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A simple one-step spraying method to produce poly(vinylidene fluoride) (PVDF) in the desired conformation is pre-

sented. The content of the piezoelectric b-phase is measured at different spray drying conditions and during electrospray.

The influence of a strong electrical field and charges on the droplet are investigated separately from the electrospray setup

with a pneumatic atomizer. For this purpose, the electric field is integrated into a pneumatic atomization process by a plate

capacitor and the charge of the droplets by corona discharge. To investigate the drying properties, the drying temperature

and the flow rate of dry air are examined. The presented process offers the possibility to deposit PVDF films or to produce

PVDF powders, in their piezoelectric b- and g-phases or in the nonpolar a-phase.
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1 Introduction

Besides common piezoelectric materials, also polymers can
have piezoelectric properties. One representative is
poly(vinylidene fluoride) (PVDF), which can be applied in
sensor and/or actuator applications [1, 2]. With its high
chemical and thermal stability, PVDF is a flexible and low-
cost multifunctional material that can be used, e.g., for
structural health monitoring applications in high-perfor-
mance lightweight structures [3, 4]. PVDF occurs in five
conformations. The crystalline b-phase of the polymer
exhibits the strongest piezoelectric properties in comparison
to the other four phases of the polymer [5]. The occurrence
of the different phases depends on the production process
and the treatment of the polymer. The transformation from
the a-phase to the b-phase occurs, besides various possibili-
ties, such as mechanical stress or the application of an elec-
tric field [6], through crystallization at low temperatures
[7]. To form the desired piezoelectric active b-phase in a
spray drying process, an important parameter is the evapo-
ration rate and the crystallization rate of the dissolved
PVDF droplets [7]. An aerosol process in which the PVDF
particles can be prepared in a continuous one-step method
by spray drying can avoid the common but expensive and
batch-wise treatment. The evaporation rate is controlled by
the amount of dry air given to the aerosol stream. A further
investigated process parameter is the temperature, through
which the evaporation rate can also be controlled. Within
the scope of this project, it is investigated whether and
under which process conditions the desired piezoelectric ac-
tive b-phase or the g-phase and a-phase are preferentially
formed. The influence of the charge is considered in experi-
ments with electrospray. Electrospray methods are used to

produce thin piezoelectric polymer films [8, 9]. Some
authors mention that the formation of the piezoelectric
polar b-phase is favored by the presence of charge during
the electrospray and the electrospinning process [9, 10].
Other publications show that positively and negatively
charged nanofillers support the formation of b-phase PVDF
[11, 12]. Further, it is suggested that solvated ions on the
boundary layer between a solvent-containing PVDF and a
precipitant phase during an anti-solvent process favor the
formation of b-phase PVDF [13]. To investigate the phase
transition process during electrospray in detail, the influ-
ence of the electric field and the charge on a droplet is
examined during a conventional, pneumatic spray drying
process. Since the synthesis of PVDF with electrospray leads
to the desired high content of b-phase but the throughput is
low, it is one objective of this study to identify the relevant
electrospray features which need to be integrated into the
better scalable pneumatic spray drying process for a phase
transformation. The overall aim of this work is to develop a
spray drying process in which the content of the different
phases is adjustable and to maximize the desired piezoelec-
tric b-phase.
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2 Experimental Section

A simple one-step spraying method to produce PVDF in
the desired conformation is presented. The experimental
setup aims at understanding the formation of the different
conformations. Further details are given in Sect. 3.

2.1 Materials

PVDF was produced with iodine transfer emulsion po-
lymerization. This process is described elsewhere [14]. The
molecular weight of the used PVDF is 8800 g mol–1.
N,N-Dimethylformamide (DMF, ‡ 99.5 %) from CarlRoth
was used to dissolve PVDF. The properties of the used
PVDF/DMF solutions are shown in Tab. 1.

2.2 Experimental Setup

Two different setups are used for the atomization of the
PVDF/DMF solution. In the first setup, electrohydro-
dynamic atomization (EHDA, electrospray) is used for the
atomization of the PVDF/DMF solution (Fig. 1a). The setup
consists of a nozzle, a syringe pump (KD Scientific 100 CE),
a high voltage source, and a collector plate. The nozzle has
an inner diameter of 0.41 mm and an outer diameter of

0.72 mm (Nordson EFD). The high voltage was supplied by
a power supply (Fug HCN 35-35000). It is an open setup so
that heat and mass exchange with the environment can take
place. To the nozzle of the electrospray setup, a voltage of
14.5 kV is applied. The collector plate is grounded and the
distance between needle and plate is 5 cm. Consequently,
the applied electric field is 290 kV m–1. The mass fraction of
PVDF in DMF is set to 1 % in this experiment to achieve
good spraying conditions. The electrospray is operated in
multi-jet mode, as the most stable spraying conditions pre-
vail. The flow rate of the syringe pump is set to 0.3 mL h–1.

In the second setup, an atomizer with a two-fluid nozzle
from TOPAS (ATM 220) is used. The mass fraction of
PVDF in DMF is 10 % and the solution is atomized with
1.5 bar. The flow rate of the generated aerosol is 83 L h–1

and the mass flow rate of droplets is 2.44 g h–1. This setup
mainly consists of the atomizer, a drying tube where the
generated droplets are mixed with compressed air for the
drying process, and a filter (Fig. 1b). The drying tube has a
length of 20 cm and a diameter of 2.5 cm. The added drying
air can be preheated. To investigate the influence of the
electric field on the phase transformation, a plate capacitor
is built around the drying tube. The distance between the
two plates is 5 cm and the applied direct current (DC) volt-
age varies between 0 and 30 kV. The influence of the charge
was investigated with corona discharge. Hence, a high volt-
age between –25 and 25 kV was applied to a needle in order
to ionize the drying air. The unipolar ionized air was again
mixed with the generated droplets. This leads to a drying
process and simultaneously to the charging of the droplets.
The mass loading during the spray drying process was
determined gravimetrically (Eq. (1)). The mass loading is
determined by the ratio of the added precursor to the air
supplied to the entire system. The mass loading is used to
compare the electrospray setup with the pneumatic setup
and to make the observations more general.

Mass loading ¼ Atomized solvent
Atomization airþ Drying air

(1)
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Table 1. Properties of the sprayed PVDF/DMF solutions.

Property Electrospray Two-fluid nozzle

Mass fraction PVDF in DMF
[wt %]

1 10

Surface tension [mN m–1] 33.3 32.4

Density [g cm–3] 0.955 0.992

Conductivity [mS cm–1] 184.3

Viscosity [mPa s] 1.8 5.2

Figure 1. Experimental setup for the atomization with electrospray (a) and with a two-fluid nozzle (b).
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2.3 PVDF/Particle Characterization

The phase analysis of the PVDF was conducted via Fourier
transform infrared (FTIR) spectroscopy measurement with
a Tensor 27 instrument from Bruker. The content of the a-,
b-, and g-phases is determined by analysis according to
Gregorio et al. [15] (Eq. (2)) and Cai et al. [16] (Eqs. (3) and
(4)).

FEA ¼
Ab

1:3Aa þ Ab
(2)

F bð Þ ¼ FEA
DHb¢

DHb¢ þ DHg ¢
(3)

F gð Þ ¼ FEA
DHg ¢

DHb ¢ þ DHg ¢
(4)

where FEA is the electroactive b- and g-content, Ab and Aa

are the absorbance at 840 and 766 cm–1, respectively. DHb’

and DHg are the absorbance differences between 1275 and
1260 cm–1 and between 1234 and 1225 cm–1, respectively.

The particle size distribution was measured with an elec-
trical low-pressure impactor (ELPI+ from DEKATI). The
charge on the particles was measured with a Faraday cup
electrometer (FCE). For this purpose, the filter was substi-
tuted with the FCE or the ELPI+ in the pneumatic setup.
For the calculation of the charge per particle, the size of the
particle determined by ELPI+ is used and the current signal
obtained in FCE.

3 Results and Discussion

In the experiments with electrospray, PVDF/DMF droplets
are produced. The generated droplets are charged and travel
along the electric field to the grounded plate. On the way to
the plate, the droplets dry completely, so that pure PVDF
particles are deposited on the collector plate. Both parame-
ters, i.e., charge and electric field, are present during the
evaporation of the solvent DMF and, therefore, also during
the formation of b-phase PVDF. The produced PVDF does
not contain g-phase and nearly no a-phase. The b-phase
accounts for 90 % and the a-phase for 10 %. The FTIR spec-
trum of the electrosprayed PVDF is compared to an FTIR
spectrum of a pneumatic two-fluid nozzle-sprayed PVDF at
high mass loading conditions in Fig. 2. The b-phase peak at
1275 cm–1 is increased and the g-phase peak at 1234 cm–1 is
not present for PVDF from the electrospray setup. The
a-phase peak at 766 cm–1 remains unchanged small. In the
drying process during electrospray, the mass loading is
11 mg Lair

–1 and was estimated for a comparison between
pneumatic spray drying and electrospray (Fig. 2). An ad-
vantage of producing a PVDF film by electrospray is that
the produced b-phase is polarized in the applied electric
field [9]. This means that a piezoelectric material is pro-

duced directly, which does not require any subsequent treat-
ment.

The size distribution for dried PVDF particles from the
second setup using a two-fluid nozzle atomizer is shown in
Fig. 3. The particles have a size from 0.03 up to 5mm and an
x50 value of 102 nm. The size measurement was conducted
at ambient temperature, a mass fraction of 10 % PVDF, and
the mass loading of the solution was 15 mg Lair

–1.

Fig. 4 shows that the content of the a-, b-, and g-phases
changes when drying conditions are varied. The dry air is
added with ambient temperature. At a mass loading of
15 mg Lair

–1, the mixture of aerosol to dry air is 1:1. The
amount of dry air is increased up to a mixture of 1:5 and a
resulting mass loading of 5 mg Lair

–1. The content of the
b-phase increases, while the g-phase decreases with a reduc-
tion of the mass loading. The content of the a-phase
remains constant between 3.5 and 7 % for all mass loadings.
At a mass loading around 5 mg Lair

–1, which means that the
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Figure 2. FTIR spectra of electrosprayed and pneumatic sprayed
PVDF.

Figure 3. Size distribution of dried PVDF particles for atomiza-
tion with a two-fluid nozzle.
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mixture of aerosol to dry air is 1:5, the content of the
g-phase is near 0 %, and the b- phase reaches a constant val-
ue of around 95 %. High dry airflow rates reduce the time
in which a drop evaporates completely and, therefore,
increase the evaporation rate [17, 18]. The results indicate
that a fast drying kinetic during spray drying favors the for-
mation of b-phase PVDF. This can be explained with the
Ostwald step rule. The Ostwald step rule states that first, in
a reaction with several products, not the most stable form is
reached, but rather the form closest to the free energy of the
original state [19]. The a-phase is the most stable form fol-
lowed by the g-phase. The b-phase has the highest energetic
state and, therefore, forms the most unstable crystal form
[20]. Under the assumption of the Ostwald step rule, the
b-phase is formed at fast evaporation kinetics. The forma-
tion of the g-phase takes place at reduced evaporation
kinetics and thus at increased mass loadings. Similar obser-
vations are made in the production of b-phase PVDF by a
RESS (rapid expansion of supercritical solutions) process,
in which nucleation also occurs fast [21]. Other publications
show different results. It is mentioned that a high evapora-
tion rate favors the formation of a-phase and reduces the
formation of b-phase [7, 22]. In these studies, the evapora-
tion rate is increased by an increase in temperature. In con-
trast to these studies, however, the evaporation kinetics in
this spray drying process is influenced by the amount of
drying air. Nevertheless, a similar behavior like in [7, 22] is
observed for spray drying with preheated drying air (Fig. 5).
The experiments were conducted with a high mass loading
at 20.2 mg Lair

–1 so that at 21 �C mostly g-phase and no
b-phase is produced. With increasing the temperature, the
amount of g-phase decreases while the amount of a- and
b-phases increases. There are two effects of phase transfor-
mation. A higher temperature of the drying air enlarges the
vapor pressure of the DMF and, therefore, the droplet evap-
orates faster [23]. The increase of the b-phase is caused by
this increase of the evaporation rate, induced by higher
temperatures, like the results shown in Fig. 4. The increase
of the a-phase can be explained by the presence of higher
temperatures like it is observed in [7, 22].

The spray drying with electrospray PVDF showed a high
b-phase content compared to pneumatic spray drying with
a similar mass loading (Fig. 4). This indicates that either the
electric field or the charge on the droplets lead to an
increased formation of the b-phase. In further experiments
with the pneumatic two-fluid nozzle, an electric field and a
corona discharger are added. The influence of the charge
prevailing in electrospray and the electric field should be
considered separately. The strength of the electric field dur-
ing the electrospray is at 290 kV m–1. Strong electric fields
can cause a change in the conformation towards the
b-phase [24]. It was observed that electric fields of 100 MV
m–1 lead to an enhanced formation of b-phase PVDF
[20, 25]. During electrospinning, it is assumed that the poly-
mer chains orientate towards the electric field and, there-
fore, the formation of the b-phase is favored [26, 27]. The

increased mobility of PVDF molecules in the dissolved state
could lead to an increased formation of the b-phase even in
comparatively weaker electric fields. It is to be examined
whether the comparatively weak electric fields of electro-
spray can lead to a phase transformation. The mass loading
is set to 15 mg Lair

–1. As can be seen in Fig. 6, there is no
change in the phase composition with increasing electric
field strength. The b-phase content remains constant even
for strong electric fields at 600 kV m–1, which is more than
twice as much as with electrospray. The electric field does
not seem to be strong enough to induce interactions with
the PVDF molecules.

However, there are indications that the presence of charge
favors the formation of b-phase PVDF [9–13]. The influ-
ence of charge on the phase conversion during spray drying
is tested with corona discharge. Fig. 7 shows the phase con-
tent in dependence of the applied voltage to the needle in
the corona discharger, which is an indicator for the concen-
tration of the produced ions. The highest amount of
b-phase PVDF is achieved for a positive voltage of 25 kV at
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Figure 4. Crystalline phase conformations of the PVDF after
spray drying at different mass loadings.

Figure 5. Crystalline phase conformations of the PVDF after
spray drying at different temperatures.
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the needle. The phase content of b-phase PVDF decreases
with the reduction of the voltage. When a negative voltage
is applied, the content of b-phase PVDF reaches its mini-
mum for –15 kV. When a higher negative voltage (–25 kV)
is used, the b-phase content increases again but it is still
below the b-phase content of 25 kV. The charge per particle
(Fig. 8) indicates that the charging process for positive coro-
na discharge is more effective. Without corona discharge,
there are 20 negative charges per particle. The phenomenon
that droplets originating from pneumatic atomization carry
negative charge is known [28]. If the voltage is increased to
25 kV, there is a change from 20 negative charges to 57 posi-
tive charges per particle. But at a voltage of –25 kV, the
charge only changes from 20 to 57 negative charges per par-
ticle. Taking into account the strength of charge change for
the positive corona discharge, the increased b-phase forma-
tion can be explained for the positive corona discharge. Fur-
thermore, a steric hindrance could reduce the formation of
b-phase PVDF for negatively charged droplets. The covalent

atom radius of fluorine (57 pm) is almost twice as large as
that of hydrogen (31 pm) [29].

A schematical illustration of the phase conversion process
during spray drying with charged particles is shown in
Fig. 9. The charge applied to the droplet through corona
discharge will distribute over the droplet surface due to
repulsive forces. The dissolved PVDF molecules in droplets
have a partial positive charge in the CH2 segments and a
partial negative charge in the CF2 segments. When a posi-
tive voltage is applied to the corona discharger, the drop
surface is positively charged and the partial positive CF2

segments of the dissolved PVDF align themselves in the
direction of the surface. The solvent of the drop evaporates,
which leads to a reduction of the surface and simultaneous-
ly increases the charge density on the drop and the effect is
enhanced. If the solvent evaporates sufficiently, crystalliza-
tion occurs in the b-phase in the charge-forced arrange-
ment. If a negative charge is applied, the arrangement of the
PVDF molecule is reversed and CH2 segments align them-
selves towards the droplet surface. The stronger curvature
on the inner side of the molecule leaves less space for the
larger fluorine atoms and, thus, causes steric hindrance in
the formation of the b-phase. This could also explain why
an increase in b-phase is observed for an applied voltage of
+15 kV, but a slight decrease in b-phase at –15 kV. Stronger
negative charges on the surface, as at 25 kV, however, lead
to the effect shown in Fig. 9.

4 Conclusion

The spray drying process with the two-fluid nozzle enables
the production of PVDF in the a-, b-, and g-phases in dif-
ferent compositions. Each of the three phases can be
adjusted through the variety of different spray drying and
process parameters. By raising the temperature, the a-phase
content can be increased. The piezoelectric b-phase can be
produced by increasing the addition of drying air and
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Figure 6. Crystalline phase conformations of the PVDF after
spray drying in an electric field.

Figure 7. Crystalline phase conformations of the PVDF after
spray drying with corona discharge.

Figure 8. Charges per particle at different applied voltages in
the charged spray drying process.
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charging the drop surface during the drying process. The
g-phase is formed by a reduction of the drying air and, thus,
by reduced drying kinetics.

Furthermore, this study shows that spray drying by
means of electrospray has a positive influence on the forma-
tion of the b-phase. This is caused by the application of sur-
face charge during the atomization process. The positive
charge has a stronger influence on the formation of the
b-phase than the negative charge. This could be explained
by a steric hindrance by the fluorine atoms, which are
almost twice as large as the hydrogen atoms. In general, the
presence of charge on the droplet has a greater influence on
the formation of the b-phase in contrast to an externally
applied electric field where no influence on the formation of
the phases could be observed. The positive influence of the
charge on the formation of the b-phase can also be used in
pneumatic spray drying by charging the droplets through
corona discharge. Based on these results, charging processes
directly at the two-fluid nozzle, e.g., by applying a voltage,
could provide a more effective way of charging the droplets
and, thus, enable high throughputs in pneumatic spray
drying.
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Symbols used

Aa [–] absorption at 766 cm–1

Ab [–] absorption at 840 cm–1

FEA [–] electroactive b- and g-content in
PVDF

DHb’ [–] absorbance differences between 1275
and 1260 cm–1

DHg’ [–] absorbance differences between 1234
and 1225 cm–1

Abbreviations

DC direct current
EHDA electrohydrodynamic atomization
ELPI electrical low-pressure impactor
FCE Faraday cup electrometer
FTIR Fourier transform infrared
PVDF poly(vinylidene fluoride)
RESS rapid expansion of supercritical solutions
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