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1. Introduction

The Internet of Things (IoT) forms the basis 
for the development of smart cities with 
billions of sensors which monitor weather 
conditions, vehicular and pedestrian traffic, 
humans and animals’ health, etc.[1] Powering 
billions of IoT devices with batteries is infea­
sible due to regular replacement/main­
tenance issues and batteries hardly scale 
with the size and weight of the sensors. 
Harvesting ubiquitous wasted mechan­
ical energy from civil structures, bridges, 
shaking parts of motors, or even human 
and animal movements is a perspective for 
replacing batteries. Piezoelectric nanogene­
rators (PNGs) have the capability of con­
verting small-scale mechanical vibrations to 
electricity. Besides for IoT, in particular, soft 
and flexible nanogenerators are of prime 
interest to bionic applications, such as arti­

ficial skin[2,3] and conformable motion sensing.[4] Nanogenerators 
have traditionally[5] been demonstrated with inorganic materials, 
such as zinc oxide (ZnO)[6,7] and subsequently, gallium nitride 
(GaN),[8] barium titanate (BaTiO3),[9] and PbZrxTi1−xO3 (PZT).[10] 
More recently, owing to their flexibility and ease of processing, 
polymeric ferro/piezoelectric materials, such as nylon,[11,12] 
poly(vinylidene fluoride) (PVDF),[13,14] and poly(vinylidene 
fluoride-co-trifluoroethylene) (P(VDF-TrFE)),[15–19] as well as hybrid 
nanocomposites[20] have gained significant interest, not only for 
nanogenerators, but for printable memory devices.

PVDF is a semicrystalline, piezoelectric polymer with five 
different polymorphs, that is, α, β, γ, δ, and ε.[21–24] The desired 
piezoelectric β-polymorph has a large piezoelectric charge coef­
ficient, d33 between −30 and −40 pV m−1,[25,26] and is usually 
obtained by high temperature stretching (≈90  °C) and poling 
(≈100 MV m−1).[27] In the last decade, much attention has been 
devoted to electrospinning and melt-spinning piezoelectric 
PVDF fibers.[24,28–35] Of these, electrospinning requires high 
voltages (5–50  kV) and the piezoelectric performance of the 
resulting nanofibers suffers from the broad distribution in fiber 
width. The fiber width is arguably better controlled with melt-
spinning, but poling in a high electric field is necessary for an 
additional step. Nano-pore template-wetting is an accessible, 
cost-effective, and scalable alternative that directly produces 

Piezoelectric poly(vinylidene fluoride) (PVDF) nanowires are of particular 
interest for energy harvesting as they are ultra-sensitive to small vibra-
tions. Here, a new, cost-effective, and scalable approach to producing PVDF 
nanowires with strongly enhanced power output is presented. The method 
combines template-wetting in cylindrical nano-confinement with aniso-
tropic solvent-nonsolvent phase inversion to yield a fully novel nanowire 
morphology consisting of “sausage-like” strings of nano-domains. Dynamic 
numerical simulations of the phase inversion reveal the formation of these 
structures to be subject to a very rich and complex phenomenology. The 
simulated dependence of the feature size on the degree of confinement 
agrees with the experimentally observed trend. It is unambiguously demon-
strated that the sausage-like nano-generators upsurge the power density to 
280% compared to normal nanowires. Finite element modeling explains how 
the higher deformability of the sausage-like nanostructures gives rise to this 
significant enhancement in piezoelectric performance.
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piezoelectric nanowires with, per definition, a low width disper­
sity.[36] Nanowires obtained using template-wetting are highly 
crystalline and consequently exhibit enhanced piezoelectric 
properties without poling.[36–38] However, to the best of our 
knowledge the possibilities of the template-wetting method 
to reach optimal piezoelectric performance have not been 
exploited or even investigated. Studies concerning polymer 
nanowire-based nanogenerators produced via template-wetting 
have so far been limited to the mere demonstration of the 
piezoelectric properties and self-polarizability. No attempt has 
been dedicated to improve the performance by seeking the 
optimal properties from a morphological perspective.

It is well-known that the nanostructure and crystallinity of 
specimen of PVDF and its copolymers can be controlled by 
making use of the fact that the polymer is typically compatible 
with polar hygroscopic solvents, while at the same time exhibiting 
non-solvency in water. As a consequence, quenching a solution-
cast PVDF film in water or a humid atmosphere leads to a phase 
inversion process that induces liquid-liquid and liquid-solid 
phase separation.[39,40] Parameters such as humidity, quenching 
temperature, solvent type, and composition control the typical 
feature size, porosity, crystallinity, and polymorphism of the dry 
polymer specimen or film. Besides, phase inversion results in 
PVDF films with a high density of β-phase domains, although 
randomly oriented.[38] In contrast, owing to its cylindrical confine­
ment template-wetting yields highly oriented crystals.[37,41] Hence, 
implementing a combination of phase-inversion and template-
wetting bears the perspective for the manufacture of nanogenera­
tors with a high density of oriented domains of the β-polymorphs, 
and consequently superior piezoelectric performance.

In this study, we induce phase-inversion inside the cylindrical 
confinement of aluminum oxide nanopores containing a solu­
tion of PVDF in dimethylformamide (DMF). Upon water ingress 
from the pore entrances, spatially anisotropic liquid-liquid phase 
separation gives rise to novel PVDF nanostructures with a 
“sausage-like” appearance. To unveil the phenomenology of the 
development of these peculiar nanostructures, we perform out-
of-equilibrium numerical simulations using a multi-component 
phase field model that takes account of the wetting preference of 
the pore wall by the individual blend components. The calcula­
tions reveal how the size and connectedness of the domains non-
trivially depend on polymer concentration and degree of confine­
ment. We demonstrate that the necking features in the sausage-
like nanostructure enhance the power output of the nanowires by 
280% compared to smooth nanowires produced in the absence of 
phase inversion. The considerable enhancement in performance 
is explained by electromechanical finite element simulations.

2. Results and Discussion

2.1. Morphology of PVDF Nanowires

We fabricate two different kinds of PVDF nanowires making 
use of anodic aluminum oxide (AAO) templates containing 
cylindrical nanopores with a defined diameter in the range 
50–120 nm (see Section S1, Supporting Information). The pores 
are filled with a solution of the polymer in DMF and, subse­
quently, either immersed in water to induce phase inversion, 

or immediately left to dry by letting the solvent evaporate (see 
Experimental Section for details). These two procedures lead to 
polymer nanostructures with strikingly different morphologies. 
Top-view SEM images of the dried PVDF-filled AAO templates 
(Figure 1a,b) show that, in general, in the case of the immersed 
templates the polymer has to some extent retracted from the 
pore entrance (1a), whereas for the non-immersed samples the 
content of the pores levels with the surface of the template.

The corresponding cross-sectional SEM images (Figure  1c,d) 
of broken templates clearly show a difference in the morphology 
of the dried nanostructures: whereas the non-immersed solu­
tion gives homogeneous nanowires upon drying, the immersed 
samples produce discrete domains with a “sausage-like” outward 
form. In most cases, these domains are mutually interconnected, 
but on occasions, they have either split-off from one or both of 
their neighbors or formed individually in the first place (see also 
Figure  2). As we do not have in situ information on the deve­
lopment of these morphologies, mechanistic aspects are hard 
to deduct from the SEM images alone. Below, we refer to the 
smooth (non-immersed) and sausage-like (immersed) samples as 
NW (for “nanowire”) and S.NW (“S” for “sausage”), respectively.

Figure  2 shows that for the S.NW samples, the average 
length of the sausage-like domains increases with increasing 
pore diameter. We note that the size distributions have been 
obtained from a wide range of SEM images that are not all 
shown here in the main text. The SEM images in Figure  2 
should hence be considered representative. We placed the 
full set of images in Section S2, Supporting Information. 
The dashed line in Figure  2a represents the best fit against 
an empirical linear function. The associated linear coefficient 
and R-square value are 5.3 and 0.9993, respectively. The shape 
of the S.NW samples, together with the fact that the dried 
domains detach from the pore-wall, suggests that during the 

Figure 1.  Top-view SEM image of the a) PVDF sausage-like nanowires 
(S.NWs sample), b) PVDF nanowires (NWs sample) filled AAO template. 
Cross-section view of c) S.NWs sample, d) NWs sample.
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ingress of water, a central “plug” of a polymer-rich phase forms, 
surrounded by a solvent-rich phase that preferentially wets the 
pore wall. The necking and occasional rupture of the nanowires 
may be due to an instability occurring at the liquid-liquid inter­
face running parallel to the pore wall.

As is well-known, due to the strong repulsive interaction 
between the polymer and water, PVDF/DMF or, equivalently, 
P(VDF-TrFE)/DMF, solutions undergo rapid liquid-liquid 
demixing upon quenching in water[21,42,43] either by exposure to a 
wet atmosphere or submersion into a water bath. For this reason, 
this system lends itself so well for functional manufacture based 
on such “non-solvent-induced phase separation” (NIPS) or “phase 
inversion”, of which microporous membranes perhaps present the 
best known application.[44] In the present case, however, the pore 
geometry does not allow for a quick quench, as the water content 
in the pore only rises slowly due to the fact that ingress can only 
occur from the pore entrances. Establishing equilibrium between 
the coexisting polymer-rich and -poor phases is hence expected to 
(initially) occur only locally. A transient regime may arise wherein 
near the entrance of the pore, the mean composition resides in the 
miscibility gap of the phase diagram, whereas more remote from 
the entrance, the composition is in the single-phase region.

In order to shed light on how the tube-like confinement 
influences the mechanism of structure formation during 
lateral water ingress, we performed dynamic numerical 
simulations of the phase-inversion in a cross-sectional, and 
rotationally symmetric, cylindrical geometry. Our calcula­
tions are performed using the same multicomponent free 
energy-minimizing generalized diffusion approach[45–50] as we 
employed before for modeling the behavior of PVDF/water/
DMF ternary mixtures in thin-film and fibers.[21,42] Its descrip­
tion is not repeated here. The only difference is that now we 
solve the associated equations for the rates of change in com­
position in cylindrical, rather than Cartesian coordinates. For 
simplicity, thermal fluctuations are not taken into account. In 
contrast, wherein previous work the interaction of the blend 
components with the substrate is not considered, it proves to be 
essential in reproducing the shape characteristics of the struc­
tures emerging in the S.NW samples.

Since so far, a consistent formulation for the free energy con­
tribution associated with the wall interactions in a ternary mix­
ture is lacking in the literature, we provide some detail here. In 
analogy with the work by Binder et al. for a binary blend,[51,52] 
we assume local equilibrium at the solid surface owing to the 

Figure 2.  Domain size distribution (histograms and Gaussian fit) and mean domain size λ  as a function of pore radius for the S.NW samples. The 
pores in panels b–e) are 50, 60, 95, and 120 nm, respectively. The SEM images are representative. The dashed red line in panel a) is an empirical fit 
against a linear function.
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fact that the relaxation due to preferential wetting is fast in 
comparison to the dynamics in the bulk. The equilibrium con­
dition at the wall dictates that the surface potential arising from 
enrichment with one of the components is balanced by the 
penalties associated with local concentration gradients. How­
ever, in the case of a ternary mixture due to the incompress­
ibility assumption, cross terms arise in the expressions for the 
boundary conditions at the wall. For our ternary mixture, we 
have: ϕA + ϕB + ϕS = 1, with subscripts A, B, and S respectively 
referring to polymer, water, and solvent. Treating the volume 
fraction of the solvent ϕS as a dependent, we obtain besides the 
usual no-flux constraints the following boundary conditions for 
the polymer and water concentration:
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The first and second term in each of the above equations 
respectively represents the local exchange chemical potential 
due to wall-interaction and the aforementioned gradient pen­
alty. ( )φi

w  is the volume fraction of the component i at the wall, 
γ the wall surface free energy, b a molecular length scale, r the 
radial coordinate, and κij represent the gradient energy coef­
ficients for the incompressible mixture. The latter have been 
evaluated in previous work.[43,50]

We assume a simple surface free energy of the form: 
( )2

A
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A
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B
( )

B
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S
( )

S
( )γ χ φ χ φ χ φ= + +−k TbB

w w w w w w , with ( )χi
w  dimension­

less (and constant) interaction parameters determining the 
effective interaction strength of each component with the pore 
wall.[50,53] In the present calculations, we assume the preference 
for wetting the polar aluminum oxide pore wall to be according 
to: water > DMF > PVDF. This is achieved by setting: A

( )χ w   = 
0.025, B

( )χ w   =  −0.050, and S
( )χ w   =  −0.025. As we will see, upon 

phase separation, these conditions lead to complete wetting of 
the pore wall by the polymer-devoid phase. Below, we will show 
that different conditions, that is, assuming a preference of the 
wall to be wetted by the polymer, indeed gives different domain 
shapes, which demonstrates the scope of the method and the 
principle possibility to steer the morphology by the wetting 
properties.

The wall concentrations are obtained by rewriting Equa­
tions (1) and (2) as:
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For completeness, but not essential to the outcome 
of the calculations, we implement a phenomenological 
long range contribution of the wall potential according to: 

( ) exp[ (( / ) 1)]1

B
( )

2γ
φ

=
∂

∂
−−V r b a r Ri w

, with R the diameter of the pore. 

The factor a determines the decay length of the potential. We 
use a  = 4, which assures the potential to decay to near zero 
across ≈10 dimensionless units of length. All distances are 
non-dimensionalized by normalizing over the typical interac­
tion distance for the gradient energy, that is, the approximate 
size of a polymer coil.[54] Time is normalized by the typical dif­
fusion time of a solvent molecule across the mentioned length 
scale. Below, non-dimensional quantities are indicated with a 
tilde. A somewhat different value for a does not notably affect 
the calculation results. Input concerning molecular size and 
interaction is the same as in previous work.[21,55]

We numerically simulate the phase inversion by considering 
a short, rotationally symmetrical, cylindrical domain (506 × 12 
and 506 × 16 grid points, respectively representing a narrow 
and a wide pore), containing an equilibrated solution of the 
polymer in the solvent. At t� = 0, we release a quantity of water 
at both sides of the domain and observe the structural changes 
occurring as the system relaxes towards equilibrium. Modeling 
the aspect ratio of the experimental pores is computationally 
intractable. Hence, instead of attempting to reproduce the 
experimental morphologies along the full extent of the pores, 
our calculations aim to i) provide a qualitative mechanistic 
explanation for how water ingress converts the homogeneous 
polymer solution into discrete sausage-like domains and ii) how 
the structuring depends on the mean polymer concentration 
and the pore radius, in terms of dynamics, morphology, and 
domain size. Although in the experiments the concentration is 
kept constant, we do vary it in the calculations to explore the 
phenomenology associated with this novel method of struc­
turing a polymer solution beyond the experimental conditions 
in this work.
Figure  3, as well as Movies S1–S6, Supporting Informa­

tion, gives an overview of the simulation results. The figure 
shows the changes in the polymer and water concentration 
as a function of time and position, expressing the corre­
sponding volume fractions at the same color scale (right). 
Upon water ingress, the solution demixes into a polymer-
rich phase (yellow) surrounded by a polymer-devoid phase 
(dark red). The latter wets the pore wall completely. The fact 
that the calculations reproduce the experimentally observed 
sausage-like shapes supports the validity of our choice of 

( )χi
w . The time ranges associated with the various panels 

in Figure  3 are comparable but not equal: typically, struc­
ture development is faster for a low concentration and/or a 
narrow pore.

Although the phenomenology of the process is very rich, in 
this more explorative work, we refrain from extensive analysis 
and discussion, and instead focus on a qualitative comparison 
with the experimental observations. Nevertheless, to demon­
strate that a different choice for the wetting preference leads 
to different morphologies, we have taken the final snapshot of 
Figure 3c as a starting point for a calculation in which we assume: 

A
( )χ w   =  −0.05, B

( )χ w   =  −0.025, and S
( )χ w   = 0.025, that is, prefer­

ential pore wetting by the polymer (see Section S3, Figure S3,  
Supporting Information). As can be seen in Figure S3, Sup­
porting Information, this leads to a loss of the sausage-like 
shapes, which transform into “hourglass-like” (in cross-section) 
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domains that partially wet the pore wall with a contact angle 
around 45°.

Depending on the polymer concentration and the pore 
radius, phase inversion is either prone to result in sepa­
rate polymer-rich droplets (as in Figure  3a) or domains that 
remain mostly interconnected by thinner fluid “filaments” 
that contract over time (as in Figure  3f). We note that the 
evaporation/solidification stage is not considered in the 
numerical simulations, whereas in the experiments, during 
solvent evaporation, the process likely becomes frustrated 
while approaching global thermodynamic equilibrium by gela­
tion or crystallization, so that the final morphology represents 
a “frozen” transient state. The lateral contraction of the poly­
mer-rich phase is primarily driven by the repulsion between 
polymer and water. To reduce the free energy, the polymer-
rich phase will try to “escape” from the region where the mean 
water concentration is highest, that is, towards the entrance 
of the pore. Contributing to the contraction is the extended 
nature of the polymer-rich phase, which is unfavorable in 
terms of interfacial free energy: a droplet of a liquid phase dis­
persed in another liquid phase, when not spatially confined or 
subject to an external field, tends to become spherical rather 
than remain extended.

The sloping gradient in polymer concentration towards the 
center of the pore is a consequence of the transient nature of 
the process: the increase in polymer concentration due to phase 
inversion starts remote from the inner region of the tube, 
simply because the water ingresses via the pore entrances. As 
a result, the polymer concentration initially exhibits a broad 
lateral gradient, sloping off towards the central region. In due 
time, this situation gives way to a stage wherein the tube con­
tains the sausage-like polymer-rich domains, dispersed in a 
polymer-poor phase wherein the spatial distribution of water 
and solvent has homogenized. The contraction of the polymer-
rich phase explains the above mentioned “emptying” of the top 
of the pores of the S.NW samples (Figure  1a) and eventually 

reduces the “filaments” to the pinches or necks observed in the 
stringed aggregates observed in the SEM images. The depend­
ence of the typical domain or droplet size on the pore radius 
is in qualitative agreement with the experimental observa­
tions: wider pores produce a larger structure size, in principle 
in agreement with Rayleigh instability theory.[43] Interestingly, 
the same trend in the droplet size is observed when increasing 
the mean polymer concentration, while keeping the pore radius 
constant.

Close inspection of the simulation results reveals two 
dynamic regimes, ligated by a gradual transition. In the case 
of a dilute solution in strong confinement (Figure 3a), polymer-
rich droplets consecutively “break away” from the solution, 
with the point of bifurcation of the coexisting liquid phases 
progressing inward and remaining relatively well-defined 
throughout the process. As a result, the (outer) section of the 
pore where liquid-liquid interfaces are well-developed is at 
any time fairly well separated from the (inner) part containing 
a single (stable) phase. This regime would give rise to a mor­
phology comprising separated domains, which would of course 
not be ideal for piezoelectric performance. In contrast, in the 
case of a concentrated solution in a wide pore (Figure  3f), 
demixing initially progresses quickly along a substantial section 
of the tube before break-up occurs. An extended liquid-liquid 
interface develops, along which the binodal compositions are a 
function of coordinate. As a consequence, gradients in Laplace 
pressure, as well as the contraction of the polymer-rich phase, 
give rise to a superposition of instabilities along the liquid-
liquid interface. Sequences of bulges form with a highly non-
trivial transient behavior. These bulges may to some extent 
collapse but eventually develop into strings of interconnected 
domains, which may break up in a later stage, depending on 
the local direction of mass transport.

The fact that the SEM images of the S.NW samples reveal 
strings of interconnected polymer domains as well as some 
(partly) unconnected “sausages” (see for instance Figure 2d), 

Figure 3.  Numerically simulated spatial concentration fields (polymer and water) as a function of time (top to bottom in each panel (a–f)) upon ingress 
of water into nano-pores containing the polymer solution. Only the left part of the pores is shown. At t�  = 0, the water is collected at the pore entrances 
(here), as expressed by the local color scale being white. The mean polymer concentration is from left to right: Aφ  = 0.087 (a,d), Aφ  = 0.109 (b,e), and 

Aφ  = 0.120 (c,f). Panels a–c) represent a dimensionless pore radius of: R�  = 15, whereas panels d–f) represent R�  = 20.
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suggests that the experimental conditions for concentration 
and pore radius give morphologies that are consistent with 
the second regime or a transitional scenario (compare with, 
e.g., Figure 3e). The presence of (mostly) intact structures in 
the S.NW specimen is, perhaps trivially, supported by the fact 
that we indeed measure a decent piezoelectric performance 
(see below). In the case where the connectivity between the 
domains would have been (mostly) interrupted, we would 
not have measured a response at all. Again, although the 
numerical simulations compare favorably with the experi­
ments on multiple counts, some caution needs to be taken 
since the physical displacement of solid material during the 
evaporation stage cannot be fully excluded. Hence, from the 
SEM images, it is not possible to say with certainty whether 
two adjacent sausage-like domains have never been fully sep­
arated, or that they were fully pinched off from each other 
but later moved together during the drying process. Addi­
tionally, the sample preparation for SEM analysis (see Sup­
porting Information) is not expected to leave the structures 
completely intact.

Using differential scanning calorimetry (DSC) analysis (see 
Section  4, Figure S4, Supporting Information) we determined 
the crystallinity of the S.NW and NW samples to be 53 and 
48%, respectively. Based on these numbers, we conclude that 
the crystallinity of both types of wires is similar and approxi­
mately 50%. We speculate that the reason for the fact that 
the crystallinity of the S.NW wires is not significantly lower 
than for the NW specimen, might be that phase inversion in 
nanopores is retarded in comparison to, for instance, sudden 
submersion or exposure in/to water or vapor-saturated atmos­
phere. Hence, in this particular fabrication process, the time 
allowed for crystallization might be relatively uncompromised. 
More details on crystallinity and polymorphism are discussed 
in Section S4, Supporting Information, where we also have 
placed XRD spectra (Figure S5, Supporting Information). 
Despite the fact that these spectra are rather noisy due to the 
presence of the aluminum oxide template, the peak associated 

with β-phase PVDF can be clearly discerned. FTIR analysis has 
been performed to quantify the effect of the phase inversion 
on β-phase formation (see Figure 4). Non-polar α-phase char­
acteristics peaks at 763, 795, and 974 cm−1 and polar β-phase 
characteristics bonds at 840 and 1277 cm−1 are identified in both 
samples.[6] The amount of β-polymorph is calculated employing 
Equation (5):

F
1.26

β( ) =
+

β

α β

A

A A
	 (5)

where F(β) is the fraction of β phase; Aβ and Aα are the absorp­
tion of peaks at 840 and 763 cm−1, related to the β and α poly­
morphs, respectively. Interestingly, the phase inversion has 
increased the β-phase content from 55 to 76%. It has been 
reported that quenching the PVDF solution in water creates the 
β nuclei and consequently increases the amount of β phase.[39,56]

2.2. Energy Harvesting

Two nanogenerators have been fabricated using S.NWs and 
NWs samples (diameter 120  nm) and mechanically impacted 
(20  N) under the frequency of 5  Hz. As a promising outcome, 
the S.NWs nanogenerator demonstrates open circuit voltage 
(Voc) and short circuit currents (Isc) values of 3.12 ± 0.07 V and 
1.36 ± 0.05 µA, higher than 1.97 ± 0.09 V, 0.95 ± 0.05 µA observed 
for NWs sample (Figure 5a,b). A switching-polarity test has been 
performed to confirm that the generated output signals arose 
from the piezoelectric phenomenon. Under forward connec­
tion, the nanogenerator shows a positive output signal, while if 
it connects to a reverse connection, an opposite output signal is 
observable as shown in Figure S4, Supporting Information.

To obtain the maximum output power of the nanogenerators, 
piezoelectric voltage across a series of resistive loads is meas­
ured. The output power is calculated using Equation (6).[57,58]

1 2

1

2

∫
( )

=P
t

V t

R
dt

t

t

	 (6)

Where t1, t2, and t are the start, end and whole time of a 
cycle of mechanical impact. R is the resistive load which varies 
from 100 KΩ to10 MΩ, and V(t) is piezoelectric voltage over 
the impact time. Figure  4c shows the variation of power den­
sity versus load resistance. The optimum power densities of 
5.55 ± 0.08 and 1.94 ± 0.08 µW cm−2 are measured for S.NWs 
and NWs samples, at load resistance of 1.5 MΩ, respectively.

The piezoelectric coefficient d33 is a measure of the ability 
of the PNG to convert mechanical energy into piezoelectric 
voltage.[56] Unfortunately, due to the fragile nature of the iso­
lated PVDF nanowires, it proved impossible to determine an 
accurate value for d33 using conventional techniques, such as 
Berlincourt or laser interferometry. To still obtain a reason­
able estimate, we attempted to calculate d33 as an intrinsic 
constant of the PNG following the procedure outlined in Sec­
tion S6, Supporting Information. Our estimates for d33 are 
≈7 and ≈18 pC N−1 for NWs and S.NWs, respectively. To explore 
the origin of the higher d33 values and consequently higher 
power output of the sausage-like structures, finite element 

Figure 4.  FTIR spectra of S.NWs Nanogenerators with different pore 
diameter.
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method (FEM) modeling is performed. To this end, we gen­
erated both smooth and sausage-type morphologies to allow 
for internal comparison (see Figure 6). We note that for these 
FEM simulations, the morphologies have been generated only 
to resemble the experimental observations. Since in contrast to 
the calculations discussed above structure formation is not the 
purpose of this second set of simulations, the morphologies 
should not be compared one-to-one to the ones resulting from 
our multiphase model given in Figure  3. Details of the FEM 

simulations are presented in Section S7, Supporting Informa­
tion. The piezoelectric voltage and volumetric strain are sim­
ulated when a 2 × 10−4 N force is applied in the direction of 
the nanowire length. Figure  6 shows the piezoelectric voltage 
and deformation of S.NWS and NWS samples. The S.NWs and 
NWs nanogenerators generate a piezoelectric voltage of 1 and 
0.7 V, respectively. Interestingly, FEM suggests a higher piezo­
electric voltage of sausage nanowires. An important parameter 
that affects the piezoelectric voltage is the deformability of 

Figure 5.  a) Voc and b) Isc of sausage-like nanowire and nanowire nanogenerators. All nanofiber layers experienced the same excitation with a mechan-
ical force of 20 N. The cyclic response of the nanogenerators, Voc, and Isc, are given in impact frequency of 5 Hz. c) Power density of S.NWs and NWs 
nanogenerators measured across a range of load resistances.

Figure 6.  Simulated piezoelectric voltage for a) normal nanowires, b) sausage-like nanowires. Samples are impacted by a 2  × 10−4 N pulse in the 
stress-charge mode.
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piezoelectric material. Equation  (7) demonstrates the depend­
ence of piezoelectric charge coefficient d33, to the ratio of vari­
ation in applied force to change in surface charge as follows:

33
3 3 3σ

µ
σ σ

=
∂
∂

=
∂
∂

−
∂
∂







d
P

P
ln lnz

	 (7)

Where σ3 is the surface charge, μ is total dipole, z is the 

thickness, and P 
volume

µ
=  is the polarization. The first term 

of Equation  (7) is associated with the number of dipoles pre­
sent at a constant thickness. The second term is connected to 
the deformability of the piezoelectric material which is asso­
ciated with the volumetric strain. FEM results in volumetric 
strain values of 0.011 and 0.008 for S.NWs and NWs, under 
the same 2  × 10−4 N pulse, respectively. Movie S7, Supporting 
Information, clearly shows that for the sausage structure, the 
conjunction between each block undergoes higher strain and 
consequently higher deformation.

Since the crystallinity of NWs and S.NWs is similar, the finite 
element analysis shows that the superior piezoelectric perfor­
mance of the latter specimen is predominantly due to a higher 
deformability of the sausage-like nanostructures in comparison 
to smooth wires.

3. Conclusions

Solvent-nonsolvent phase-inversion has been combined with 
the nanopore-template-wetting technique to create a new type 
of piezoelectric PVDF nanowire morphology with a “sau­
sage-like” appearance. The mechanism of formation of these 
nanostructures has been elucidated using dynamic out-of-
equilibrium phase-field simulations. During the calculations, 
water is allowed to diffuse into the nanopores containing the 
polymer solution. Similar sausage-like structures as in the 

experiment are obtained if it is assumed that the pore wall 
effectively repels the polymer. The simulations suggest that 
the average domain size decreases with the degree of confine­
ment, in agreement with the experimentally observed trend. 
Varying the polymer concentration affects structure size as 
well, and also determines the likelihood that the domains 
remain connected in the dry specimen or break apart into 
separate entities. Our detailed simulation of such a complex 
system is of paramount importance in designing a new gen­
eration of PNGs. We have furthermore demonstrated that the 
sausage-like structures exhibit a much higher piezoelectric 
power output compared to normal “smooth” nanowires pro­
duced in the absence of phase inversion. With the aid of finite 
element simulations, we have shown that the higher deform­
ability of the sausage-like nanogenerators is responsible for 
the strongly enhanced piezoelectric output. In summary, we 
have introduced and explored a new, cost-effective, and scal­
able approach towards fully novel and optimized polymeric 
piezoelectric nanostructures for efficient energy harvesting 
and sensing. In this explorative work, we have focused on the 
performance of these novel sausage-like PVDF nanowires, 
as well as giving qualitative explanations for the phenomena 
associated with processing and measuring. As an outlook, sys­
tematic variation and optimization of experimental and pro­
cessing parameters, as well as extended characterization, will 
be subject to forthcoming studies.

4. Experimental Section
Materials: PVDF (Mw  = 275  000  g mol−1), high purity (99.999%) Al 

foil with a thickness of 0.3  mm, Polydimethylsiloxane (PDMS) sylgard, 
ethanol, perchloric acid, and phosphoric acid were purchased from 
Sigma-Aldrich. DMF was purchased from Merck, Inc. All materials were 
used as received

Fabrication of Templates: AAO templates were fabricated under hard 
anodization (HA) conditions (Section S1, Supporting Information) and 
characterized using 0.3 m oxalic acid by applying an anodization voltage 
of 130  V. Before the anodization process, Al foil was ultrasonically 

Scheme 1.  Schematic representation of template-wetting method.
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cleaned in acetone, washed in distilled water, and then dried at 
room temperature. To remove the surface roughness, the Al foil was 
electropolished in a mixed solution containing ethanol/perchloric acid 
(4/1) at 5  °C and 20  V for 4  min. Subsequently, a mild anodization 
process was carried out at 40 V for 300 s; afterward, in a HA condition 
the voltage increased to 130 V. Anodization process was performed in a 
0 °C cooling bath to prevent burning and breakdown of the Al. Finally, 
the resulting templates were subjected to a widening process for 60, 
80, and 100 min using 0.3 m phosphoric acid at 30 °C, to increase the 
nanopore diameters.

Fabrication of the Nanowires: For template-wetting, the AAO templates 
(68µm depth) were immersed into the PVDF/DMF 20 wt% solution at 
60 °C for 20 h, ensuring the complete infiltration. Afterward, for efficient 
phase inversion, the template was immediately immersed in a deionized 
water bath at 0 °C, for 30 min (S.NWs sample). To obtain normal nano-
wires (NWs sample), templates were left at 60 °C overnight to allow for 
complete evaporation of the solvent. A residual 10 µm film remaining on 
the surface of the AAO templates was removed by mechanical polishing. 
The schematic representation of the nanowire production process is 
shown in Scheme 1.

Scanning Electron Microscope (SEM): Nanowires were sputter-coated 
with gold before SEM imaging. FESEM, Mira 2-XMU was employed to 
observe the top and cross-sectional view of the nanowires. For cross-
section imaging, templates were broken at room temperature. The 
mean diameters of the nanowires and length of the sausage stacks were 
measured using ImageJ processing software.

FTIR Spectroscopy: A Bruker  Tensor  FT-IR Spectrometer equipped 
with  Platinium  ATR unit was used for polymorphism analysis. 
Measurements were performed with an average of 64 scans in the range 
of 400–4000 cm−1 using a resolution of 4 cm−1.

Differential Scanning Calorimetry (DSC): The crystallinity of the 
nanowires was measured utilizing a Mettler Toledo calorimeter. DSC 
measurements were performed from 25 to 200 °C with a heating rate of 
10 °C min−1 under an N2 atmosphere.

Piezoelectric Measurements: Nanogenerators were prepared by 
sandwiching AAO templates filled with PVDF nanowires (diameter 
of 1  cm) between two aluminum foils. A custom-built cyclic 
impact device with a plastic hammer (see Section S8, Figure S9, 
Supporting Information) was employed to mechanically impact the 
nanogenerators at the frequency 5  Hz at an impact force of 20 N. 
A GW INSTEK GDS-2072E oscilloscope was utilized to measure the 
Voc. Various resistive loads were used to measure the Isc and calculate 
optimum power.

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