Evolution of Fiber Morphology During Electrospinning
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ABSTRACT: In this study, the morphological evolution
of poly(acrylonitrile) (PAN) nanofibers during electrospin-
ning was examined via immersion precipitation of newly
electrospun filaments in ethanol, and subsequently associ-
ating the fiber morphologies with the electrospinning dis-
tances (2 to 10 cm). We have observed that an uneven
fiber stretching happened throughout the electrospinning
process. A massive filament-thinning took place at the ini-
tial stage of whipping instability, and fiber stretching at

the later whipping stage was mainly concentrated on the
bead sections, leading to improved uniformity of the re-
sultant fibers. This work has provided a new insight into
the fiber formation mechanism in the electrospinning pro-
cess. © 2010 Wiley Periodicals, Inc. ] Appl Polym Sci 118: 2553
2561, 2010
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INTRODUCTION

Electrospinning is a very useful technique to pro-
duce polymeric nanofibers for diverse applications.'”
This technique involves stretching a viscous poly-
mer fluid under a strong electric field into fine fila-
ments, which are typically deposited randomly on a
grounded collector forming a nonwoven nanofiber
mat. Improved electrospinning techniques have been
able to produce bicomponent nanofibers,® ! ali%ned
fiber array,'™'° fibers with a porous surface'®'” or
other novel fibrous structures.'® >’

The fiber stretching in electrospinning is a fast and
incessant process, which can be divided into three
consecutive stages'”: jet initiation, whipping instabil-
ity, and fiber deposition. From the initial jet to dry
fibers, the fiber stretching process takes place in milli-
seconds.”’ Although extensive works have been
undertaken to understand the effects of operating pa-
rameters (e.g., applied voltage, spinning distance,
flow rate of polymer solution) and initial material
properties (e.g., solution viscosity, conductivity, sur-
face tension, solvent volatility) on the electrospinning
process and resultant fiber morphology,® ™ little is
known on how the jet/filament changes its morphol-
ogy during electrospinning. As a result of lacking in-
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depth understanding of the fiber stretching mecha-
nism, the control of electrospinning process and fiber
morphology has been based on adjusting the operat-
ing parameters and initial solution properties.

In previous studies,>** a high-speed video
camera combined with a long distance optical micro-
scopic lens was used to observe an electrospinning
process, and a single-fiber stretching mechanism
accompanied with a helical whipping movement
was observed. However, the relatively low resolu-
tion of optical microscope system made it impossible
to trace the filament morphology change during
electrospinning due to the small filament diameter.

In fiber and membrane industries, immersion pre-
cipitation has been a commonly used principle for
producing porous membranes or wet-spun fibers.*?!
Using a nonsolvent as coagulant, a polymer solution
can be solidified rapidly into desired shapes. The pro-
cess and resultant polymer morphology are controlled
by diffusion kinetics of solvent and nonsolvent.

In this study, we have used, for the first time, the
immersion precipitation method to rapidly solidify
newly electrospun PAN filaments at different spin-
ning distances, so that the fiber morphology evolu-
tion in electrospinning can be established indirectly.
The reason for not using normal electrode collector
to collect as-spun nanofibers is that liquid filament
cannot maintain their morphology when the collec-
tion distance is short.>?

EXPERIMENTAL
Materials and measurements

Polyacrylonitrile (M,, = 86,200 g/mol), N,N-dimethyl-
formamide (DMF) and ethanol were obtained from
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Aldrich and used as received. The fiber morphology
was observed under a scanning electron microscope
(SEM, LEO 1530 microscope). The fiber morpholo-
gies (fiber diameter, bead size) were analyzed based
on the SEM images with the aid of an image analy-
sis software (ImagePro+6.0). At least 200 fibers were
counted in each calculation.

Cloud point data were obtained by titration
method. Mixed solvent and nonsolvent (1 : 1 in vol-
ume) were slowly added to a homogeneous polymer
solution using a syringe at room temperature. The
cloud point was calculated when the solution
remained turbid for more than 24 h.

The immersion precipitation kinetics of PAN-DMF
solutions in ethanol was measured by light transmit-
tance method.™ The measurement was performed
using an optical-fiber UV-visible spectroscope system
including a vertically set cuvette holder, a UV-VIS-NIR
light source (DH-2000-BAL) and a UV-VIS spectrome-
ter (USB 4000). The system is controlled by a personal
computer with software (SpectraSuite). In the measure-
ment, a film (~300 um in thickness) of PAN solution
on quartz plate was immersed instantly into the etha-
nol, and real-time light transmittance of the solution
film was recorded. Many previous researches*** have
proven the coagulation speed can be denoted as £/v/t,
where ¢ is the thickness of solidified liquid layer dur-
ing the coagulation process and t presents coagulation
time. The coagulation speed of the solution film in this
research was calculated according to eq. (1):

Coagulation speed

= film thickness//complete coagulation time. (1)

The electric field strength was calculated with a fi-
nite element method using the software Femlab3.4.
In the subdomain settings, the constitutive relation
D = gg, was used together with E = —VV to obtain
the equation below,

-V -g¢eVV =p, )

where E is the electric field strength, ¢, is the relative
permittivity which is 1 for air and 24.3 for ethanol ¢
and p is the space charge density. During boundary
setting, only the needle was set under applied
potential and electric potentials of other boundaries
were all set as zero.

Electrospinning

A purpose-built electrospinning apparatus was used in
this work (Fig. 1). The polymer solution was put into a
5 mL plastic syringe and connected to a high voltage
power supply (ES30P, Gamma High Voltage Research)
via a metal syringe needle (21 Gauge). A round copper
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Figure 1 Apparatus for solidifying the newly electrospun
fibers at different distances.

disk (diameter = 8 cm), used as the grounded elec-
trode, was placed in a plastic flask (inner diameter = 9
cm and depth = 15 cm) right underneath the syringe
needle (nozzle). The distance between the tip of the
nozzle and the copper disk was fixed at 15 cm. Before
electrospinning, ethanol was added into the plastic
flask so that the as-spun fibers were directly electro-
spun into the ethanol bath before reaching the
grounded electrode, and the distance between the noz-
zle tip and ethanol surface (d) was changed via adjust-
ing the volume of ethanol. During electrospinning, the
flow rate of the PAN solution was controlled at 1.0
mL/h using a digital syringe pump (KD scientific).
The distance between the needle tip and ethanol sur-
face was set in the range of 2-10 cm.

RESULTS AND DISCUSSION

Figure 1 shows the apparatus for in-situ solidifica-
tion of the newly electrospun fibers at different elec-
trospinning distances. The liquid filaments were
directly deposited into an ethanol bath set between
the nozzle and the grounded electrode during elec-
trospinning. Once the filaments came into contact
with the ethanol, immersion precipitation occurred
immediately, resulting in solid filaments that were
easily observed under SEM.

The key to trace the fiber morphology evolution
using the immersion precipitation method is to
ensure that no morphology contrast occurs during
the process. To verify this, the phase separation
behavior of the PAN-DMF-ethanol ternary system
and the kinetics of immersing PAN-DMEF solution in
ethanol were examined.
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Figure 2 Cloud points in the system consisting of PAN,
DMF, and ethanol.

The cloud point curve phase diagram, which
shows the critical composition of ternary system
from thermodynamically stable to unstable states,”
for the PAN-DMF-ethanol mixture at room tempera-
ture was measured by the turbidity method and
shown in Figure 2. The ethanol concentration varied
from 6.9 to 17.2% when the PAN concentration
changed from 11 to 1%. The phase diagram shown
in Figure 2 reveals small liquid-liquid de-mixing
region and a typical instantaneous de-mixing tend-
ency for the PAN-DMF-ethanol system,*® which is
ideal for instant solidification of PAN-DMF fila-
ments. Such an instant solidification is the key to
ensure the filaments maintaining their original mor-
phology during the collection in electrospinning.

In kinetics, an immersion precipitation is a none-
quilibrium process involving liquid-liquid de-mix-
ing and gelation driven by diffusion of solvent and
nonsolvent between the polymer solution and non-
solvent. Phase separation occurs during the process,
leading to apparent reduction in the light transmit-
tance. The kinetics of an immersion precipitation
process can be examined by measuring the change
of light transmittance of a solution film with the
coagulation time. A typical light transmittance ~
time curve includes three specific time periods™:
delayed time (t;), de-mixing time (f;), and time of
final solidification (f3). The delayed time is usually
very short. For an instantaneous de-mixing, t;= 0.
The de-mixing time is determined by the mutual dif-
fusion between solvent and nonsolvent and also the
viscosity of polymer system. The t; is the time for
the de-mixed film to be solidified completely. The t,
and t; are also dependent on the thickness of the
polymer solution film. In such a kinetic process, the
rate of polymer precipitation, also called coagulation
rate, plays a dominant role in maintaining the mor-
phology of the solidified polymer filaments.

Inside the nonsolvent, removal of solvent from the
coagulating filament and the solidification of dis-
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Figure 3 Light transmittance curves of PAN solution
membranes in ethanol.

solved polymer take place simultaneously. The solid
skin starts to form on the filament surface, and the
solidification then moves inwards the filament. If the
skin layer is rigid and the solidification experiences
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Figure 4 SEM images of PAN nanofibers electrospun
from (a) 5 and (b) 7 wt % PAN/DMF solutions (Applied
voltage = 18 kV and spinning distance = 15 cm).

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 5 SEM images of electrospun PAN nanofibers at different collecting distances; (a) 2 cm, (b) 3 cm, (c) 4 cm, (d) 5
cm, (e) 6 cm, (f) 7 em, (g) 8 ecm, (h) 9 cm, and (i) 10 cm (PAN concentration = 7 wt %, applied voltage = 18 kV).

a large volume change, deformation in filament
cross section could happen. However, such a mor-
phology contrast can be overcome if the coagulation
rate is high enough. A higher coagulation rate pro-
vides a shorter solidification time, thus the chance
for filaments to get deformed is limited.

Figure 3 shows the light transmittance ~ time
curves of cast PAN-DMF solution films in ethanol.
A very small t; + t; indicated an instantaneous lig-
uid-liquid de-mixing happening in the processes.
Based on the curves, the coagulation rates were cal-
culated, to be 107* m/sec'’? and 6 x 10~> m/sec!’/?
for the 7 and 5 wt % PAN solutions, respectively.
Based on this data and dimension of liquid solution,
the time required to solidify a PAN-DMF solution
filament can be estimated.

In our case, two PAN/DMF solutions of concen-
tration 5 and 7 wt % were electrospun into nano-
fibers. When the 5 wt % PAN solution was electro-
spun using a normal electrospinning apparatus,®
fibers with a beads-on-string structure and diame-

Journal of Applied Polymer Science DOI 10.1002/app

ter of 120 * 21 nm were produced, as shown in
Figure 4. Electrospinning 7 wt % PAN solution
under the same operating condition resulted in
bead-free and uniform fibers (diameter = 197 * 21
nm). Based on the fiber diameter and the concen-
tration of PAN in the solution, one can estimate
that producing a PAN fiber of 120 nm in diameter
from 5 wt % PAN solution will require a liquid fil-
ament of diameter up to 540 nm if the spinning
process is not considered. Using the above calcu-
lated coagulation rate, it can be estimated that
complete coagulation of a liquid film of the thick-
ness equivalent to the liquid filament diameter (540
nm) in ethanol will take ~ 0.06 milliseconds. Even
if the liquid film is ten times thicker, the coagula-
tion process is still very fast (less than 6.4 millisec-
onds). For the liquid filaments, the solidification
should be much faster than that of the liquid film
because the diffusion can take place in different
directions. With the 7 wt % PAN solution, the fila-
ment solidification should be faster compared with
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that from the 5 wt % solution because of higher
coagulation rate.

It should be noted that the above estimation is on
the base of that the PAN concentration does not
change before the solution filament contacts with
ethanol. Since the solvent rapidly evaporates from
the filaments during the electrospinning process, the
increased PAN concentration would also speed up
the solidification process. These results suggested
that the morphology contrast during the solidifica-
tion of the newly electrospun PAN-DMF filaments
in ethanol should be less likely to happen.

When the PAN solution was directly electrospun
into the ethanol solution using the apparatus shown
in Figure 1, fibers collected at different collecting
distances had different morphologies. Figure 5
shows the SEM images of the PAN fibers electro-
spun from 7 wt % PAN solution solidified at 2-10
cm away from the nozzle tip. With the increase in
collecting distance, the beaded fibers were always
produced until the collecting distance exceeded 7 cm
[Fig. 5(a—f)]. Longer collecting distance led to bead-
free fibers [Fig. 5(g-1)].

The average fiber diameter calculated based on
the string sections varied with the collecting dis-
tance. As shown in Figure 6(a), the fibers collected at
the spinning distance of 2 cm have a diameter of 220
*+ 30 nm. When the spinning distance was increased
from 2 to 4 cm, the fiber diameter maintained at the
same level, but the diameter distribution became nar-
rowed. When the collecting distance was further
increased, the fiber diameter reduced slightly. The fit-
ting curve in the figure can clearly show the decreas-
ing trend of fiber diameter and increasing the collect-
ing distance from 2 to 10 cm only led to about 30 nm
reduction in the average fiber diameter.

Using a long distance microscope, the dimensions
of the “Taylor cone” and the subsequent stable-jet
were measured. The length of the “Taylor cone” was
2-3 mm, and the length and diameter of the stable-
jet were around 6-10 mm and 200 pm, respectively.
The diameter of dried jet estimated from the liquid jet
diameter and initial polymer concentration (7 wt %)
was about 53 pum. After the stable-jet, from 1.3-2.0
cm, the fiber diameter changed from around 50 pm
to 220 nm. This result suggested that rapid jet/fila-
ment stretching occurred at the initial stage of the
whipping instability.

Also, the fiber beads changed their dimension
with the collecting distance. As shown in Figure
6(b), large beads with the width and length of 960 =
0.27 nm and 2.72 = 0.39 um, respectively, were col-
lected at 2 cm away from the nozzle tip. With the
collecting distance increasing from 2 to 7 cm, the
changes in bead width and length were within the
scale of error bar. When the collecting distance was
longer than 7 cm, no beads were found among the
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Figure 6 Average fiber diameter (a) and bead dimension
(b) of PAN fibers at different collecting distances (PAN
concentration = 7 wt %).

fibers collected, indicating that the beads were elon-
gated into uniform fibers at the later stage of whip-
ping instability.

When the 5 wt % PAN/DMEF solution was electro-
spun, beads-on-string fibers were produced even
when the collecting distance was as long as 10 cm
(Fig. 7). The fiber diameter reduced gradually from
150 £ 25 nm to 105 = 25 nm when the collecting
distance increased from 2 to 10 cm [Fig. 8(a)]. Also,
with the increase in the collecting distance, the bead
width changed little, and the bead length reduced
slightly at the longer collecting distances [Fig. 8(b)].

In comparison to the fibers electrospun from 7 wt
% PAN solution, the fibers electrospun from 5 wt %
PAN solution have smaller string diameter and bead
size on average. When the collecting distance was
larger than 7 cm, beaded fibers were still produced
from the 5 wt % PAN solution.

The introduction of a dielectric substance into an
electrical field could change the electrical field inten-
sity. Since the jet instability comes from the inter-
action between the charged jet and the external elec-
trical field and electrostatic repulsion within the

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 7 SEM images of electrospun PAN nanofibers at different collecting distances; (a) 2 cm, (b) 3 cm, (c) 4 cm, (d) 5
cm, (e) 6 cm, (f) 7 cm, (g) 8 cm, (h) 9 cm, and (i) 10 cm (PAN concentration = 5 wt %, applied voltage = 18 kV).

jet, 240 the effect of ethanol bath on the external
electrical field must be considered. The electric field
intensity along the direction from the nozzle to the
grounded electrode was obtained through a finite
element analysis. As shown in Figure 9(a), under a
constant applied voltage (18 kV), the intensity of
electric field decayed rapidly within the first 1.5 cm
away from the nozzle, and the rate of decay
slowed down considerably afterwards. However,
once an ethanol bath was placed between the noz-
zle and the grounded electrode, the electric field in-
tensity in the ethanol bath reduced to zero rapidly.
The electric field intensity in the area from nozzle tip
to the liquid surface of the ethanol bath was
increased. Also, the height of ethanol bath affected
the electric field strength. A higher ethanol bath, cor-
responding to shorter spinning distance d, led to
higher electric field strength. The filaments under a
higher electric force would be stretched thinner than
that electrospun without ethanol involved in the fiber
collection process.

Journal of Applied Polymer Science DOI 10.1002/app

To eliminate the influence arising from the ethanol
bath, the applied voltage was adjusted so that the
electric field strength had an equivalent profile to
that without the ethanol. With different ethanol
heights, the applied voltage used to generate the fit-
ted electric field profiles varied, and a higher etha-
nol bath needed a lower applied voltage to achieve
the required electric field profile [Fig. 9(b)].

Under the adjusted voltages [Fig. 9(b)], both PAN
solutions were electrospun at different collecting dis-
tances once again, with other operating parameters
remaining unchanged. It was found that fiber diam-
eter decreased dramatically from 200 pm to hun-
dreds of nanometers (320 nm from 7 wt % solution
and 200 nm from 5 wt % solution) at a very short
spinning distance (<2 cm), and beaded fibers were
still obtained from 7 wt % PAN solution when the
spinning distance was in the range of 2-6 cm, while
the fibers became bead-free and uniform when the
collecting distance was greater than 7 cm. For fibers
electrospun from the 5 wt % solution, large fiber
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Figure 8 Average fiber diameter (a) and bead dimension
(b) of PAN fibers at different collecting distances (PAN
concentration = 5 wt %).

diameter reduction was also found at the early
whipping stage. However, beads on the fibers did
not disappear even when the collecting distance was
long. As a result of reducing the applied voltages,
electrostatic interactions between the charged fila-
ments and the electric field were reduced, and both
fibers and beads became coarser than those that
were electrospun under a constant applied voltage.
Bead density on nanofibers was counted and
shown in Figure 10. It was noted that the bead den-
sity decreased gradually with the increase in the
electrospinning distance for the nanofibers electro-
spun from the 7 wt % PAN solution, regardless
whether the electrospinning was operated under the
same applied voltage or the same electric field
strength. This suggested that beads were gradually
eliminated over the electrospinning distance, which
is the main reason to form bead-free nanofibers.
Although the beads in the nanofibers electrospun
from 5 wt % solution showed a similar trend in the
size change, they were not eliminated, presumably
because the filaments contained a high concentration

of solvent and the fiber stretching force was rela-
tively weak at the later stage of the whipping.

Based on the fiber and bead dimensions listed in
Figures 6 and 8, the fiber morphology evolution in
electrospinning the two PAN solutions can be sum-
marized in Figure 11. No matter whether the electro-
spinning process was conducted under the same
applied voltage or the same electric field strength,
fiber morphology changes followed a similar trend.
For the 7 wt % PAN solution, beaded fibers were
collected until the collecting distance was longer
than 7 cm. Longer collecting distance led to bead-
free uniform fibers. For the 5 wt % PAN solution,
although beaded fibers were collected at a short dis-
tance, longer electrospinning distance still resulted
in the beads-on-string structure. Regardless the mor-
phology evolutions, the uniform fibers electrospun
from 7 wt % PAN solution and the beaded fibers
from 5 wt % are in accordance with the electrospin-
ning results without using ethanol bath as collector
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Figure 9 (a) Calculated electric field strength along the
electrospinning area. Nozzle tip (distance = 0), grounded
electrode (distance = 15). The d is the distance between
the tip of nozzle and the ethanol liquid surface (Applied
voltage = 18 kV); (b) Recalculated electric field strength
based on the adjusted applied voltage.
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(Fig. 4). Electrospinning other polymers, such as
polystyrene, showed a similar trend in morphology
change during electrospinning.

CONCLUSIONS

In this research, we have used an immersion precipi-
tation process that can rapidly solidify polymer fila-
ments to evaluate fiber morphology changes in an
electrospinning process. By collecting the newly elec-
trospun PAN fibers at different electrospinning dis-
tances, the evolution of fiber morphologies during
electrospinning has been established. It was revealed
that a massive jet thinning and associated fiber di-
ameter reduction took place at the initial stage of the
whipping instability. The fiber stretching at the later
stage of whipping was mainly concentrated on the
beaded sections, which improves the overall fiber
uniformity. Although the dimension of fibers electro-
spun under constant applied voltages and constant
electric filed strength varied, the fiber morphology
change along the electrospinning distance followed a
similar trend. The results suggest that enhancing

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 11 The evolution of fibers in electrospinning two

PAN solutions, the fiber, and bead dimensions were

obtained from data shown in Figures 6 and 8. [Color fig-

ure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]

fiber drawing at the initial stage of whipping will be
an efficient way to obtain finer nanofibers, and
enhancing fiber stretching at the later stage of whip-
ping improves fiber uniformity.
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