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Surface modification of fibers has attracted significant attention in different areas and applications. In this

work, polyvinylidene fluoride (PVDF) cactus-like nanofibers were directly produced via electrospinning at

a high relative humidity (RH) of 62%. The formation mechanism of the cactus structure was

demonstrated. The effects of the RH on the fabrication of the cactus structure, crystalline phases,

mechanical properties, hydrophobicity, and piezoelectric properties of the PVDF nanofibers were

investigated. The results showed that the cactus-like nanofibers have a high crystallinity (DXc), and an

outstanding water contact angle (WCA), as well as good electrical outputs. We believe that the PVDF

cactus structure can be used in many applications such as energy harvesting and self-cleaning surfaces.
1. Introduction

Through thousands of years of natural selection and species
competition, humans have developed a command of delicate
structural features that are important to their survival. One of
the most fascinating structures is the hierarchical surface
produced at the nanometer scale. In the last few decades,
a considerable amount of research has focused on hierarchi-
cally structured materials at the nanometer scale, to explore the
advantages of these unique structure-related properties.

As a progressively popular nanofabrication method, elec-
trospinning is a versatile and effective method for producing
bers with a diameter ranging from a few nanometers to several
micrometers.1 Furthermore, by developing the compositions
and structures of electrospun nanobers, the properties of
these bers can be improved or altered by regulating the surface
morphology (e.g. triaxial bers,2 grooved bers,3 hierarchical
bers,4 porous structure,5,6 ribbon bers,7 beaded bers,8 core-
sheath bers,9 side-by-side bers,10,11 crimped bers,12 rice
grain-shaped nanocomposites,13 and buttery wings bers14).

Electrospun nanobers have attracted further attention in
recent years owing to their outstanding properties such as their
small diameters,15 high specic surface area,16 ease of func-
tionality,17 high porosity,17 exibility,1 good pore structure,1
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excellent mechanical properties,18 a variety of morphological
and structural properties,19 and their low density.20 Therefore,
they have been used in different areas such as in super-
hydrophobic surfaces,21,22 energy harvesting,23 ltration,24,25

biomedical applications,26 catalysts,27 sensors,28 and so forth.
Nowadays, poly (vinylidene uoride) (PVDF) is the polymer of

choice for a variety of scientic researchers owing to its
outstanding properties including its piezo-, pyro- and ferro-
electricity, exibility, thermal stability, high mechanical
strength, chemical resistance, and its ability to be formed into
different structures.17,29 Therefore, it has been increasingly used
in different elds such as self-cleaning surfaces,30 energy har-
vesting,31 sensors,32 ltration systems,33 oil clean up materials,34

and so on.
In the electrospinning process, a number of parameters

including the relative humidity (RH), temperature, polymer
concentration, elasticity, electrical potential, and distance
between the tip and the collector are known to affect the
mechanical, physicochemical, and piezoelectric properties of
the bers, such as the ber diameter, surface morphology, and
the crystalline phases.35–42 However, the effects of the RH on the
mechanical, physicochemical, and piezoelectric properties of
the electrospun PVDF bers have not been comprehensively
studied so far.

Previously, we have reported the generation of cellulose
acetate butyrate and polystyrene bers with a grooved structure
through electrospinning using a mixed solvent system con-
taining a high boiling point solvent and a low boiling point
solvent.3,43 Moreover, we have reported the fabrication of PVDF
nanobers by controlling the solvent systems and polymer
concentration which have a maneuvering surface structure.19

In this work, we demonstrated the feasibility of fabricating
PVDF cactus-like nanobers at different levels of RH. Moreover,
the relationship between the RH and the crystallinity (DXc),
RSC Adv., 2018, 8, 42353–42360 | 42353
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Fig. 1 (a) Schematic diagrams illustrating the electrospinning process.
(b) Typical SEM image of the PVDF cactus-like fibers (I) and an optical
image of a cactus leaf (II).
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mechanical properties, hydrophobicity, and piezoelectric
properties of the PVDF nanobers were investigated. To our
knowledge, this is the rst time that a cactus structure has been
generated on the surface of electrospun PVDF nanobers. We
determined the mechanism of formation and explored the
effect of the RH on the properties of the electrospun PVDF
nanobers. We concluded that the PVDF cactus structure has
many advantages (e.g. high roughness, interior porosity,
extraordinary water contact angle (WCA), and good electrical
outputs), meaning it can be used in many different applica-
tions, in particular for energy harvesting and self-cleaning
surfaces. This study could provide useful guidelines for the
generation of cactus-like nanobers via electrospinning.

2. Experimental
2.1. Materials

PVDF pellets (Mw ¼ 275 000) were purchased from Sigma-
Aldrich, USA. Acetone (ACE) and N,N-dimethylformamide
(DMF) were purchased from Shanghai Chemical Reagents Co.,
Ltd, China. All chemicals were used without further
purication.

2.2. Methods

Electrospinning: a 22% (DMF/ACE) PVDF solution at a solvent
ratio of 1 : 8 was prepared; the solution was loaded into a plastic
syringe. The polymer concentration and the solvents used were
selected based on their effects on the surface morphology and
the spinnability of the bers.19 In this work, the solvent ratio
was the volume ratio, and the solution concentration was the
weight/volume (w/v) (g ml�1). A 21 gauge syringe needle was
used as the spinneret, which was xed onto a syringe pump
(KDS 100, KD Scientic Inc., USA) connected to a high-voltage
supplier (Tianjin Dongwen Co., Ltd., China). A grounded
drum collector (40 cm in length and 20 cm in diameter) was
placed 18 cm away from the spinneret, and the rotating speed
was set at 100 rpm. The setup for electrospinning is illustrated
in Fig. 1a. All of the experiments were carried out at 20 �C under
different levels of relative humidity (2%, 22%, 42%, and 62%).
The relative humidity was adjusted by the environmental
humidity, which could be further xed within a narrow window
(�2%) by using a humidier/dehumidier. All of the samples
were prepared at the feeding rate and applied voltage of 1.5 ml
h�1 and 18 kV, respectively.44

2.3. Characterization

The surface morphology and cross-section of the electrospun
PVDF bers were assessed using eld emission scanning elec-
tron microscopy (FE-SEM, S-4800 Hitachi, Japan). Cross-
sections of the nanobers were prepared by dipping them in
liquid nitrogen for approximately 30 s, and cutting them
manually. The ber diameter was measured using image pro-
cessing soware (ImageJ 1.45s). The relative humidity was
checked using a Weather Thermometer Hygrometer (Anymeter
TH101B, China). The thickness of the webs was adjusted at 100
mm using a micrometer (Anytime, USA). X-ray diffraction (XRD)
42354 | RSC Adv., 2018, 8, 42353–42360
measurements were taken on a diffractometer (Panalytical XRD,
Netherlands) using Cu radiation at 1.54 Å. The samples were
scanned in the 2q range of 5–30�. Fourier transform infrared
(FTIR, USA) spectra were carried out on a Bruker Optics spec-
troscopy in the attenuated total reection (ATR) mode. Differ-
ential scanning calorimetry (DSC, USA) was performed by
heating the samples from 40 to 180 �C at the heating rate of
10�C min�1 in a nitrogen atmosphere. The mechanical prop-
erties of the PVDF ber webs were tested using an Instron
Universal Testing Machine (5967, USA) at a crosshead speed of
20 mm min�1. Six specimens with dimensions of 50 � 15 mm2

were checked for each group. The static water contact angles
(WCAs) were measured using the Dataphysics Contact Angle
System (OCA, Germany) at the static sessile drop mode. The
volume of the water droplets was 5 ml. For each sample, the
results were obtained based on the WCA in eight different areas
at room temperature. The piezoelectric nanogenerators
(PENGs) were designed using the same process reported in our
previous work.44 The open-circuit voltage and the short-circuit
current of the PENGs with a working area of 15 cm2 were
carried out via an oscilloscope (LeCroy, Wavesurfer 104MXs-B,
USA) and current preampliers (Stanford Research SR570,
USA), respectively, under an impact frequency of 5 Hz, and
a peak force of 10 N.
3. Results and discussion
3.1. Effect of the relative humidity on the formation of the
PVDF cactus structure

In this study, the PVDF nanobers were fabricated at different
levels of RH (2%, 22%, 42%, and 62%), and the effect of the RH
on their morphologies was studied. As shown in Fig. 2, smooth
This journal is © The Royal Society of Chemistry 2018
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Fig. 2 SEM images of PVDF fibers electrospun at different levels of RH: (a) 2%; (b) 22%; (c) 42%; and (d) 62%.
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bers were formed at a RH of 2% (Fig. 2a and S1a†), whereas
pillar bers were produced at a RH of 22% and 42% (Fig. 2b, c,
S1b and S1c†), while cactus-like bers were obtained at a RH of
Fig. 3 Cross-sectional SEM images of PVDF fibers electrospun at differe

This journal is © The Royal Society of Chemistry 2018
62% (Fig. 2d and S1d†). The average diameter of bers formed
increased from 836� 99 nm at a RH of 2%, to 2698� 222 nm at
a RH of 62% (Fig. S2†). In order to explore the mechanism of
nt levels of RH: (a) 2%, (b) 22%, (c) 42%, and (d) 62%.

RSC Adv., 2018, 8, 42353–42360 | 42355
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Fig. 4 (a) XRD patterns for the PVDF fiber webs electrospun at different levels of RH. (b) FTIR spectra for PVDF fiber webs electrospun at different
levels of RH. (c) DSC for PVDF fiber webs electrospun at different levels of RH. (d) DXc and F(b) for PVDF fiber webs prepared at different levels of
RH.

Table 1 The b phase content and crystallinity of the PVDF fiber webs
formed at different levels of RH

F(b)
and DXc content

RH

2% 22% 42% 62%

F(b) (%) 55 61.63 66.23 73.06
DXc (%) 44.17 49.2 52.7 57.32
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formation for the cactus structure, a cross-section of the bers
formed at different levels of RH was analyzed. The solid interior
was formed at a RH of 2% as there was no phase separation
(Fig. 3a), while the interior pores were formed at a RH of 22%,
42%, and 62% (Fig. 3b–d), and this can be ascribed to vapor
induced phase separation (VIPS).19,45 Herein, the mechanism of
formation for the cactus structure can be attributed to this
hypothesis. Aer combining the DMF/ACE solvents at a solvent
ratio of 1 : 8, a mechanically strong sheath or layer was created
rst because of the rapid evaporation rate of ACE and the phase
separation, which can resist the attack of the condensed water
droplets. Furthermore, DMF (vapor pressure, 0.36 kPa) with
a small portion of ACE (vapor pressure, 24 kPa) is trapped in the
ber; however ACE desperately wants to escape these
constraints. The dense PVDF layer blocks most of the regions
42356 | RSC Adv., 2018, 8, 42353–42360
and inhibits the fast evaporation of ACE, but many weak points
still exist, at which the evaporation rate of ACE is very high.
Aerwards this erupting (DMF/ACE) PVDF solution is con-
fronted by the surface water droplets and precipitates into the
cactus structure.
3.2. Effect of the RH on the crystalline phases of the PVDF
nanober webs

In order to determine the relationship between the RH and the
crystalline phases of the PVDF nanobers webs, the crystal
structure of samples was checked at a RH of 2%, 22%, 42%, and
62%. The XRD patterns of the PVDF bers electrospun at
different levels of RH are shown in Fig. 4a. It has previously
been reported that the a phase exhibits a peak at 2q ¼ 18.4�,
corresponding to the (020) crystal plane, while the sum b phase
showed a peak at 2q ¼ 20.6�, corresponding to the (110) and
(200) plane.46 The intensity of b crystal phase increases by
increasing the RH. To conrm the crystal phase structure, FTIR
spectrophotometry was used. As shown in Fig. 4b, the charac-
teristic bands of the b phase crystals were observed at 840 cm�1

(CH2 rocking) and 1274 cm�1 (trans band), while the a phase
crystals were identied at bands 762 and 976 cm�1.47,48 PVDF
can have ve polymorphs: the a and d phase (TGTG0) trans–
gauche–trans–gauche, the b phase (TTTT) all trans and (T3GT3G0)
This journal is © The Royal Society of Chemistry 2018
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Fig. 5 A comparison of the tensile mechanical tests for the PVDF fiber webs electrospun at different levels of RH including: (a) stress–strain
behavior; (b) stress; (c) strain; and (d) Young's modulus.
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for the g and 3 phases.49–52 Moreover, the b phase content [F(b)]
of the PVDF bers correlates to the piezoelectric response.53

Based on the eqn S(1),† the F(b) content was 55%, 61.93%,
66.23%, and 73.06% at a RH of 2%, 22%, 42%, and 62%,
respectively. The crystal degree of the samples (DXc) was
measured using DSC analysis (Fig. 4c). The DXc content was
calculated according to eqn S(2)† and the DXc was 44.17%,
49.2%, 52.7%, and 57.32% at a RH of 2%, 22%, 42%, and 62%,
respectively.

It should be noted that the DXc as well as the F(b) increase
when the RH increases owing to the enhanced degree of
molecular orientation during the electrospinning of the
PVDF bers (Fig. 4d). In other words, DXc and F(b) increase by
increasing the evaporation time of the solvents.54 The F(b)
and DXc content of all of the ber webs formed are listed in
Table 1.
Table 2 The mechanical properties of the PVDF fiber webs formed at d

Mechanical
properties

RH

2% 22

Stress (MPa) 3.1 � 0.38 2
Strain (%) 57.1 � 6.34 13
Young's modulus
(MPa)

19.6 � 2.01

This journal is © The Royal Society of Chemistry 2018
3.3. Effect of the RH on the mechanical properties of the
PVDF nanober webs

The mechanical properties oen measured, such as stress,
strain, and Young's modulus, are dependent on both the
strength of the individual bers and the interactions between
them. The results below illustrate how the mechanical proper-
ties of the PVDF ber webs are affected by the RH during
electrospinning.

Representative stress–strain curves for the PVDF ber webs
electrospun over a range of different relative humidities (2–
62%) are shown in Fig. 5a. The average stress, strain, and
Young's modulus as a function of the RH are shown in Fig. 5b–
d, respectively. The results show that the PVDF ber webs were
the strongest at 2% RH, in which they had the highest stress (3.1
� 0.38 MPa) and Young's modulus (19.6� 2.01 MPa). At a RH of
62%, they exhibited the lowest stress (0.713 � 0.13 MPa) and
ifferent levels of RH

% 42% 62%

.59 � 0.36 1.77 � 0.22 0.713 � 0.13
3.6 � 15.9 113 � 11.3 58.6 � 6.11
7.9 � 1.02 7.3 � 0.91 1.2 � 0.18

RSC Adv., 2018, 8, 42353–42360 | 42357
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Fig. 6 Representative images of the water droplets and the WCA on the surface of the PVDF fiber webs electrospun at different levels of RH: (a)
2%; (b) 22%,; (c) 42%; and (d) 62%.
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Young's modulus (1.2 � 0.18 MPa). Both the stress and the
Young's modulus of the webs decreased when the RH was
increased. The results indicate that the RH plays an important
role in determining the mechanical properties of the PVDF
nanober webs.

Generally, there is a negative linear relationship between the
mechanical properties of the PVDF nanober webs and the RH.
This could be visually noticed aer the spinning was completed.

At a low RH, the ber webs can be handled by hand and
appeared uniform and well integrated, whereas the webs had
a uffy, cotton-like texture at a high RH owing to poor ber–
Fig. 7 Voltage output generated by the PENGs based on the PVDF fiber

42358 | RSC Adv., 2018, 8, 42353–42360
ber bonding. The reason for this poor bonding at a high RH
could be ascribed to the phase separation stimulated by the
presence of water. A glassy skin forms soon aer the polymer jet
comes into contact with the surrounding air. As the glassy skin
is created, the amount of residual solvent on it is reduced.
Consequently, the adhesion between each ber–ber will be
fragile as the residual solvent is essential to soldering the ber
junctions together.35 The mechanical properties of all of the
ber webs obtained at different levels of RH are summarized in
Table 2.
webs at different levels of RH.

This journal is © The Royal Society of Chemistry 2018
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3.4. Effect of the RH on the hydrophobicity of the PVDF
nanober webs

The WCAs of the electrospun PVDF nanobers were examined
to investigate the hydrophobicity of the webs. Fig. 6 shows
a photograph of the representative water drops on the webs
formed at different levels of RH. The average WCA of the PVDF
webs was 81 � 4.6�, 128 � 3.8�, 135 � 3.2�, and 156 � 2.5� at
a RH of 2%, 22%, 42%, and 62%, respectively (Fig. 6a–d). The
increase of the WCA as a result of the increasing RH is attrib-
uted to the increase in the surface roughness of the ber webs.
The cactus-like bers exhibited the highest WCA owing to their
hierarchical structures, which promotes the trapping of air
between the water droplet and the surface, and prevents water
from penetrating the surface of the bers.55,56 Importantly, the
electrospun PVDF cactus structure exhibited an outstanding
WCA compared to the WCAs obtained from previous studies
based on pristine PVDF electrospun bers.57–59

3.5. Effect of the RH on the piezoelectric properties of PVDF
nanober webs

To explore the relationship between the cactus structure and the
electrical outputs of the piezoelectric nanogenerator (PENG),
four PENGs based on electrospun PVDF ber webs at different
relative humidities were fabricated. For precise comparison, the
PENGs were tested under the same conditions (web thickness of
100 mm; working area of 15 cm2; impact frequency of 5 Hz; peak
force 10 N). The results showed that the voltage and current
outputs of the PENGs were 0.65 V and 1.44 mA at a RH of 2%,
0.89 V and 1.87 mA at a RH of 22%, 1.43 V and 2.21 mA at a RH of
42%, and 1.73 V and 2.79 mA at a RH of 62% (Fig. 7 and S3†).
Herein, the highest electrical outputs for the PENGs based on
the PVDF cactus structure can be attributed to their extraordi-
nary rough surface and high F(b).44

4. Conclusions

In summary, the PVDF cactus structure was directly electro-
spun. The ber webs were formed using a 22% (DMF/ACE)
PVDF solution at a solvent ratio of 1 : 8 with a voltage of 18
kV, a tip to collector distance of 18 cm, a feeding rate of 1.5 ml
h�1, and a RH of 62%. The mechanism of formation for the
cactus structure was explored. The results indicated that there is
a negative linear relationship between the RH and the
mechanical properties of the PVDF ber webs, while there is
a positive linear relationship between the RH and the physico-
chemical properties, as well as the piezoelectric properties of
these webs. As the PVDF cactus-like nanobers have multiple
advantages represented by a high degree of roughness, interior
porosity, extraordinary WCA, and good electrical outputs; this
structure could serve as a potential candidate for several
applications, including energy harvesting, sensors, self-
cleaning surfaces, and so on.
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