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Modulating D;; Coefficients Through In Situ AgF and Ag,O
Growth in PVDF Composites for High-Performance
Piezoelectric Nanogenerators

Renjun Liu, Ki Hoon Shin, Yu Zhu, Qing Liu, Bing Ji, Guoxing Sun, Zongjin Li,*
Dadimuni De Silva, Aisling Stewart, Matteo Lorenzoni, Ingo Ludtke, Oliver A. Williams,

Wenlong Ming, Giorgio Divitini,* Jung Inn Sohn,* and Bo Ho

Polyvinylidene fluoride (PVDF) membranes, known for their flexibility,
biocompatibility, and piezoelectricity, hold significant promise for energy
harvesting applications in bioelectronics. Enhancing the g-phase content is
critical for improving device performance. This study presents an effective
strategy to boost the relative concentration of S-PVDF through the in situ
growth of silver(l) fluoride (AgF) and silver oxide (Ag,0) nanoparticles (NPs).
By optimizing the concentration of NPs, the -phase content in PVDF
composite films increased to 91.4%. Dielectric analysis revealed a remarkable
enhancement of the dielectric constant, reaching 30.1—over three times
higher than that of pristine PVDF at 1000 Hz. Additionally, the piezoelectric
coefficient of the optimized PVDF composite film improved by 50%, reaching
~12 pC N~ A prototype nanogenerator based on the optimized composite
film achieved an open-circuit voltage of ~35 V, a short-circuit current of

~1.6 yA, and an output power density of 25 uW cm~2 under 0.5 MPa
compressive stress. The device successfully powered 10 blue LEDs and
charged a 50 nF capacitor within 10 s. These findings highlight in-situ growth
of silver-based nanoparticle in PVDF matrix provides a scalable approach for

UI\

1. Introduction

Piezoelectric materials have been exten-
sively studied for widespread applica-
tions in various areas, such as energy
harvesters, self-powered sensors, smart
skins, and wearable electronics.[*-®] The
typical inorganic ferroelectric materi-
als, like barium titanate BaTiO, (BTO)
and lead zirconate titanate PbZr, Ti; O,
(PZT), have attracted considerable at-
tention and have already obtained great
commercial success due to their ex-
cellent piezoelectric properties such as
high piezoelectric coefficient (dj;) and
high dielectric constant (g,),’'*l which
make them widely employed in the
fields of energy storage, holography and
strain sensing. However, the rigidity,
brittleness, complicated processing, and
inclusion of toxic elements, such as

energy harvesting and storage technologies.

lead, have limited their further applica-
tion, particularly in bioelectronics.[>16:17]
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A polymer-based material such as poly(vinylidene fluoride)
(PVDF) is an attractive alternative, due to its low density, flexibil-
ity, biocompatibility, and excellent pyro-, piezo-, and ferroelectric
properties.23] Moreover, the presence of five crystalline phases
(a, B, 7, 6, and €) opens up several opportunities for tuning the
material, enabling excellent mechanical properties, high thermal
and chemical stabilities;!?*2%] particularly, the polar f-phase is de-
sirable in the field of piezotronics. Unfortunately, typical synthe-
sis routes for PVDF powder result in the nonpolar a-phase. Con-
verting the nonpolar phase to the polar phase PVDF is necessary
to achieve an excellent piezoelectric response. The typical way to
accomplish this goal is to dissolve PVDF powder into polar sol-
vents such as dimethylformamide (DMF) and dimethyl sulfoxide
(DMSO), then cast the PVDF solution on a glass substrate to form
a PVDF membrane using a solvent cast or spin coating method,
and finally polarize the membrane using techniques such as field
poling,?’ corona poling,?®! stretching,??! and heat pressing.l>"]
However, the content of g-PVDF by these methods is still not
high enough.

A promising way to promote the g-phase is by loading non-
toxic fillers into the PVDF matrix. Fillers with nanoparticle struc-
tures, such as our previous works on colloidal quantum dots!?1-23]
and other previous reports on graphite oxide (GO),*! multi-
walled carbon nanotubes (MW-CNT),[3%) and zinc oxide (ZnO),33!
have been successfully proven to utilize or boost the content of g-
PVDF in composite films and thus generating piezoelectric field
or enhancing the piezoelectric coefficient and dielectric constant.
Energy harvesting devices based on these composite films have
obtained high output voltage and current density. Besides, the
devices bring better performances after they are under electri-
cal poling treatment. However, the typical process for loading the
fillers into the PVDF matrix is via mechanical mixing, which can
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lead to their aggregation and an inhomogeneous distribution in
the composite films, thus degrading performance. In situ, load-
ing of the fillers into the matrix effectively solves the issue of
uneven distribution. For example, using silver nitrate (AgNO,)
as a precursor, Ag nanoparticles (NPs) were used as fillers in
the literature due to their high electrical and thermal conductiv-
ity, effective anti-bacterial/anti-fouling action, and relatively low
cost.[?*38] However, the boosting effect for the f-PVDF phase in
PVDF composite films is very limited, only using Ag nanoparti-
cles has been reported so far.

In this work, a method has been developed to enhance the po-
lar p-PVDF composite film by in situ loading AgF and Ag,O NPs
using AgNO, as the precursor. Through this method, the NPs
can be uniformly dispersed in the composite film, thus leading
to a better overall performance. Furthermore, by tuning the load-
ing concentration of AgNO,, the optimal concentration can be
obtained for the composite film, resulting in a 91.4% fraction
of the p-PVDF phase. Moreover, a 50% increase of d;; can be
achieved compared to the pristine PVDF film. The performance
of the obtained films for energy harvesting has been investigated.
The electrical output of a piezoelectric device based on PVDF
composite film with optimized loading can reach 35V, 1.6 pA,
and 25 uW cm™2, for open circuit voltage, short circuit current
and output power density, respectively. As a proof-of-concept, the
piezoelectric nanogenerator could rapidly charge a 50 nF capac-
itor to a saturated voltage state and power 10 commercial blue
light LEDs.

2. Results and Discussion

2.1. The Morphology Study of PVDF Composite Films

A batch of experiments was developed to find the optimal content
that efficiently enhances the polar phase of PVDF. First, AgNO,
with different mass ratios (0, 0.22, 0.58, 1.2, 1.5, 2.1, 3.4 and 5.6
wt%) was added to a PVDF (DMF) solution with a concentration
of 120 mg mL™" to prepare the composite films. The processes
are briefly illustrated in Figure 1a. After that, the surface mor-
phologies of samples with AgNO, loading concentrations of 0,
1.5, and 5.6 wt% were mapped as shown in Figure 1b—d. A porous
structure appears on the surface with the increased loading con-
centration of AgNO,. Moreover, the density and size of the pores
increase for the samples with higher loading concentrations, as
can be observed in large-area images of the whole samples shown
in Figure S1 (Supporting Information). It should also be noted
that the pristine sample tends to present cracks (0 wt%, Figure
1b); the addition of NPs prevents such cracking already at low
loading, as shown in Figure S1b (Supporting Information). Fur-
thermore, the nanoparticles (NPs) formed in the composite films
in the control experiments are present on the surface of the com-
posite films. The NPs size is in the range of 50-150 nm. The
generated NPs in the PVDF matrix play an important role not
only in modifying the morphology of composite films but also in
promoting f-PVDF which will be addressed later.

Next, to explore the distribution of the in situ growth of NPs,
the SEM-EDS mapping of the top surface and cleaved cross-
sections of the samples was conducted. It is clear from Figure S3
(Supporting Information) that all the major elements are present,
with F and C from PVDF, and O and Ag from AgNO;. Since these
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Figure 1. a) Schematics of the fabrication processes of PVDF composite films and free-standing composite films. PVDF and AgNOj; are dissolved in
DMF, the mixed solution is stirred, drop cast on glass substrates, and dried in a vacuum oven. Flexible free-standing PVDF composite films are peeled
from the glass substrate and finally assembled into a piezoelectric nanogenerator. b—d) SEM images of samples with different loadings of AgNO; (0,
1.5, and 5.6 wt% respectively). With the increase of AgNO; loading, pores appear, with density and size increasing for higher loadings. e) SEM-EDS
compositional maps for a cleaved cross-section of the composite film. Elements C and F are from the PVDF matrix, while O and Ag are from AgNO;.
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Figure 2. a, b) X-ray diffraction patterns of PVDF composite films with different AgNOj; loadings (0, 0.23,0.58, 1.2, 1.5, 2.1, 3.4 and 5.6 wt%). c) Dielectric
constant and dissipation factor (inset) as a function of frequency for PVDF composite films. d) FTIR absorption of PVDF composite films. e) Content
of the electroactive phase as a function of AgNO; loading. f) ATR-FTIR absorption band of PVYDF composite films with different AgNO; loadings. g—i)
Proposed mechanism of y-PVDF conversion to f-PVDF in the presence of Ag*. g) Without AgN O3, y-PVDF is the dominant phase. h) With a low AgNO;
loading, Ag* starts to interact with F~, and part of y-PVDF is converted into -PVDF; the composite film turns to shallow yellow. i) With a high enough
AgNOj; loading, f-PVDF becomes the dominant phase, and the composite film turns dark brown.

elements (O and Ag) give a uniform distribution on the surface
of the composite film, it is reasonable to imply that the NPs are
uniformly distributed, showing that in situ growth of NPs is ef-
fective. In addition, from cross-sectional mapping, as shown in
Figure le, we can see that the thickness of the composite film is
~30 um and silver is distributed throughout the entire film. The
cleavage is not smooth due to the breaking of the porous struc-
tures. Therefore, we can make the reasonable assumption that
the porous network structures are continuous inside the compos-
ite film, which is of great significance to the enhancement of the
piezoelectric performance of the composite film and the related
device. There are two possible reasons behind this. First, a porous
composite film is beneficial for coupling strain when an appro-
priate external compressive force is applied. Thus, strain can lead
to a significant output device performance.l***°l Second, due to
the pores, the composite film can be treated as a large number
of micro-capacitors connected in series and parallel, which is ad-
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vantageous for electric energy storage converted from mechan-
ical energy.*!l Also, it is worth noting the contrast in the SEM
images presents bright features — as can be seen from the ele-
mental maps, these do not necessarily indicate Ag-rich areas, but
rather originate from topographic contrast, particularly strong in
areas where the cleaving process left rough edges.

2.2. The X-Ray Crystallography Study of PVDF Composite Films

To further determine the component of the NPs, the X-ray diffrac-
tion measurements were conducted for the composite films with
different loading concentrations of AgNO;, (0, 0.23, 0.58, 1.2, 1.5,
2.1, 3.4 and 5.6 wt%). The results are shown in Figure 2a,b. It
can be seen from Figure 2a that with the increased loading, the
diffraction peak of PVDF shifts from 20.2° to 20.6°, which are
characteristic of y-PVDF and p-PVDF, respectively. Also, at 0 wt%

© 2025 The Author(s). Advanced Materials Technologies published by Wiley-VCH GmbH

85U8017 SUOLILLOD BAITEa1D 3|t jdde aup Aq peulsnob afe 8ol VO ‘8SN JO Ss|n. 10} ARIqIT8UIIUO /8|1 UO (SUORIPUOD-PUR-SWIBIW0D A8 | 1M A e1q 1 U1 |UO//SdNL) SUOIPUOD PUe SWs 1 84} 885 *[6202/20/6T] Lo A%iqiTauljuo A8|IM ‘WewiuenoD Ajquiessy UspM Ad 210005202 IWPe/Z00T OT/10p/Luoo" A8 | 1M Afe.d 1 jpuljuo"psoueADe//Sdiy Woij papeojumod ‘0 ‘X60L59E2


http://www.advancedsciencenews.com
http://www.advmattechnol.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
TECHNOLOGIES

www.advancedsciencenews.com

loading (pristine PVDF film), the y-PVDF is the dominant phase,
with a small portion of a-PVDF (26 = 18.4°). However, when the
loading is equal to and higher than 1.5 wt%, the f-phase domi-
nates. This means that the loading of AgNO, facilitates the con-
version of y-PVDF to f-PVDF.

Moreover, the diffraction peak of a-PVDF becomes gradually
lower and broader with the increased loading, which indicates
that the loading of AgNO, can suppress the a-PVDF phase.
Therefore, it is concluded that the loading of AgNO; can promote
the transformation from y-PVDF to -PVDF. Furthermore, it can
be seen from Figure 2b that two major peaks appear at 22.5° and
29.3° for the sample at a low loading content (0.23 wt%). The
peaks indicate the formation of AgF NPs.[*?] The colour of AgF is
yellow,!*3] which is consistent with the colour of the correspond-
ing composite film, as shown in Figure S4 (Supporting Informa-
tion). The composite film is light yellow since the AgF NPs con-
tent is relatively small. However, the AgF enhances the formation
of p-PVDF, because the peak position of the sample (0.23 wt%)
is shifted to a large value compared with the pristine PVDF sam-
ple. The trend of the shift becomes clearer with the increasing
formation of AgF NPs, as shown in Figure 2a. A possible cause
for the enhancement of f-PVDF can be the strong electronegativ-
ity of F~, which can interact with the Ag* in the solution forcing
the structure of PVDF to transform from the TGTG arrangement
to the TTTT arrangement. The process can be further illustrated
from Figure 2g—i. Moreover, further increasing the concentration
of AgNO; (above 0.58 wt%) improves the formation of AgF NPs;
therefore, the colour of the corresponding samples varies from
light yellow to deep yellow, and the X-ray diffraction signal for
AgF becomes stronger, as shown in Figure 2b. In addition, it is
clear that with the increase of loading of AgNO;, another pri-
mary diffraction line at a 26 value of 32.5° becomes stronger. This
feature originates from Ag,O NPs, which are stable and black
or dark brown,[*! and a p-type semiconductor with a bandgap
energy of ~1.4 eV.*] This explains why the colour of samples
changes from deep yellow to dark brown, especially at high load-
ings (larger than 3.4 wt%). The black Ag,O NPs are responsible
for the “dark” component in the composite films. At low AgNO,
loading (0.23 wt%), the contribution of Ag,O NPs to -PVDF is
not obvious. However, when the loading of AgNO; is equal to or
larger than 3.4 wt%, the diffraction peaks of y- and p-PVDF are
broadened. A possible explanation is that more NPs are gener-
ated and tend to aggregate, degrading the crystallinity of PVDF
at higher AgNO; loading concentrations.

It is worth mentioning that although pure Ag particles are
formed at higher loading concentrations of AgNO,, their total
content is relatively small. Also, due to the aggregation effect of
AgF and Ag,0 NPs, the contribution of Ag particles to the for-
mation of #-PVDF is not obvious. Therefore, the following con-
clusions can be reached from the above discussion: AgNO; as an
ionic compound, can boost the polar phase of PVDF. Among the
NPs formed in the composite films, AgF NPs are the main con-
tributor to the formation of the polar phase. Especially at a low
loading of AgNO; (0.23 wt%), the AgF NPs are the main com-
pound formed. At higher values, the generated Ag,0 NPs join
the boosting process of the formation of f-PVDF together with
AgF NPs. The conclusion can be further strengthened by Figure
S5 (Supporting Information). In Figure S5a (Supporting Infor-
mation), with the increase of AgNO, loading concentration, the
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binding energy of the Ag element tends to shift to a lower value.
Moreover, the binding energy of the Ag element is the highest
at an AgNO; loading concentration of 0.23 wt%, which shows
that the primary product is AgF NPs instead of Ag,O. This is be-
cause the chemical bond of Ag-F is stronger than that of Ag-O,
since the electronegativity of F is larger than that of O, leading
to a stronger interaction of Ag and F. However, with the further
increase of AgNO, concentration, the content of Ag,O NPs grad-
ually begins to increase, which leads to the decrease of bonding
energy of Ag. Furthermore, from Figure S5b (Supporting Infor-
mation), we can see that at a low AgNO; loading of 0.23 wt%,
the absorption bands are mainly from AgF NPs. This is because
the absorption cut-off wavelength for Ag,O NPs is ~885 nm. But
from 650 to 800 nm, there is almost no absorption in the spec-
trum, showing that the content of Ag,0 NPs is extremely low
and that the absorption can be neglected. However, with further
loading of AgNOj;, the content of Ag,O NPs increases. As a con-
sequence, strong absorption from Ag,O NPs is observed.

2.3. FTIR Study of PVDF Composite Films

Fourier transform infrared (FTIR) spectrometer was employed
to measure the crystalline phases of the specimens. The charac-
teristic absorption band for a-phase PVDF is typically 763 cm™,
and the absorption band of the electroactive phase (including g-
and y-PVDF) is 840 cm™. The results are shown in Figure 2d. It
is obvious that the electroactive phase with absorption bands at
840 cm~! dominated the spectrum compared with the nonpolar
a-PVDF with absorption bands at 763 cm™!, which is under ex-
treme suppression. The percentage content of the electroactive
phase in PVDF can be calculated by the Gregorio equation:[*6]

Agyo _ Agso
(Xsa0/X763)Az63 + Agso 1.26A505 + Agyg

Fpa= 1)

whereas A, and Ay, are the characteristic absorption intensity
for a-phase and electroactive phase, respectively. X,.; and Xg,,
are absorption coefficients with values of 6.1 x 10* and 7.7 x
10* cm? mol!, respectively. Figure 2e shows the calculated re-
sults for the content of the electroactive phase from Equation (1).
The content of the electroactive phase increases, reaching an
optimal value, and then slightly decreases with the increase
of AgNO, loading. The result shows that the optimal loading
of AgNO; is 1.5 wt%, and the corresponding content of the
electroactive phase is as high as 91.4%. However, due to strong
absorption for the composite film at 1234 and 1275 cm™!, which
respectively correspond to y- and B-PVDF absorption bands,
the measurement is out of scope for the FTIR based on the
method of transmission measurement. Therefore, ATR-FTIR
was employed to conduct the measurement in this range,
and the result is shown in Figure 2f. It can be seen that the
y- and B-PVDF phases are competing with each other, with
more B-PVDF for increased AgNO, loading. At low loading
(0.23-0.58 wt%), although g-PVDF is boosted and the absorp-
tion band is prominent, y-PVDF is still the dominant phase. In
this situation, the total content of the electroactive phase can be
regarded as the content of y-PVDF.I3*#] When the concentration
increases to 1.2 wt%, the contents of y- and -PVDF are almost
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equal. When concentration further increases to 2.1 wt%, g-PVDF
becomes the dominant phase. In this situation, the total content
of the electroactive phase can be regarded as the content of
B-PVDE.I*] However, when the loading concentration of AgNO,
is equal to or larger than 3.4 wt%, the absorption band for
y-PVDF is flattened and not clearly visible, and only -PVDF can
be identified. However due to a large number of formed NPs and
the aggregation effect of NPs, the absorption band broadened,
which is consistent with the XRD result in Figure 2b.

2.4. Dielectric Study of PVDF Composite Films

Since ¢, of PVDF composite films is one of the critical parame-
ters that contribute to d;; due to the relationship (d;; x e,-P, P,
is remnant polarization), &, was measured for composite films
with different AgNO; loading. As shown in Figure 2c, €, shows
a tendency to increase with the increase of AgNO, loading from
0.23 to 1.5 wt%, which can be attributed to the formation of g-
PVDF and the suppression of a-PVDF. Since p-PVDF is a polar
phase while y-PVDF is a semi-polar phase, the contribution of
p-PVDF to &, is larger than that of y-PVDF; a-PVDF is a non-
polar phase with no contribution to ¢,. On the other hand, the
Ag,0 is a p-type semiconductor that can form interfacial polar-
ization with the PVDF matrix. This can also contribute to ¢ es-
pecially at low frequencies (< 100 Hz), which is consistent with
the observation in Figure 2c. When the loading of AgNO, fur-
ther increases from 2.1 to 5.6 wit%, ¢, tends to decrease, which is
mainly owing to the aggregation of generated NPs with high con-
tent. The dissipation factors (o) of PVDF composite films tend
to be slightly higher compared to the pure PVDF film even in
the low-frequency domain (<1000 Hz), especially for the optimal
loading concentration (1.5 wt%), as the inset shows in Figure 2c,
with ¢ ranging from 0.25 to 1.35. This means the optimal com-
posite film can be a good candidate for application to energy stor-
age devices. Also, it is worth noting that at a higher frequency
(larger than 1000 Hz), ¢ is lower than 0.5, which shows that the
composite film has the potential to detect vibration with a high-
frequency signal. Subsequently, the impedance characteristics of
PVDF composite films were measured. Figure S6 (Supporting
Information) shows the response of impedance and phase an-
gle to frequency for PVDF composite films at different AgNO,
loadings. It is clear from Figure S6a (Supporting Information)
that the impedances of the composite films decrease with the in-
crease of frequency w, indicating that the composite films have
a property similar to capacitive reactance X, X = 1/(w-C). This
can be further confirmed by the phase angle graph in Figure S6b
(Supporting Information), where the phase angle is from —90° to
—30°. For a pure capacitor, the phase of the voltage signal lags 90°
behind the phase of the current signal, whereas for a pure resis-
tor, the phase is coherent. Consequently, composite films can be
considered equivalent to a resistor and a capacitor connected in
series. Compared with the value of the capacitor in this specific
situation, the value of the resistor is very small and thus can be
ignored. So, this is an indication that the composite films with a
porous structure due to the presence of NPs produce a capacitive
effect and can therefore be used as energy storage devices. Fur-
thermore, with the increase of AgNO, loading from 0.23 to 2.1
wt%, the impedance tends to decrease, showing that loading of
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AgNO, is beneficial to improve the conductivity of the compos-
ite films. This can be attributed to the increased content of Ag,O0
NPs due to their p-type semiconductivity.

2.5. The Piezoelectric Properties of PVDF Composite Films

D,, is an important figure of merit in assessing the piezoelectric-
ity of PVDF composite films. To further explore the piezoelec-
tric properties, piezoelectric force microscopy (PFM) was used to
map the piezoelectric performance of the free-standing compos-
ite films with AgNO, loading of O (pristine), 1.2, 3.4, and 5.6 wt%,
respectively. The sample preparation process is as follows: first, a
thickness of 100 nm of silver was thermal evaporated on one side
of the free-standing composite films. Second, the as-prepared
samples with a silver-deposited side were firmly glued to glass
substrates using conductive tapes for the collection of electrical
signals. The results are shown in Figures 3 and S7 (Supporting
Information). From topographical images in Figure 3a—d, we can
see the surface roughness tends to increase with the loading of
AgNO,. PVDF piezoelectric coefficient is generally not constant
at different bias voltages, in our case the piezoelectric response
tends to increase with the applied alternating voltage (V,.) at V.
of 0.35 and 0.85 V, as shown in Figure 3e-h and Figure S7 (Sup-
porting Information). Besides, the piezoelectric response of the
sample loaded with AgNO;, is larger than that of the pristine sam-
ple atthe same V. The d,; can be extrapolated from piezoelectric
responses using the following equation:

A=dyV, Q0 2)

whereas A is the piezoelectric displacement, and Q is the Q-
factor of the cantilever. The results are shown in Figure 3i and
Figure S8 (Supporting Information). The d;; has a value of
~12 pm V~! compared to that of the pristine sample with a value
of ~8 pm V!, which shows that a boosting factor of ~#50% of d;;
can be achieved for the PVDF composite film due to the effective
loading of AgNO,.

2.6. The Application of PVDF Composite Films in
Nanogenerators

After a comprehensive study of AgNO;-loaded PVDF compos-
ite films, including morphology, crystallography, and dielec-
tric, electric and piezoelectric properties, we investigate appli-
cations for the composite film. One of the possible applica-
tions is an energy harvester based on the piezoelectric effect.
To prove this, nanogenerators were fabricated based on compos-
ite films with different AgNO, loadings (0, 0.23, 0.58, 1.2, 1.5,
2.1, 3.4 and 5.6 wt%). The architecture of the generators was
PET/ITO/PDMS/composite films/PDMS/ITO/PET, as shown in
Figure 4a. Electric poling treatments were conducted for all of
the devices under an electric field of 30 kV for 2 h. The circuit
for testing device performance is shown in Figure 4g and the
details can be obtained in Video S2 (Supporting Information).
The open circuit voltage was measured under the same external
force of 0.5 MPa for nanogenerators with composite films at dif-
ferent loadings of AgNO,. The results are shown in Figure 4b.
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of d33 versus the loading of AgNO;.
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Figure 4. a) Schematics of nanogenerators based on PVDF composite films with different loadings. b) The open circuit output voltage and c) short
circuit output current of nanogenerators based on different composite films. d) The output voltage and current of the nanogenerator with optimal
loading at different electrical loading resistances. The inset reports a photograph of the nanogenerator. e) The output power density of the optimal
nanogenerator at different loading resistances. f) The stability test of the optimal nanogenerator with an applied force of 0.5 MPa for more than 3600 s.
g) The performance test electric circuit diagram of the piezoelectric device. h) The fast charge of a capacitor by the piezoelectric nanogenerator and inset
digital image of 10 blue LEDs powered by the piezoelectric nanogenerator. i) COMSOL simulation of nanogenerators based on pure PVDF (Top) and
1.5 wt% AgNO; doped PVDF (Bottom). The colour bar values represent voltage (V).
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The output voltage begins to increase with the loading, reach-
ing a maximum value of ~35 V at an optimal value of 1.5 wt%,
and then starting to decrease. This result is consistent with the
FTIR absorption spectra and XRD diffraction patterns. Addition-
ally, the conclusion is further strengthened by the simulation re-
sults from COMSOL as shown in Figure 4i. Besides, the forward
connection and reverse connection test show the voltage output
performance originates from the piezo effect as shown in Figure
S8 (Supporting Information). Then, under the same test condi-
tion, the short circuit current was measured, and the result is
shown in Figure 4c. The trend of current is similar to that of
the voltage and the highest current is ~1.6 pA. Next, the output
performance of the optimal device (1.5 wt%) was measured un-
der different load resistances. It is clear from Figure 4d that the
nanogenerator can achieve the maximum output performance
when the load resistance is ~22 MQ and the maximum output
power density is ~#25 uW cm~2 as shown in Figure 4e. Further-
more, a stability test of the generator was conducted under an ap-
plied force of 0.3 MPa for a test time of more than 3600 s. From
Figure 4f we can see that the generator possesses excellent dura-
bility. In addition, the optimal nanogenerator was used to charge
a capacitor with a capacitance value of 50 nF, with good charging
efficiency, as shown in Figure 4h. It takes less than 10 s to charge
the capacitor to a saturated state at ~1.5 V, as shown in Video
S1 (Supporting Information). Moreover, the output voltage of the
optimal nanogenerator can be used to power 10 commercial blue
light LEDs, as the inset shows in Figure 4h and Video S2 (Sup-
porting Information), which shows that the nanogenerator based
on the composite film has a potential application in mechanical
energy harvesting.

3. Conclusion

A method of boosting the -PVDF phase content in polymer films
by the in situ growth of AgF and Ag,O NPs has been developed.
AgNO, with different weight ratios was loaded into PVDF to form
composite films. It was found that the optimized composite film
achieved a content of f-PVDF (91.4%) at 1.5 wt% concentration
of AgNO, during the processing. The generated AgF and Ag,0
NPs are responsible for promoting the f-PVDF phase. The en-
hancement factor of d;; of optimized PVDF composite film can
achieve ~50% compared to the pristine PVDF film. Piezoelectric
nanogenerators based on composite films achieve good perfor-
mance and can achieve an output power density of 25 uW cm~2,
power ten blue light LEDs and rapidly charge a capacitor. Our re-
search shows that the AgF and Ag,O co-doped PVDF composite
films can be produced in a scalable, economical process and have
great potential in flexible electronics, energy storage and energy
harvesting applications.

4. Experimental Section

Preparation of PVDF Composite Films: PVDF powder (Mw =x534000)
was purchased from Alfa Aesar, and DMF (anhydrous, 99.8%) solvent was
purchased from Sigma-Aldrich. First, the 120 mg mL~' PVDF solution was
prepared by dispersing PVDF powder into the DMF solvent. Then, AgNO;
with different mass weights was added to the DMF solvent, respectively.
DMF was chosen as it is a strong polar solvent and can dissolve PVDF. Af-
ter that, to have a better dispersion of PVDF and AgNOj, the as-prepared
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solution was stirred at 50 °C using a magnetic stirrer for 12 h in the dark.
Then, after a 15 min ultrasonic treatment, the as-prepared solution went
through a de-gassing process for 3 min in a vacuum oven. Subsequently, a
composite film with a thickness of ~30 um was prepared by solution cast-
ing and baked in a vacuum oven drying at an optimized temperature for
2 h at 100 °C, followed by 5 h treatment at 135 °C. The piezoelectric nano-
generators were assembled by sandwiching the as-prepared PVDF com-
posite films between two PET/ITO electrodes coated with PDMS (from
Sylgard 184, Dow Corning, USA) with a thickness of ~100 um. The thick-
ness of PET/ITO (from Sigma—-Aldrich) was 127 um, with the ITO layer
thickness of 130 nm. The ITO sheet resistance was 60 Q/[]. Finally, to
align dipoles, the devices were poled under a DC electric field with an in-
tensity of ~30 kV cm™! for 2 h at room temperature in ambient air.

Characterization of PVDF Composite Films and Piezoelectric Devices:
The surface morphologies of PVDF composite films were mapped by field-
emission scanning electron microscopy (Zeiss Sigma FESEM). The crys-
talline phase of the specimens was characterized by a Fourier transform
infrared spectrometer (Bruker Tensor Il) ranging from 600 to 1600 cm™!
with a resolution of 4 cm™" and with an average scan number of 32 and
an X-ray diffractometer (XRD) with monochromatic Cu-a radiation. The di-
electric constant and dissipation factor, and the impedance of the compos-
ite films were measured by an impedance analyzer (Keysight E4990A) with
a dielectric test fixture (Keysight 16451B). The output voltage of the piezo-
electric generator was measured by a mixed signal oscilloscope (Tektronix
5 series) equipped with a differential probe (Tektronix THDP0200) with an
input impedance of 10 MQ. The output current of the piezoelectric gener-
ator was measured by a parameter analyzer (Keithley model 4200A-SCS).
The piezoelectric performance at the nanoscale of PVDF composite films
was measured using piezoresponse force microscopy (PFM),[#849] scan-
ning with 0.35 and 0.85 V,_ on composite films, using a Pt-coated Si solid
tip with a force constant of 1 N m~" and contact resonance ~196 kHz.
The measurements were conducted by imaging near contact resonance
with the Dual AC Resonance Tracking (DART)[*%] method on an MFP-3D
AFM by Asylum research.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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