously measured as shown in Fig. 9(a). The
fabricated composite device of 15 wt% Li–AHA has been used
for further piezoelectric performance analysis as this sample
depicted the highest voltage response among all the other
composites. The output power density (Pd) was calculated using

Fig. 8 Variation of output voltage in case of compression-moulded and solution-cast PVDF/Li–AHA composite films of 15 wt% Li–AHA in case of (a)
knuckle tapping, (b) wrist tapping, (c) little finger tapping, (d) keyboard tapping, and (e) fist thumping.
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eqn (3):

Pd ¼
VL

2

ARL
(3)

where, A is the effective electrode area of the fabricated device
and VL is the voltage drop across applied load resistance RL.
Fig. 9(b) shows the variation of calculated power density across
varying load resistors for compression-moulded and solution-cast
composite devices. A maximum power density of B75 mJ cm�2

was obtained from the device made via compression-moulding.
Interestingly, a much higher power density of B85 mJ cm�2

was obtained from the device made via solution-casting (Fig. S6,
ESI†). This is due to the higher output voltage obtained from
solution-cast film (B110 V) as compared to the corresponding
compression-moulded film (B60 V).

The load current across the resistance (RL) can be calculated
from power (P) using eqn (4) and is mapped as a function of
varying resistance in Fig. 9(c) and (d):

I ¼
ffiffiffiffiffiffi
P

RL

r
(4)

The maximum current density obtained in the case of
compression-moulded and solution-cast PVDF/Li–AHA compo-
site film of 15 wt% Li–AHA was 3.1 mA cm�2 and 5.3 mA cm�2,
respectively.

In order to further demonstrate that our device has potential
applications in energy harvesting, various capacitors (with

different capacitance) were charged by finger tapping. Different
capacitors of 1 mF, 2.2 mF and 4.7 mF were connected to
the device individually using the bridge rectifier (Fig. 10(a)).
The charging–discharging behaviour of the capacitors for
compression-moulded and solution-cast PVDF/Li–AHA compo-
site films of 15 wt% Li–AHA are shown in Fig. 10(b) and (c),
respectively. The highest voltage of B1.92 V for the 1 mF
capacitor was obtained within a short time span of B50 s for
the solution-cast PVDF/Li–AHA composite device. The highest
voltage of B0.92 V for the 1 mF capacitor was obtained within a
very short time span of B40 s for the device made via the
compression-moulded PVDF/Li–AHA composite film. Fig. 10(d)
depicts the comparison of charging voltage across the three
different capacitors in the case of compression-moulded and
solution-cast PVDF/Li–AHA composite films of 15 wt% Li–AHA.
The higher value of charging voltage in the case of the solution-
cast composite films can be attributed to the higher polar
phase fraction as compared to the compression-moulded com-
posite films.54

The stored energy (E) in the capacitor of capacitance C was
calculated using eqn (5), which is depicted in Fig. 10(e):

E ¼ CV2

2
(5)

where, V is the saturation voltage up to which the capacitor (C)
can be charged.

Fig. 9 (a) An image showing the electrical set-up with different resistors and device, (b) the variation of power density with increasing load resistance for
compression-moulded and solution-cast PVDF/Li–AHA composites of 15 wt% Li–AHA, (c) and (d) the variation of load current with increasing load
resistance for (c) compression-moulded PVDF/Li–AHA composite film and (d) solution-cast PVDF/Li–AHA composite film of 15 wt% Li–AHA.
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To calculate maximum stored energy, the maximum capacitor
of 4.7 mF and the respective maximum voltage stored in it was
considered, in the case of both compression-moulded and
solution-cast composite devices. The maximum stored energy
was determined to be B1.1 mJ and B4.6 mJ in compression-
moulded and solution-cast PVDF/Li–AHA composite films of 15
wt% Li–AHA, respectively. Hence, it is evident that the capacitors
can be charged within a short time span, which makes them a
promising candidate for powering tiny portable electronic gadgets.

To show the efficiency of our devices, we lit up five LEDs
using our device by finger tapping on the device made via
solution-cast PVDF/Li–AHA composite film of 15 wt% Li–AHA,
as shown in Fig. 10(f) and the supporting Video SV (ESI†).
A video was taken for 10 s of lighting up the LEDs by applying an
external force via hand tapping, and the snapshots were taken
from the video at intervals of 0.1 second (frame rate: 30 frames
per s) with the help of the software, as depicted in Fig. 10(f).

4. Conclusions

PVDF/Li–AHA composites were produced through melt-mixing,
with varying Li–AHA concentrations ranging from 1–15 wt%,
aimed at establishing strong interfacial interaction (hydrogen
bonding) between –CF2 groups of PVDF and the NH2 moiety of
Li–AHA. Following melt-mixing, solution-casting and compres-
sion-moulding techniques were employed to create PVDF/Li–AHA
composite thin films, allowing investigation into the effects of
compression-moulding and solution-casting on the structure and
ferroelectric and piezoelectric properties of the composites.

Observations of the morphological analysis indicated a
reduction in the average spherulite size in PVDF with increasing
Li–AHA concentration in both compression-moulded and
solution-cast PVDF/Li–AHA composites. Notably, solution-cast
composite films exhibited significantly smaller average spherulite
sizes compared to their compression-moulded counterparts,

Fig. 10 (a) Image and circuit diagram showing the set-up with capacitors and rectifier, (b) and (c) charging and discharging curves with three different
capacitors for the device made via (b) compression-moulded, and (c) solution-cast PVDF/Li–AHA composites of 15 wt% Li–AHA, (d) a comparison of the
charging voltages for three different capacitors, (e) a comparison of the energy stored for three different capacitors by the devices made via
compression-moulding and solution-casting of PVDF/Li–AHA composites of 15 wt% Li–AHA, and (f) an image showing the LED circuit and lighting
up of 5 LEDs with finger tapping on the device made with the solution-cast PVDF/Li–AHA composite of 15 wt% Li–AHA concentration.
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suggesting the heterogeneous nucleating effect of Li–AHA during
PVDF crystallization.

FTIR spectroscopic analysis revealed hydrogen bonding
between the –CF2 dipoles of PVDF and NH2 functionality of
Li–AHA in PVDF/Li–AHA composites. Shifts in the –NH peaks of
Li–AHA functional groups were observed, indicating that the
interaction strength changes with varying the Li–AHA concen-
tration. Additionally, progressive shifts in the ns(CF2) band with
increasing Li–AHA concentration suggested enhanced H-bonding
between the –NH2 moieties of Li–AHA and –CF2 of PVDF.

Further analysis by FTIR spectroscopy and WAXD analysis
confirmed the role of Li–AHA in influencing polar phase
evolution of PVDF in both compression-moulded and
solution-cast composites. Solution-cast composites exhibited
a higher polar phase fraction (B60%) compared to
compression-moulded composites (B49%) with 15 wt% Li–
AHA, which is attributed to the improved H-bonding interac-
tions between Li–AHA and PVDF chains.

Moreover, a higher d33 value (B72 pm V�1) was achieved in
solution-cast PVDF/Li–AHA composites with 15 wt% Li–AHA
compared to the corresponding compression-moulded compo-
site (B63 pm V�1). The enhanced d33 value in the solution-cast
films was attributed to the greater extent of the polar phase
evolution. Ferroelectric properties showed increased remnant
polarization values with Li–AHA addition in both compression-
moulded and solution-cast composite films, with marginally
higher values observed in solution-cast films due to their
increased electroactive phase content.

Sensor devices were fabricated using solution-cast and
compression-moulded PVDF/Li–AHA composite films with
15 wt% Li–AHA. Output voltages of B60 V and B110 V were
obtained from devices fabricated from compression-moulded
and solution-cast PVDF/Li–AHA composite films of 15 wt% Li–
AHA, respectively. A maximum power density of B75 mJ cm�2

and B85 mJ cm�2 was obtained from devices made from
compression-moulded and solution-cast PVDF/Li–AHA compo-
site films, respectively, with 15 wt% Li–AHA. For the
4.7 mF capacitor, stored energy density of B1 mJ cm�2 and
B4.8 mJ cm�2 was obtained from compression-moulded and
solution-cast composite film of 15 wt% Li–AHA, respectively.
Also, five LEDs were lit up using our device by finger tapping on
the device made via the solution-cast PVDF/Li–AHA composite
film of 15 wt% Li–AHA, which further shows the efficiency of
the fabricated nanogenerator device.

In brief, an interrelationship was established between the
processing methods, the evolution of crystalline structures and
the resultant piezoelectric properties in PVDF/Li–AHA compo-
site films. A piezoelectric energy harvesting device was success-
fully fabricated using PVDF/Li–AHA composite films, which can
be utilized for various bio-mechanical motions.
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