Nano Energy 72 (2020) 104662

ELSEVIER

journal homepage: http://www.elsevier.com/locate/nanoen

Contents lists available at ScienceDirect

Nano Energy

Giant energy storage density in PVDF with internal stress engineered

polar nanostructures

Check for
updates

Xintong Ren?, Nan Meng ™ , Han Zhang ¢, Jiyue Wu", Isaac Abrahams b Haixue Yan™¢,
Emiliano Bilotti ¢, Michael John Reece ®"

& School of Engineering and Materials Science, Queen Mary University of London, Mile End Road, E1 4NS, London, UK
b School of Biological and Chemical Sciences, Queen Mary University of London, Mile End Road, E1 4NS, London, UK
¢ NPU-QMUL Joint Research Institute of Advanced Materials and Structure (JRI-AMAS), Northwestern Polytechnical University, 710072, Xi’an, China

ARTICLE INFO

Keywords:

Energy storage
Ferroelectric relaxor
PVDF

Polar nanostructure
Internal stress
Ferrelectric switching

ABSTRACT

High power dielectric capacitors with high energy density are needed in order to develop modern electronic and
electrical systems, including hybrid vehicles, telecommunication infrastructures and portable electronic devices.
Relaxor ferroelectric polymers (RFP) are considered to be the most promising candidates for the next generation
of capacitors owing to their relatively high energy storage density. However, the commercialization of RFP
capacitors in power systems is hindered by their high cost and low dielectric breakdown strength. In this study,
inexpensive, free-standing nano-crystalline (~3.3 nm) poly (vinylidene fluoride) (PVDF) films with high j phase
content (~98%), “relaxor-like” ferroelectric behaviour and high breakdown strength (880 kV/mm) were fabri-
cated using the facile Press & Folding (P&F) technique. An internal stress dominated polarization switching
model is proposed to explain the origin of the relaxor-like ferroelectric behaviour. The internal stress generated
during pressing alters the intermolecular chain distance of the (200) plane of f-PVDF from 4.24 A in internal
stress free films to 4.54 A in P&F films, corresponding to a tensile strain and residual stress of 7.11% and 142
MPa, respectively. The internal stress acts to partially reverse the polarization on reversal of the applied electric
field. This, combined with preferred in-plane orientation of the crystallites, results in a polar nanostructure with
high polarization reversibility at high electric fields. A giant discharged energy storage density of 39.8 J/cm® at
880 kV/mm was achieved for P&F films, which surpasses all previously reported polymer-based materials.

1. Introduction

During the last few decades, great effort has been dedicated to the
study of poly (vinylidene fluoride) (PVDF), a highly polarizable ferro-

Among all of the energy storage methods, dielectric capacitors excel
in terms of stability, ultrahigh power density (up to 10% W/kg) and fast
charging-discharging speed (~10 ns — 1 ms). They have great potential
in advanced electronic and electrical systems, wearable devices, medical
apparatus and electric vehicles [1].

Compared with traditional inorganic-based bulk ceramics, flexible
polymer-based dielectric materials have drawn considerable attention
owing to their high breakdown strength, superior mechanical properties
and good processability [2]. However, the discharged energy density
(Ue) of polymer dielectric capacitors (1-2 J/cm®) is much lower than
batteries (200-2500 J/cm®) and supercapacitors (20-29 J/cm3),
limiting them from achieving miniaturization to fulfil the requirements
for modern energy storage systems [3-7].

electric polymer with a large dipole (pointing from the fluorine atoms to
the hydrogen atoms), for dielectric energy storage applications [8,9].
PVDF exhibits a high relative permittivity &, of ~10-12 (1 kHz) and high
field-induced polarization Py, (~0.10 C/m?) at high applied electric
fields (~200 kV/mm) due to the non-polar a phase to polar § phase
transition at 170 kV/mm, followed by the f phase transition at 500
kV/mm [10,11]. PVDF has a high remnant polarization P, produced by
ferroelectric switching, which severely decreases its charge-discharge
efficiency and restricts it from achieving high U, [12]. To overcome
these barriers, methods for producing relaxor ferroelectric behaviour
with more reversible polar structures under high fields have been
explored, including chemical modification (e.g. crosslinking [13,14],
grafting [15,16], synthesis of PVDF-based copolymers and terpolymers
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etc. [17-201), high-energy electron/y-ray irradiation [21], polymer
blending [22,23], nanocomposites [24-28] and multilayer structure
design [29-31]. Utilising chemical reactions to modify the microstruc-
ture is an effective way to improve the functional properties. Particu-
larly, incorporating bulk monomers, such as trifluoroethylene (TrFE),
chlorofluoroethylene (CFE) and chlorotrifluoroethylene (CTFE), into the
PVDF molecular chain to obtain P(VDF-TrFE-CFE) and P
(VDF-TrFE-CTFE) terpolymers can break the large ferroelectric do-
mains into polar nanodomains and broaden the interchain distance [17,
19]. Such a chemical route can successfully transform ferroelectric PVDF
into a relaxor ferroelectric, displaying higher charge-discharge effi-
ciency (50-70%) compared with pristine PVDF (40-50%) [17,32].
However, the synthesis of terpolymers involves complex chemical re-
actions and expensive equipment. Moreover, the dielectric breakdown
strength Ej, and mechanical properties of PVDF are seriously deterio-
rated. The Young’s modulus decreases from 1.2 to 1.5 GPa for PVDF to
150 MPa for P(VDF-TrFE-CFE) because of defects and reduced crystal-
linity [24]. These hindrances have limited the use of terpolymers in
practical applications. Alternative approaches, including designing
PVDF-based polymer blends or nanocomposites, usually involves a
compromise between high polarisability and high breakdown strength
[22,24,33].

The microstructure and morphology of semi-crystalline polymers
profoundly affects their energy storage capability, including different
crystalline phases, crystallite size (or lamellae thickness ) and preferred
chain orientation [34-36]. It is well accepted that small crystallite size is
favourable for enhancing E}, and therefore achieving higher U, [33,37].
Also, the orientation of the polymer chains plays a significant role in
determining the polarisability of PVDF. A higher ¢, of 12-13 is observed
in PVDF when its chains (c-axis) are perpendicularly aligned to the
applied electric field compared with when the molecular chains are
parallel with the applied electric field (e;: 5-6) as the dipoles can more
easily follow the field when they are randomly distributed in the plane
parallel to the field [36,38]. Compared with non-polar a-PVDF, the
electroactive f and y phases are more desirable because of their higher
P;, at the same field. According to the literature, for virgin PVDF ho-
mopolymers, the y phase with T3GT3G’ chain conformation exhibits a
higher breakdown strength Ej, of 500 kV/mm and U, of 14 J/cm® than
the p phase since the early polarization saturation in the g phase is
avoided [34,39].

In this paper, relaxor-like ferroelectric behaviour was achieved by
producing internal stress engineered polar nanostructures in PVDF films
prepared using the facile and scalable P&F processing technique. The
Press & Folding (P&F) method produces ultrahigh $ phase content and
reduced crystallite size (~4 nm) in a laminated structure [40]. In this
paper, we report the mechanism by which P&F produces relaxor-like
ferroelectric behaviour in PVDF, and use this knowledge to optimise
its energy storage properties. The internal lattice stresses are produced
during the fabrication of the films. They broaden the interchain distance
in the crystalline phase and drive the reverse switching of the dipoles on
removal of the applied electric field, leading to relaxor-like ferroelectric
behaviour and an outstanding energy storage density (39.8 J/cm® at
880 kV/mm). It is well known that mechanical drawing can have a
profound impact on the structure and properties of thermoplastic
polymers, from their mechanical properties to thermal conductivity
[41-44]. To the best of our knowledge, this is the first time that high
internal stress (up to ~142 MPa) has been employed to engineer polar
nanostructures with ultrahigh reversibility under high electric fields.
Herein, we demonstrate that internal stress build-up is the dominant
factor in achieving a record high energy density.

2. Experiment and methods
2.1. Materials

Polyvinylidene fluoride (PVDF) homopolymer powder with high
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molecular weight M, of 670-700 kg/mol (Solef®6020) was purchased
from Solvay. Rocol® 400 ml PTFE Mould Release Agent Plastic was
purchased from RS Components UK. All of the materials were used as
received.

2.2. Film fabrication and processing

Hot-pressed film: 4.0 g of PVDF powder was weighed using an
analytical balance (OHAUS Explorer, USA) and placed between two
aluminium sheets. The initial hot-pressed PVDF films were prepared
using a Dr. Collin hot press machine P300E (Dr. COLLIN GmbH, Ger-
many) at 180 °C and 150 kN for 5 minutes, followed by water cooling to
50 °C under constant pressure. A round film with a diameter of ~10 cm
(final pressure ~20 MPa) and a thickness of ~250-350 pm was
obtained.

Press & folding (P&F) films: As illustrated in Fig. 1a, to facilitate the
exfoliation of single layers of the P&F films to enable high field char-
acterisation of the materials, the PTFE mould release agent was sprayed
onto the surface of the films before each P&F cycle. This did not affect
the structures and properties of the films. The hot-pressed films were
first folded in half and then pressed at 300 kN (initial pressure ~76 MPa)
and 50 °C. The temperature was then increased to 165 °C and main-
tained for 10 minutes under constant pressure. Finally, the film was
water cooled to 50 °C under constant pressure. Different P&F protocols
were used to investigate the mechanisms involved in the P&F process
(eg. pressure loading & unloading sequence, P&F temperature). All of
the films were P&F for 6 cycles, after which a single layer film of
~10-20 pm thickness could easily be exfoliated for further
characterisation.

2.3. Characterisation

Microstructures: The cross-section morphology of the films were
studied using a scanning electron microscopy (SEM) (FEI Inspect-F,
USA) after quenching in liquid nitrogen and then fracturing them. A
Fourier transform infrared spectrometer (FTIR) Tensor 27 with ATR
mode (Bruker Optik GmbH, Germany) was used to determine the chain
conformations and crystalline phases. The relative fraction of g phase
content in films containing both a and g phases were calculated using
equation (1), derived using the Lambert-Beer Law, where A, and Ag are
the absolute intensities of the peaks at 762 cm™! and 840 cm !,
respectively [45].

Ap

T 1264, + A, M

F(p)

Raman spectra between 1500 and 100 cm ™! were measured using a
Renishaw inVia™ Raman microscope with a 785 nm laser, 1200 lines
mm ! grating and 50 x objective lens (Renishaw, UK) to investigate the
internal strain.

X-ray diffraction (XRD) patterns were acquired using an Xpert-Pro
diffractometer (PANalytical, Netherlands) with Cu-Ka radiation (wave-
length 1 = 0.15418 nm) with a 20 range of 5°~70° to study the crystalline
structure and internal stress. The average crystallite size was estimated
according to Scherrer’s equation (equation (2)),

_ Ki
~ Puacosd

(2)

thl

in which Dy is the average crystallite size along the (110)/(200); crystal
plane, K is the shape factor which varies with the crystallite shape (0.89
was chosen in this case), 4 is the wavelength of the incident X-rays, Sy is
the full width at half maximum of the (110)/(200); reflection, 6 is the
diffraction angle. The interchain distance is given by Bragg’s law
(equation (3)),

A = 2dSin0y 3)



X. Ren et al.

(a)

Ll

e

PDVF powder / \—/

Nano Energy 72 (2020) 104662

.
' {\
- Load the pressure U

L) s 2

Increase temperature

—

Fold & press: 165°C »
Hotpress at 220°C, 150 kN . TT 1
P ? 300 kN for 10 mins -
Unload the pressure Decrease temperature
b
( )0.12 - 012 003 (c) o012 — 0.12
_ 0i08) Hot-pressed | ooz 0.081 2 fold L0.02 010 —*—r % { % { L0.10
< ———Q—
g 0.044 l0.01 < S 0.04 0.01 L <008 -0.08
= ,,:% T E® S 35 =
- S — = 3
€ gool g 00 £ 2 000 000 £ 5006 0.065
=iy E S A :
8 -0.04 + __0'013 © -0.044 -0.013 0.044 §/ l 1 ¥ 10.04
2 - \‘
2 0 -0.08- + -0.02 .024 L0,
2 0.08] | 0.02 TE 0.02 o A\i( 0.02
-0.12 0.03 -0.12 r —— 0.03 0.004——r—r———r—r——r————r—+0.00
300 -22)0 _1'00 0 160 260 300 -300 -200 -100 O 100 200 300 0 1 2 3 4 5 6
Electric field (kV/mm) Electric field (kvV/mm) Number of P&F cycles
0.12 0.03 0.12 003 (d) 100
4 fold 6fold E 101 N\’\’\.\‘_. Lso &
< 0.08 0.02 o 0084 ! L0.02 5 e &
£ = g 8
S 0.04 0.01 < S 0.04] | o1 £ 02
E, g -E é _§ 64 —&— Hot-pressed 20
2o " N / - > 1 fold —@—2 fold R
GEJ 0.00 0.00 S E 0.00 ! i 0.00 ] 2 —o—3 fold—a—4 fold ¢
ol 0.04 001‘% § 0.04 001§ § 4] —e—sfold—o—6fold ¥
© - - -0.04 1 +-0. -
—% - O é_ o gﬂ L
B -0.08 L-0.02  ©-0.08- , 1-0.02 g 2] r
E' 8 [
0.12 M — — 003  -0.12 ——r — 0.03 01 e
-300 -200 -100 O 100 200 300 -300 -200 -100 O 100 200 300 0 50 100 150 200 250

Electric field (kV/mm)

Electric field (kv/mm)

Electric field (kv/mm)

Fig. 1. (a) Schematic demonstration of P&F procedure with PTFE releasing agent sprayed on the surface. (b) I-E and D-E loops at 240 kV/mm for hot-pressed PVDF
film and P&F PVDF films after 2, 4 and 6 cycles. Comparison of hot-pressed PVDF film and 165 °C P&F PVDF films after 1 to 6 cycles: (¢) Py, Pip.max at 240 kV/mm; (d)

Discharged energy density and charge-discharge efficiency.

The internal lattice strain ¢ inside the P&F films was evaluated by the
change of interchain distance obtained from the XRD data using equa-
tion (4), in which dy of 4.24 A is the S phase interchain distance of
annealed films without internal strain (peak position at 20.95°), while d;
is the interchain distance of the P&F films. The tensile mechanical
properties of hot-pressed PVDF films and 1-fold to 5-fold PVDF films
prepared at 165 °C were measured using an Instron 5566 tensile tester
(Instron, USA) with a drawing speed of 20 mm/min at room temperature
(Fig. S1). The 6-fold films were not measured because of their limited
sample size. The associated local internal stress o, was approximately
evaluated assuming linear-elastic behaviour and using equation (5),
where ¢ is the lattice strain and K is the bulk modulus. In this case, a
Young’'s modulus E of ~1800 MPa, estimated from the mechanical test
results (Fig. S1), was used to calculate the bulk modulus K. The bulk
modulus was calculated using equation (6) and the Poisson’s ratio v
(0.35) was obtained from the literature [46].

d|—d()
£ =

& ()]

o, =¢K 5)
E

K= 30— (6)

Two-dimensional wide-angle X-ray diffraction (2D-WAXD) ring

patterns of the surface and cross-section of the films were obtained using
transmission and reflection modes of single crystal X-ray diffractometer
with a molybdenum (Mo) target (A = 0.7107A, Kappa ApexII Duo,
Bruker AXS GmbH, Germany).

Electrical properties: The dielectric properties versus frequency
from 100 Hz to 100 MHz were measured using a Precision Impedance
Analyzer (Agilent 4294, USA) at room temperature. Bipolar and uni-
polar current - electric field (I-E) loops and electric displacement -
electric field (D-E) loops were acquired using a ferroelectric hysteresis
loop measurement system (National Physics Laboratory, UK) at room
temperature and 10 Hz [47]. The maximum output voltage of the
voltage amplifier is 10 kV. The discharged energy storage density was
calculated by integrating the discharge curve of the D-E loops. The
breakdown field was measured during the ferroelectric hysteresis loop
testing and analysed using the two-parameter Weibull distribution:

P(E) =1 — exp| — (E/E,)’] Q)
where the E is the experimentally measured breakdown field, Ey is the
characteristic breakdown strength at which the probability of dielectric
breakdown is 63.2%, P(E) is the statistical cumulative probability of
dielectric breakdown and f is the Weibull parameter related to the
reliability of the films under electric fields. The analysis was based on 10
measurements for single layer PVDF films peeled off from 6-fold PVDF
films prepared at each P&F temperature.
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3. Results analysis
3.1. Electric properties and structure evolution during P&F

To obtain a comprehensive understanding of the mechanism behind
the P&F process, the evolution of ferroelectric behaviour and structure
with increasing P&F cycles are presented and analysed in this section.

3.1.1. Ferroelectric and energy storage properties

Fig. 1b shows the current - electric field (I-E) loops and electric
displacement - electric field (D-E) loops for the hot-pressed PVDF films
and P&F PVDF films prepared at 165 °C after 2, 4 and 6 folds. Due to the
relatively large thickness of the initial hot-pressed films (typically
40-50 pm), which limited the application of very large electric fields
with our set-up (maximum voltage 10 kV), all of the results were ob-
tained at a relatively low electric field of 240 kV/mm to enable

> g

Oriented lamellaes

a to B phase transformation

-
¢ -
a phase ‘
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comparison. The field was still high enough to demonstrate the evolu-
tion of the ferroelectric properties. The pristine hot-pressed PVDF films
behaved like linear dielectrics, with a maximum field-induced polari-
zation Pjpmax of only 0.032 C/mz, which is explained by their predom-
inantly non-polar o phase content that requires a much higher applied
electric field (500 kV/mm) to achieve the ferroelectric # phase trans-
formation [48]. After P&F twice, a broad current peak was observed in
the 1st quadrant of the I-E loops, which was actually composed of two
peaks, which are more distinct in the 3rd quadrant. These four peaks,
denoted as Ey, E’f, Ep, and E’g (F: forward poling; B: backward poling),
indicate that reversible polar structures started to appear in the P&F
films. These polar structures were switched by the applied electric field
and partially reversed back when the external field direction was
reversed. The pair of current peaks were more distinct in the 3rd
quadrant because the initial applied field led to the equilibration of the
polar structures. The four peaks became more evident and separated

Broadened interchain distance
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Fig. 2. (a) Schematic diagram of PVDF structure change with increasing P&F cycles, including « to g phase transformation, reduced crystallite size, induced preferred
orientation and broadened interchain distance resulting from the accumulated internal tensile stress. SEM image of the cross-section of a 6-fold PVDF film. XRD
patterns from (b) 10° to 45° 260 and (c) from 45° to 60° 26 (enlarged); (d) XRD diffraction peak positions; (e) Internal lattice strain of hot-pressed PVDF film and 165

°C press-folded PVDF films after 1 to 6 P&F cycles.
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after 4 P&F cycles. Further P&F cycles enhanced the reversibility of the
polar structures as the Eg and E’g peaks moved to the 2nd and 4th
quadrants respectively, suggesting that the reversal of the polar struc-
tures became easier (Fig. S2). With the appearance of four peaks in the
I-E loops, the remnant polarization P, was significantly reduced from
0.048 to 0.009 C/m? with increasing P&F cycles from 2 to 6, and the D-E
loops transformed from typical ferroelectric hysteresis loops to “relax-
or-like” ferroelectric loops. Meanwhile, the Pj, oy maintained a similar
value after six folds, which is favourable for achieving a high discharged
energy density and high efficiency since the U, is generally determined
by the difference between Pj, max and P; as well as the applied electric
field. As a result, the PVDF films after six folds exhibited a U, of 6.3
J/cm? with an efficiency of 63% compared to the pristine hot-pressed
films of 2.2 J/cm® and 38%, respectively.

3.1.2. Structure evolution

It is very likely that the development of relaxor-like ferroelectric
behaviour in the P&F PVDF films is strongly dependent on their struc-
ture evolution during the P&F process, as schematically illustrated in
Fig. 2a. The FTIR spectra in Fig. S3a and the Raman spectra in Fig. S3c
show that P&F produced a phase transformation from the « to # phase
during the compression step. After press-folding for 6 cycles, the  phase
content was remarkably enhanced from 8% in the hot-pressed PVDF to
~98%, as calculated using the FTIR spectra. The XRD results give us
further information on crystallite size, preferred orientation of the
polymer chains and lattice structures (Fig. 2b—e). The crystallite size,
determined from peak broadening, decreased from ~17.5 nm to ~5.0
nm for the a phase and from 12.4 nm to 4.6 nm for the  phase with
increasing number of P&F cycles (Fig. S3b), which is attributed to
increasing effective applied stress with increasing number of P&F cycles.
Moreover, the constraining effect originating from the folded multilayer
structure and quenching under pressure also favour small crystallites by
limiting their growth.

Both of the XRD peaks belonging to the (110)/(200); crystal planes
at 20.95° 20 and the peak belonging to the (100), crystal plane at 18.02°
26 in the internal strain free PVDF continuously shifted toward lower
angles (20.44° 20 and 17.79° 20 after P&F 6 cycles, respectively) with
increasing P&F cycles (Fig. 2c and d). This corresponds to an internal
tensile strain of 2.45% in the S-PVDF crystallites, which corresponds to
an internal stress of ~49 MPa (Fig. 2e). During unloading, the polymer
mechanically relaxed and a residual tensile internal stress was generated
in the crystallites in the direction perpendicular to the film surface. This
will be discussed in more detail in the next section. To further confirm
the existence of internal strain, the Raman spectra of the PVDF films
with different P&F cycles were acquired and the peak at 1057.1 cm ™},
attributed to the in-plane symmetric stretching of the C-C bonds in the
a-phase, was selected to reveal the effect of internal stress (Figs. S3c—d).
Similar to the XRD peak shift, the Raman peak also experienced an
obvious shift from 1057.1 cm ™! to 1059.0 cm™! as the internal stress
stretched and constrained the C-C bond, requiring higher energy to
activate these molecular vibrations [49].

The applied stress induced preferred in-plane orientation of the
polymer chains, as evidenced by the disappearance of the g phase
diffraction peaks at 36.62° and 56.21° 26 after 6 P&F cycles, which
belong to the (020)/(310); and (221)y crystal planes, respectively
(Fig. 2b). To facilitate comparison, the XRD patterns between 45° and
60° 20 are enlarged in Fig. 2c. The intensity of the (221) peak at 56.21°
20 first increased, reaching a maximum as the P&F cycles increased to
three, which is ascribed to the increased § phase content of the P&F
films. Then, it started to decrease and broaden with further P&F cycles
and eventually vanished. This is consistent with the oriented lamellae
morphology observed in the cross-section of the PVDF films after P&F 6
cycles (Fig. 2a) and the 2D-WAXD split ring patterns shown in Fig. 3a. As
calculated from the unit cell parameters of f-PVDF (a = \/ 3b,a=8.56 10\,
b=4.91A, c = 2.56 A), the inner ring with four arcs exhibiting angles of
60°/120° indicate that the b-axis of the unit cell tended to align parallel
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to the film surface, while the a-axis was more likely to be out of the film
plane. This is consistent with the reported results for biaxially oriented
polytrifluoroethylene (PTrFE) [50] and s-PVDF [51] prepared by rolling
with a draw ration of 5, which also exhibit the same preferred orienta-
tion with polar b-axis oriented in-plane. Herein, a polarization switching
model dominated by internal stress is proposed based on the preferred
orientation of the crystallites in the press-folded PVDF films and the
nn/3 collective rotation model [52,53]. As shown in Fig. 3a, the dipoles
in these well-aligned edge-on lamellaes are parallel to the film surface in
the pristine film before poling. Distinctive stages are observed upon
applying and removing the high external field (Fig. 3b). These in-plane
dipoles are switched with a +60° rotation upon applying high fields (|E|
> |Eg| or |E’g|) and are reversed back to the in-plane state by the high
internal stresses when the external field is withdrawn. Therefore, the
internal strain not only stretched the polymer chain and expanded the
intermolecular chain distance but also acted as the driving force to
reverse the electric field switched dipoles back to their original states,
leading to a dramatically reduced P, and relaxor-like ferroelectric
behaviour in the 6 fold P&F films.

Annealing at high temperature without pressure was carried out at
165 °C for 12 h to release the internal stress and reveal its influences on
the ferroelectric properties. The XRD pattern of a 6-fold P&F PVDF film
before and after annealing at 165 °C for 12 h are shown in Fig. 4a. The g
phase peak at 20.44° 26 in the P&F PVDF shifted back to 20.95° 26, and
the peaks representing the a phase became prominent in the XRD
pattern. As calculated from the fitted results, the a phase accounted for
26% of the crystalline phase and the average size of the g phase crys-
tallites increased from 4.6 nm to 7.5 nm. It is also notable that the (020/
310)p peak reappeared. This suggests that during the annealing the
crystallites were free to rotate about their chains and the preferred
orientation of the crystallites was lost. The D-E and I-E loops of the
annealed samples (Fig. 4b) show higher P; and the four current peaks
merged into two at high fields. It is therefore clear that the ferroelectric
behaviour of the P&F films is strongly dependent on the high internal
stress in the films.

3.2. Understanding the origin of internal stress in P&F PVDF films

It is necessary to understand the origin of the internal strain in P&F
films in order to further improve their ferroelectric and dielectric
properties, and energy storage density. The processing steps determine
the final structure and properties of the P&F films. In this section the
main factors influencing the internal stress and structure are explored.

3.2.1. Loading & unloading sequence

Three different P&F procedures with different loading & unloading
sequences were carried out in order to understand the importance of the
different conditions (Fig. 5a). Firstly, the initial hot-pressed film was
P&F using the normal P&F procedure as described in the experimental
details (denoted by “PT™). A second set of films were prepared with the
“TP” procedure, in which the temperature was increased first and then
the pressure was applied and maintained until the sample was cooled to
50 °C. The last batch of samples were heated and cooled without pres-
sure (denoted as “TP-CWP”).

FTIR and XRD measurements were performed to reveal any differ-
ences in the structure of the P&F films fabricated using the three
different P&F procedures. A comparison of the fraction of § phase
calculated using the Lambert-Beer Law from the FTIR data (Fig. S4) is
shown in Fig. 5b. After 6 P&F cycles, both the “PT” and “TP” films
contained more than 95% f phase in the crystalline phase, while the
“TP-CWP” film exhibited a slightly lower f phase content (90%). Since
FTIR only provides information on the local chain conformation, it is
necessary to double check the XRD results to confirm the crystalline
composition. As shown in Fig. 5c, the 6-fold “PT” and “TP” films dis-
played similar XRD patterns, meaning that the order of the application
of pressure and temperature did not make a difference to the final
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Fig. 3. (a) 2D-WAXD patterns for the surface (data collected using transmission mode) and the cross-section (data collected using reflection mode) of the 6-fold PVDF
film prepared at 165 °C, and the schematic diagram of the f-PVDF unit cell and lamellae with b-axis in-plane. (b) Schematics of the internal-stress dominated
polarization switching model for the press-folded PVDF with relaxor-like behaviour.
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Fig. 4. Comparison of pristine 6-fold P&F films and P&F films annealed at 165 °C for 12 h: (a) XRD patterns; (b) D-E and I-E loops with incrementally increasing
maximum electric fields.

structure during P&F. However, the 6-fold film, prepared using the “TP- pressure” step. These results are indicative of the significance of the
CWP” procedure exhibited notable o phase peaks at 17.97°, 18.67° and “pressure unloading” step. Holding at 165 °C and high pressure for 10
20.05° 26 (fitted pattern is shown in Fig. S5) compared to the films minutes resulted in the build-up of internal stresses, preferred orienta-
fabricated using the “PT” and “TP” procedures, indicating that an tion and reduced crystallite size, as previously demonstrated. These
amount of @ phase reappeared (~21% as calculated from the fitted XRD changes were stabilized and constrained during cooling by maintaining
pattern) during pressureless cooling. Also, the  phase peak shifted back the high pressure. Without high pressure during cooling, the residual
to 20.90° 20 and the peaks at high diffraction angles appeared again, stress is reduced, resulting in the disappearance of the reversible polar
suggesting that the internal stress in the “TP-CWP” P&F film was much nanostructures, which is confirmed by the merging of the current peaks
lower than in the films cooled under pressure and the preferred orien- in the I-E loops and the high P; of 0.049 C/m? compared to 0.009 C/m?

tation of the § phase crystallites was lost during the “cooling without for the 6-fold film prepared using the “PT” procedure at the same
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Fig. 5. (a) Schematic illustrating the three different P&F protocols: “PT”, “TP” and “TP-CWP”. (b) Evolution of § phase content with increasing P&F cycles for the
three different processing procedures using the FTIR data in Fig. S4. (¢) XRD patterns comparison of P&F films using the “PT”, “TP” and “TP-CWP” procedures

respectively.
applied field of 240 kV/mm (Fig. S6).

3.2.2. Press & folding temperature

Based on the previous results, it is clear that applied pressure is
crucial for achieving and maintaining the favourable microstructures
and properties of the P&F films. In order to obtain higher internal stress
in the P&F films, lower P&F temperatures were applied to reduce the
mobility of the polymer chains and enhance the constraining effect
during the PT procedure. As revealed by the FTIR results (Fig. S7), all of
the P&F films processed from 60 °C to 165 °C experienced an o to
phase transformation, with a ~98% f phase content in all of the 6-fold
films. However, there was a large variation in crystallite size and in-
ternal stress, as evidenced by the peak broadening and shift in the XRD
patterns in Fig. 6a—c. The average crystallite size reduced from 4.6 nm to
3.3 nm by lowering the P&F temperature from 165 °C to 60 °C. The
phase peak at 20.95° 20 in annealed films monotonically shifted from
20.44° 20 in the 165 °C P&F film to 19.54° 26 in the 60 °C P&F film, as a
result of a higher internal stress induced at the lower temperature. The
interchain distance of the § phase increased from 4.34 A to 4.54 A

(compared to 4.24 A for annealed films with no internal stress) with
increasing internal stress, leading to higher reversibility of the polar
nanostructure.

As seen in Fig. 6¢, the internal strain in the 6-fold film P&F at 60 °C
was ~7.11%, nearly 3 times higher than in the 165 °C P&F film. The
estimated internal stress was ~142 MPa in the 6-fold film P&F prepared
at 60 °C compared to 49 MPa for the film P&F at 165 °C. Therefore, it
can be concluded that conducting P&F at lower temperatures enhanced
the work hardening and constraining effect between the film layers to
induce higher internal strain during P&F. Consequently, polar nano-
structures with higher reversibility and higher U, were achieved in films
P&F at lower temperatures.

3.3. Reversible polar nanostructure and enhanced energy storage property

To understand the origin of the reversible polar nanostructure of the
P&F films, the frequency dependence of the low-field dielectric prop-
erties of the 6-fold P&F films prepared at different temperatures, before
and after D-E measurement (400 kV/mm), are shown in Fig. 7a and b.
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of temperature.

Both before and after poling at high fields, the P&F films prepared at
lower temperatures showed higher dielectric constant over the entire
frequency range. After the D-E measurement, the dielectric constant of
all of the P&F films prepared at all of the temperatures experienced an
increase. These observations can be explained by the preferred orien-
tation of the films produced by P&F and poling (Fig. 3).

For non-linear dielectrics, such as ferroelectric materials, the rela-
tionship & = (0D/JE)/go is invalid because the change of electric
displacement D produced by an applied field have an extrinsic contri-
bution from domain wall movement and are not perfectly reversible.
Nevertheless, the electric displacement D is closely related to the
dielectric constant & at high fields, after saturation of the polar
switching. The (0D /dE) /e, term has been used to qualitatively correlate
the high field dielectric constant ¢ as a function of electric field by
several research groups [37,54]. Similarly, the derivative of D with
respect to E for the charging process at different electric fields for P&F
films prepared at 60 °C, 80 °C, 140 °C and 165 °C are plotted in Fig. 7c-f,
along with their corresponding unipolar D-E loops. All of the derivative
curves exhibited a peak, at which the greatest rate of polarization
associated with dipole switching occurred. The intensity of the peak is
related to how easily the dipoles could be aligned by the electric field
and the number of contributing dipoles. The peak position correspond-
ing to the D-E loops produced with an electric field amplitude of 640
kV/mm shifted from 129 kV/mm to 115 kV/mm as the P&F temperature
decreased from 165 °C to 60 °C, suggesting that the dipoles in the film
P&F prepared at lower temperatures were easier to orient with the
electric field. The magnitude of the peak for P&F films prepared at 165
°C decreased with increasing applied field amplitude, indicating that a
proportion of the polar nanostructure aligned by the electric field did

not switch back to their initial state during the discharging process. On
the contrary, the maximum (0D /0E)/eo value was stable at high field in
the 60 °C P&F films which exhibits higher internal stress, as the stress
can reverse the polar nanostructure back to in-plane orientation upon
removal of the external field.

The P&F film prepared at 60 °C had a more reversible polar struc-
ture, resulting in a higher Pj;.max of 0.129 C/m? and a higher U, of 26.6
J/cm?® at 640 kV/mm compared with the P&F film prepared at 165 °C
with corresponding values of 0.109 C/m? and 21.8 J/cm® (Fig. 8a.b).
Since the U, of dielectric materials is determined by both the field-
induced polarization Pj,ma.x and the breakdown strength Ey,
enhancing the breakdown strength is also important. The Ey, of materials
is statistical and strongly related to the film quality. The E;, of PVDF P&F
films prepared at different temperatures was analysed and fitted using a
Weibull distribution (Fig. 8c). All of the P&F films exhibited outstanding
breakdown strength compared to other PVDF-based polymers (Fig. 8e)
because of their enhanced Young’s modulus (Fig. S1), which is regarded
as a determinant factor in the dielectric breakdown of polymer-based
materials [24,55]. The 140 °C P&F films displayed the highest Ej, of
880 kV/mm, while the lowest E}, of 636 kV/mm was found for the 60 °C
P&F films. The difference between the films could be ascribed to the
higher film homogeneity arising from the repair of defects (e.g. micro-
cracks, pores etc.) in the high temperature P&F films (>140 °C) during
each P&F cycle. Another contribution to the lower breakdown strength
in the low temperature P&F film could be the early polarization satu-
ration caused by the quick boost of Pj,.;max at relatively low electric fields
(Fig. 8d), which is prevalent in the terpolymer P(VDF-TrFE-CFE/CTFE)
[17]. Therefore, combining both a high Pj, max and Ep, an extremely high
Ue of 39.8 J/cm?, with an efficiency of 72.8%, was achieved at the E, of
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Fig. 7. Comparison of dielectric properties as a function of frequency for 6-fold P&F films prepared at 60 °C-165 °C: (a) before ferroelectric testing; and (b) after
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165 °C. Inset shows the corresponding unipolar D-E loops.

880kV/mm of the 140 °C P&F films. This is the highest U, ever reported
for any polymer-based materials (Fig. 8e).

4. Conclusions

We successfully fabricated free-standing PVDF homopolymer films
with relaxor-like behaviour and a giant discharged energy density of
39.8 J/cm® at an ultrahigh Ep, of 880 kV/mm, using the facile and
scalable “press & folding” method, which is the best performance re-
ported for any polymer-based material. By manipulating the P&F tem-
perature, the film press-folded at 60 °C exhibited the highest U, of 26.6
J/em® at the same applied field of 640 kV/mm, indicating that a lower

P&F temperature is more favourable for building up high internal lattice
strain (~7.11%), which broadened the polymer interchain distance to
454 A (4.24 A for internal stress free S-PVDF) and enhanced the
reversibility of the polar nanostructure of PVDF. Utilising internal stress
to engineer polar nanostructures, materials with superior dielectric and
energy storage properties were produced using the facile and scalable
P&F technique. This new approach could produce a step change in the
development of polymer dielectric energy storage materials.
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