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Figure S1. Comparison of a- to - phase transformation folded boundaries and free boundaries
of “Press & Fold” (P&F) PVDF prepared at 165 °C. For further experimental details, refer to
the previous papers."> 2 a, Schematic diagram of “fold”, which produced different boundary
conditions: folded with free boundaries During each fold, 4 boundaries were generated,
including 3 free boundaries and 1 folded boundary. All of the measurements were conducted
close to the boundaries (within approximately 3 mm). 10 measurements were performed to
reveal the homogeneity of the film. (b and d), FTIR spectra; (c and e), () of PVDF P&F from
0 to 6 cycles for the “folded boundary” and “free boundary”, respectively. From 1 to 4 P&F
cycles, the “folded boundary” part of the film displayed higher S-phase content compared with
the “free boundary” part for the same P&F cycle, suggesting the folded boundaries are more

effective than “free boundary” in terms of phase transformation.
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Figure S2. The measured area of multilayer PVDF with different boundary conditions before
and after pressing. The larger area changes in Roll & Press and Zigzag & Press suggest folded

boundaries are favourable for the stress transfer and enhance the local stress during pressing.
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Figure S3. Comparison of (110/200)g diffraction peak position 2@ and estimated internal strain:
a, PVDF films with different boundary conditions including Stack & Press, Zigzag & Press and
Roll & Press; b, Roll & Press PVDF films with AC, of 0, 3 mm and 5 mm.
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Figure S4. a, I-E; b, D-E loops of Roll & Press films with AC), of 0, 3 mm and 5 mm.
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Figure SS. a, I-E; b, D-E loops of Roll & Press films with AC), of 3mm and at T;,,, of 60 °C,
120 °C, 165 °C. Among this group of Roll & Press films, none of them showed stable relaxor-
like ferroelectric behaviour. The reason is none of these films exhibited both high () and high
internal strain. For the Roll & Press film prepared at 7}, of 60 °C and T, of 165 °C, although
the F(B) reached 90 % (FTIR), the internal strain was only 2.1 %. The internal strain increased

to 4.3 % in film prepared at 7, of 60 °C and T« of 60 °C, but the F(P) decreased to 59 %

(FTIR).

Electric field (kV mm™)

Roll & Press_ACh=3 mm
T=60°C, T _=165°C
4] max

acement (
o
o
o
L

2.0.05-
0
o
-0.10-
W, [ S S S I R S——
-300 -200 -100 0 100 200 300
Electric field (kV mm™)
0.15
| Roll & Press_AC =3 mm
0.10q T,=60°C, T =120°C

Displacement (C m'z}
o o
[==] o
o

-0.10-
‘015 T B T . T v T = T . T . T
-300 -200 -100 O 100 200 300
Electric field (kV mm’")
0.15
| Roll & Press_AC =3 mm
0.10{ T,=60°C, T, =60 °C

z -2
Displacement (C m™)
S © o o
— o o o
el LA s

-0.15

300 200 -100 O 100 200 300

Electric field (kV mm™)



T,60 °C_varied T, Sxpenmeal Cat Roll & Press_Annealed

—=— Amourphous phase —— Experimental data
—— Fitted (100}, —+— Amourphous phase
—— Fitted (020}, —+—Fitted (100),

—— Fitted (110}, —— Fitted (020),
——Fitted (110),,

—— Fitted (110)/(020), £
—— Fitted (111), —— Fitted (110)/(020),
oc Cumulative fitted peak F Tannea=60 °C Cumulative fitted pea
60 3
s
; Tanneal=80 OC . / 3%
7 = £ Q\Q
o Ay
_‘_100 ,C Sl ‘a-ﬂ‘z’s-./{n»\ e Tanneal=140 oc

Ao
A\
oo,
) /AN 7
ﬂ%mw@%’é%ﬁ‘m-w%ww /
Vi Tamnesi=165 °C :

140 °C i - - -

10 15 20 25 30
Z % 20(°)
155 °C

10 15 20 25 30
200%

80 °C L

el e T

Intensity (a.u.)

P

Intensity {(a.u.)

Figure S6. Deconvoluted XRD patterns for: a, Roll & Press PVDF film with AC}, of 3 mm
prepared at a constant 7, of 60 °C with T, varying from 165 °C to 60 °C; b, Roll & Press
PVDF films with AC), of 3mm prepared at 7, of 60 °C and T,,x 0of 165 °C, followed by annealing
at 165 °C, 140 °C, 80 °C and 60 °C. All the Gaussian-fitted results reached a coefficient of

determination (R?) of 99.5 % relating to the experimental data.
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Figure S7. Comparison of DSC 1% heating curves for hot-pressed PVDF film and Roll & Press
PVDF films with AC;, of 3 mm prepared at 7, of 60 °C and T}y, 0f 165 °C, followed by annealing
at 165 °C, 140 °C, 80 °C and 60 °C.



0.20 0.04 -
Roll & Press_Annealed at 60 °C Roll & Press_Annealed at 60 'C
AC,=3 mm, T =60 °C AG, =3 mm, [ =60, .C
e BT - 0.021 T,.=165°C
o : 7
=0 oot E Charging
] = 0.004
:
8 0.087 =
a o Discharging
- -0.024-, ;
0.041 B e / / —— 1% test cycle
—— 2" test cycle A —— 2" test cycle
000 250 480 sbo 8bo_ 1000 0 200 400 600 800 1000
Electric field (kV mm™) Electric field (kV mm™)
c d
100 T—Roll & Press_Annealed at 66°°C
504 Roll & Press_Annealed at 60 °C 0 ress_ "lm:ﬂ ed at
AC,=3 mm, T,=60 °C 904 AG,=3mm, T,=60°C
40 1 Tmax=1 65°C 804
= £ 70 B S
QFE 304 P -_},—I/I’{ '
© c 60
2 1]
0 20 3]
> E 50
104 A0 4
—— 1 est cycle 304 —=— 1 fest cycle
01 —— 2" fest cycle —o— 2" test cycle
20 T T T T T
> . ; - i 0 200 400 600 800 1000
0 200 400 600 800 1000 ol -
Electric field (kv mm™) Electric field (kV mm™)

Figure S8. Ferroelectric properties of the 60 °C annealed Roll & Press film with AC), of 3 mm
at high electric field were measured using two consecutive half-cycle (denoted as 1%t and 279)
triangular waveforms at 10 Hz: a, 1% cycle unipolar D-E loops; b, Comparison of /-E loops at
1000 kV mm!; ¢, U,; d, 77 from 80 to 1000 kV mm ! for both 1% and 2" cycles. During the first
charging cycle, both reversible polar nanostructures and irreversible field-induced ferroelectric
domains (originating from the small amount of o-f phase transition) contributed to the
maximum electric field induced displacement Dj, .. As a result, higher D;, and D, were
observed in the 1% cycles D-E loops compared with the 2™ cycles (Figure 3¢) at the same
electric field. During the first discharging cycle, the reversible polar structure mainly
contributed to the discharged energy density because most of the ferroelectric domains cannot
switch back to their original state, which results in high energy loss. When the test was repeated
at the same electric field for more cycles, the charge-discharge efficiency gradually increased
because some of the field induced and aligned ferroelectric domains tended to become inactive
(also shown in Figure S14). This is confirmed by reduced peak intensity in the /-E loop for the
2nd test cycle during charging. Therefore, the 7 increased from 74 % to 80 % at 1000 kV mm!
during 2" cycle, as a result of the suppressed irreversible polarisation. Therefore, during the
repetitive operations of the Roll & Press PVDF under high fields, the energy storage efficiency
is higher than the value measured during the first charge-discharge cycle, which is desirable

considering the long service life of dielectric capacitors.
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Figure S9. Comparison of dielectric and ferroelectric properties for hot-pressed PVDF film and
60 °C annealed Roll & Press PVDF film with AC,, of 3 mm: a and b, temperature dependent
dielectric constant/loss spectra; ¢ and d, I-E loops from 40 to 240 kV mm'; e and f, D-E loops
from 40 to 240 kV mm!. The comparison was done at 240 kV mm-' due to the limit of high
voltage power supply (maximum: 10 kV) and the practical difficulty in achieving thin hot-
pressed PVDF film (<40 um) because of the polymer’s high viscosity. The Roll & Press PVDF
film exhibited enhanced properties in both low-field dielectric constant (g;) and high-field
induced displacement (Dj,). A remarkable change was found in the a and b, where the high

temperature a, relaxation (75 - 150 °C) observed in the hot-pressed PVDF was replaced by a

8



broad frequency-independent peak around 73 °C with a higher ¢, 0of 20.5 in Roll & Press PVDF
film, indicating the thermal energy enhanced the mobility of dipoles in the Roll & Press PVDF

film. The dipole mobility reached the maximum at ~ 73 °C and then started decreasing

afterwards.
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Figure S10. FTIR spectra of the assembled capacitor with CNT Veil electrodes (7, = 60 °C,
Tax = 165 °C, Typpear = 60 °C) and its corresponding neat Roll & Press PVDF film under the
same conditions. The calculated F() for the above two films are 95 + 2 % and 94 + 3 %,

respectively. These results demonstrate that adding the conductive CNT Veil layer did not

affect the phase transformation during Roll & Press.
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Figure S11. a, I-E; b, D-E loops up to 200 kV mm-! for the assembled capacitor with CNT Veil
electrodes (7, = 60 °C, T, = 165 °C) followed by annealing at 165 °C. As revealed by the

emerging current peaks (Ep and E¢’, Eg’ and Ef), and high D,, the reversible polar nanostructure

is not stable at high fields.
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Figure S12. Comparison of discharged energy density U, for the assembled capacitor prepared
with annealing at 165 and 60 °C.
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Figure S13. Tensile stress-strain curve of hot-pressed PVDF film.
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Figure S14. Discharged energy density (U.) and charge-discharge efficiency of Roll & Press
PVDEF/CNT veil device over 1200 cycles of D-I-E tests. To evaluate the long-term energy
storage performance of the PVDF/CNT veil device under the fast charge-discharge operation
condition, unipolar D-I-E loop measurement was repeated 1200 times using the same sample
at room temperature, 240 kV mm-!, and 10 Hz. Due to the data storage limitation of the software
for each file (maximum 30 data sets), the repetitive D-I-E loops recorded every 10 cycles, and
120 sets of data were obtained to show the performance trend. Based on the experiment results,
the U, is stable over the whole test period (5.67 £+ 0.05 J cm3). The charge-discharge efficiency
experienced an increase from 66.2 % to 75.8 % during the first 400 cycles and then stabilised
hereafter. The average efficiency over the whole test period is 75.4 £ 1.6 % ascribing to the
stabilised polar nanostructures at high electric fields. Overall, the device demonstrated stable

energy storage performance during long-term repetitive charge-discharge process.
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Table S1. Comparison of crystalline phase compositions and relevant parameters for Roll &

Press PVDF with AC), of 3 mm at 7}, of 60 °C and T, from 165 to 60 °C.

Phase (110/200)
- Ty ( composition B
(org °0) F(a) F(B) Peak position Irsl:;ﬁfl crystallite size
%) (%) ) %) (nm)

165 165 15 85 20.55+0.03 21402 63+0.2
155 155 17 83 20.56 +0.02 21+0.1 62+0.2
140 140 20 80 20.49 £ 0.04 24+02 53+£02
120 120 17 83 20.39+0.02 28+0.1 4.6+0.1
100 100 23 77 20.25 +0.03 35£02 4.1+02
80 80 32 68 20.20 +0.03 3802 4.0+£02
60 60 34 66 20.12 +£0.04 43+0.1 3.8+0.2
165 140 14 86 20.43 +£0.02 26+0.2 5.0=£03
165 80 7 93 20.07 £0.03 45+02 44+02
165 60 6 94 19.82 +0.04 5.9+£0.2 41+0.2
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Table S2. Comparison of polymer-based dielectric materials, including dielectric constant (&)
and dielectric loss (tan §) measured at low electric field at 1 kHz, and breakdown strength (E,),

discharged energy density (U.), charge-discharge efficiency (77) measured at high electric field.

Material & tan & (ﬁ/ Ue 7 Ref.
mmt) cm?) (%) '
Linear dielectrics
Biaxially-ori(e}rgltoei I1)))01ypropylene 23 00002 650 4 ]3 N
Polypropylene (PP) 2.2 0.0002 600 3.6 80 4
Polycarbonate (PC) 3.0 0.002 650 5 40 5
Polyetherimide (PEI) 3.2 0.003 500 3 N.A. 6
Polyphenylene oxide (PPO) 2.8 0.001 900 0.9 85 3
Dipolar glass dielectrics
Polyimide (PI) 3.2 0.01 450 5.2 90 7
Aromatic Polythiourea (ArPTU) 4.4 0.01 1000 22 92 8
Poly(ether-ester-urethane) (PEEU) 4.7 0.015 600 8 90 ?
PTG ows 0 0 e
Sulfirgit:)d (I;‘g%ﬁg‘gz)ether 50 001 300 235 90 n
Sulfonylated Poly
(2,6-dimethyl-1,4-phenylene oxide) 5.9 0.003 800 22 92 12
(SO,-PPOys)
p‘iﬁf};&“f‘;&if?;ﬁ‘éyéﬁgyl 114 002 270 57 80 m
Meta‘f‘l\r/i’énf‘gfplg’)ly“rea 58 001 670 13 91 14
PVDF-based pure polymers
PVDF 12 0.05 600 12.5 56 15
PVDF strehced (500 % strain) 12 0.05 800 27.1 68 16
PVDF-CTFE 13 0.03 600 25 NA. 7
PVDF-HFP 10 0.03 600 13.5 55 18
P V]()sFo_é{;P ngffshed 12 005 90 277 65 16
P V]()E;FO' glipsf;;f;‘;hed 13 004 660 0 710w
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PVDF-TRFE-CTFE 60 0.1 500 13 60 20
PVDF-TRFE-CFE 53 0.07 490 11.3 52 15
PTFE-HFP-VDF 6 0.01 600 6 95 21
PVDF-based polymer blends
PVDF-TRFE-CFE/PVDF 29 0.05 640 19.6 60 15
P(VDF—HFP)/P(VDF—TrFE—CFE) 16 NA. 600 20 85 2
multilayers
PVDF-HFP/PVDF-TrFE-CTFE 29 0.06 600 21.9 63 23
PVDF-HFP/PMMA/PC 4.7 0.02 600 8.4 60 2
PVDF/PC 4.5 0.01 800 15 NA %
PVDF-HFP/PET/PMMA 5 0.01 800 17.4 N.A. 26
PVDF-TRFE-CTFE/ArPTU 11.3 0.01 700 19.2 85 2
PVDF-HFP/PMMA 6.5 0.025 475 11.2 85 3
PVDF-HFP/PC multilayer 3 0.005 460 N.A. 90 2
PVDF-HFP/PC blends 10/90 3.5 0.005 500 N.A. 87 »
PVDF-based nanocomposites
PVDF- 10
HFP/BaTiO;@TiO,_nanofibre 20 0.04 800 312 78
PVDF-HFP/BaTiO;_nanoparticle 11 0.05 650 20.6 74 3
PVDF/BaT103_n.an0part1cle/T1tan1t 12 0.04 517 112 62 I
e coupling agent
PVDF/Bay,Sr,3TiO;_nanowire 17.5 N.A. 450 14.8 61 33
PVDF/BaTiO;@sheet-likeTiO, 21 0.05 490 17.6 N.A.
PVDF/BaTiO; sandwich structure 17 0.04 470 18.8 65 33
PVDF/BaTiO; sandwich structure 11 0.04 410 16.2 70 36
PVDF-HFP/BaTiO; sandwich 115 0.04 596 26.4 7 37
structure
PVDF-TRFE-CFE/Boron Nitride 18
Nanosheet (BNNS) 38 0.03 650 22.3 77
PVDEF/CaNbOs 10.5 N.A. 792 36 61 ¥
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Table S3. Comparison of melting temperature (7,,), fusion enthalpy (AH,,), and calculated
crystallinity () for Roll & Press PVDF films with AC;, of 3 mm prepared at 7, of 60 °C and
Tmax 0f 165 °C, followed by annealing at 165 °C, 140 °C, 80 °C and 60 °C. Hot-pressed PVDF

films were measured as references. All data were collected during the first heating process.

First heating

Tanneal
T (°C) AH, (J/g) x (%)
60 °C 172.5+1 39+1 38+1
80 °C 172.5+1 38+3 37+3
140 °C 171.6 £1 41 +£2 39+2
165 °C 172.3+1 46 +£2 44 +£2
Hot-pressed 1725+ 1 48 +£2 46 +2
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