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ABSTRACT A direct approach for fabricating nanoporous polymer fibers via electrospinning has been demonstrated. Polystyrene
(PS) fibers with micro- and nanoporous structures both in the core and/or on the fiber surfaces were electrospun in a single process
by varying solvent compositions and solution concentrations of the PS solutions. The porous structures of the fibrous mats were
characterized by field emission scanning electron microscopy and Brunauer-Emmett-Teller measurements to confirm that they
could be accurately controlled by tuning vapor pressure of tetrahydrofuran (THF) and N,N-dimethylformamide (DMF) solvent mixtures
and PS concentrations in the solutions. As the solution concentration decreased, the average fiber diameter decreased, whereas the
bead density increased dramatically to show a beads-on-string morphology. Both the specific surface area and pore volume of the
fibrous mats showed a unimodal distributions centered at 1/3 THF /DMF mix ratio. Fibers formed from 5 wt % PS in the 1/3 THF and
DMF mixtures had the largest specific surface area of 54.92 m2 g-1 and a pore volume of 0.318 cm3g-1, respectively.
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INTRODUCTION

Electrospinning is a well recognized and effective
technique to produce fibers with diameters in the
micrometers down to tens of nanometers from the

electrostatically driven jets of polymer solution or melts
(1, 2). Many unique qualities that include intrinsically high
specific surface area as a result of the small sizes of electro-
spun fibers have drawn interests in research for potential
applications in diverse fields. The attempt to further increase
the specific surface area by introducing porosity in the
already fine fibers has shown to enhance performance in
tissue engineering (3), filtration (4), catalysis (5), superhy-
drophobic surfaces (6, 7), drug delivery system (8), sensors
(9, 10), dye-sensitized solar cells (11), etc.

Porosity in electrospun polymer fibers has been demon-
strated, often involving the use of high vapor pressure
solvents (12-15) or the inclusion of additives in the solutions
(16-19) followed by their removal in postelectrospinning
processes. Porous structure features on the fiber surfaces
have been observed when fibers electrospun from solvents
with high vapor pressure (12-15). In this approach, the pore
sizes and size distribution could be adjusted via tuning the
relative humidity (14). Using polymer mixtures that phase
separate followed by removal of the discrete domains also

generated porous fibers (16, 17). Addition of salts into an
electrospinning system was another way to control the fiber
structure and properties (18, 19). For example, Gupta et al.
(19) reported that porous nylon-6 fibers could be obtained
from removal of gallium trichloride (GaCl3) Lewis acid-base
complexation in nylon-6 via electrospinning. Highly porous
fibers could also be obtained by sublimation of the solvent
by solidifying the solvent-ladden fibers on cryogenically
cooled collector followed by vacuum drying (20). Although
these approaches are feasible, all require additional pos-
telectrospinning treatment process, and in some cases
complete removal of the unwanted components may be
very difficult.

To the best of our knowledge, few have reported the
preparation of electrospun nanoporous fibers possessing
ultrahigh specific surface area without any post-treatment.
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© 2010 American Chemical Society FIGURE 1. Schematic diagram of the electrospinning setup.
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In this study, we report an efficient and simple approach to
prepare highly porous PS fibers directly via electrospinning
PS solutions with various solvent compositions and polymer
concentrations. PS was dissolved in the solvent mixtures of
tetrahydrofuran (THF) with high vapor pressure and N,N-
dimethylformamide (DMF) with low vapor pressure. The
effects of the solvent compositions and polymer concentra-
tions on the characteristics of as-spun fibers such as specific
surface area, pore size, and pore distribution were inten-
sively investigated.

EXPERIMENTAL SECTION
Materials. The polymer PS used in this study was purchased

from Aldrich. The weight-average molecular weight (Mw) is
350,000 g/mol. Tetrahydrofuran (THF, Bp ≈ 66 °C, Vp at 25
°C ≈ 21.6 kPa, η/20 °C ≈ 0.468 mPa · s) and N,N-dimethylfor-
mamide (DMF, Bp ≈ 153 °C, Vp at 25 °C ≈ 2.7 kPa, η/20 °C ≈
0.920 mPa s) (21) were purchased from EM Science and used
as received. PS solutions were prepared at concentrations of 5,
10, 20, and 30 wt % by using mixture of solvents THF and DMF
with various weight ratios of 4/0, 3/1, 2/2, 1/3, and 0/4,
respectively.

Electrospinning. Figure 1 shows a schematic of the electro-
spinning setup employed in this work. The PS solution was
placed in a syringe connected with a metal needle that was
controlled by a syringe pump (Model 780200, KD Scientific) at
a constant flow rate 2 mL/h. A high voltage power supply
(Gamma High Voltage Supply, ES 30-0.1 P) was used to
generate a potential difference of 20 kV between the needle and
an aluminum grounded target placed 15 cm from the tip of the
needle. All the experiments were carried out at 25 °C with the
relative humidity of 40%.

Characterization. The viscosity and conductivity of polymer
solutions were determined by using Rotational Viscometer (NDJ-
79, Shanghai Changji Geological Instruments Co., China) and

Mettler-Toledo Conductivity Meter (FE30, Switzerland), respec-
tively. The morphology of the electrospun PS fibrous mats was
observed by a field emission scanning electron microscopy (FE-
SEM) (S-4800, Hitachi Ltd., Japan). The diameters of fibers were
measured using an image analyzer (Adobe Photoshop CS2 9.0).
The Brunauer-Emmett-Teller (BET) surface area, pore volume,
and pore width of the fibrous mats were characterized by
nitrogen adsorption using a surface area and porosity analyzer
(Micromeritics, ASAP 2020).

RESULTS AND DISCUSSION
The FE-SEM images of fibers electrospun from 30 wt %

PS solutions of various solvent compositions showed all fiber
diameters to be in micrometer range (Figure 2) as be
expected from the high polymer concentration. The average
fiber diameters were 11.58, 6.17, 3.87, 6.63, and 5.78 µm
from solvents at 4/0, 3/1, 2/2, 1/3, and 0/4 THF/DMF weight
ratios, respectively (Table 1). The fibers electrospun from
THF alone displayed a ribbon-like shape with densely packed
nanopores on the fiber surfaces (Figure 2A). In mixed solvent
with 25% DMF, the surface nanopores disappeared but
wrinkled surface emerged (Figure 2B). Fibers electrospun
from the equal THF and DMF mixture appeared irregularly
coarse on the surfaces (Figure 2C). With further increased
DMF in the solvent mixtures, the fiber surfaces became
smooth (Figures 2D,E). The presence of surface nanopores
appeared only on fibers electrospun from the high vapor
pressure THF. With added DMF, the decreased vapor pres-
sure slowed solvent evaporation. Decreasing of solvent
evaporation from the jets allowed the charged jets to remain
fluid, to continue to elongate, and the collapse resulting from
atmosphere pressure and electrical repulsion reduced. It has
been reported that highly volatile solvent utilized in electro-

FIGURE 2. FE-SEM images of the PS fibers electrospun from 30 wt % PS solutions with different weight ratios of THF/DMF: (A) 4/0, (B) 3/1, (C)
2/2, (D) 1/3, and (E) 0/4.
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spinning could create nanopores on the fibers surface and
the wrinkled surface resulted from buckling instabilities
during processing (12, 22).

The cross-sectional FE-SEM images showed all PS fibers
electrospun from 30 wt % PS solutions with various solvent
compositions to have porous cores and thin sheaths of
varying surface structures as described before (Figure 3). The
pores in the cores appeared to increase in sizes with increas-
ing DMF in the solvent mixtures. In the fibers formed from
1/3 THF/DMF (Figure 3D), the porous core seemed to consist
of nanofibrils aligned along the fiber axis. Such alignment
was obviously associated with high longitudinal strain rate
of jet in electrospinning.

Such porous structures are expected to contribute to
higher specific surface area of these PS fibers. The specific
surface area and pore volume derived from BET measure-
ments illustrated significant effects of the varied solvent
compositions even there are no too much differences in their
fiber diameters (Table 1). It could be observed that the
fibrous mats formed from THF showed the lowest specific
surface area of 0.98 m2 g-1 and pore volume of 0.004 cm3

g-1 because of its low pore volume below 200 nm (Figure 4
and Table 1), whereas that from DMF showed a 8.6 times
of specific surface area (8.46 m2 g-1) and nearly 8 times of
pore volume (0.032 cm3 g-1). Most intriguing is the even
more impressive 14.18 m2 g-1 specific surface area and

FIGURE 3. Cross-sectional FE-SEM images of PS fibers electrospun from 30 wt % PS solutions with different weight ratios of THF/DMF: (A) 4/0,
(B) 3/1, (C) 2/2, (D) 1/3, and (E) 0/4.

Table 1. Fiber Diameter, Pore Volume, and Specific Surface Area of Electrospun PS Fibers
sample fiber diameter (µm) pore volume (cm3 g-1) specific surface (m2 g-1)

30 wt % PS/THF 11.58 ( 5.44 0.004 0.98
30 wt % PS/(THF/DMF)3/1) 6.17 ( 1.16 0.006 1.10
30 wt % PS/(THF/DMF)2/2) 3.87 ( 1.21 0.007 1.05
30 wt % PS/(THF/DMF)1/3) 6.63 ( 0.85 0.092 14.18
30 wt % PS/DMF 5.87 ( 1.64 0.032 8.46
20 wt % PS/THF 3.14 ( 1.05 0.004 0.87
20 wt % PS/(THF/DMF)3/1) 3.58 ( 0.59 0.006 1.34
20 wt % PS/(THF/DMF)2/2) 3.05 ( 0.45 0.061 11.42
20 wt % PS/(THF/DMF)1/3) 2.52 ( 0.92 0.106 26.23
20 wt % PS/DMF 1.80 ( 0.47 0.067 12.23
10 wt % PS/THF 0.006 0.39
10 wt % PS/(THF/DMF)3/1) 0.024 8.93
10 wt % PS/(THF/DMF)2/2) 0.117 28.65
10 wt % PS/(THF/DMF)1/3) 0.182 48.37
10 wt % PS/DMF 0.119 37.77
5 wt % PS/(THF/DMF)1/3) 0.312 54.92
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0.092 cm3 g-1 pore volume of fibrous mats from the 1/3
THF/DMF mixture, or 15 and 23 fold higher, respectively.
Although the decrease in fiber diameter is a factor to increase
the fiber surface area, it can be concluded from the current
results that the increase of PS fiber surface area is mainly
caused by the formation of pores.

The mechanism of porous structure formation in electro-
spun fibers is very complex. A schematic representation of
the evolution process of pore formation in electrospun fibers
is shown in Figure 5. In carrying out electrospinning in an
air environment (as nonsolvent), a cylindrical polymer fluid
jet initially consisted of polymer chains and solvent mol-
ecules. Simultaneous diffusion processes of solvent evapora-
tion outward and air vapor penetration inward occur at the
jet skin-air interface (Figure 5(a)). The solvent removed from
the polymer fluid jets involves the flash vaporization at the
fiber surface and the diffusion from core to surface (23).

Flash vaporization of the solvent occurs when the fluid jets
ejected from Taylor cone as a result of decompression of the
polymer solution. This is accompanied by cooling from the
consumption of the heat of vaporization, bringing the fluid
jets to compositions and temperatures quite different from
the original solution, leading to thermodynamically unstable
jets and phase separation into polymer-rich and solvent-rich
domains via binodal and/or spinodal decomposition (12)
(Figure 5b).

As the solvent evaporated in combination with high fiber
stretching under the electrical force, the concentrated poly-
mer-rich phase solidified into the matrix, whereas the
solvent-rich phase eventually transformed into the pores as
solvent dried out (Figure 5c). The solidification effect has
shown to be quickened from the increasing glass-transition
temperature of the polymer solution because of solvent
removal (24).

As the vapor pressure of the solvent mixture decreases
with increasing DMF contents, the fluid jet solidification rate
is slowed by the lowered solvent evaporation rate. The pore
formation and pore sizes appear to highly depend on the
relative rates of spinodal decomposition and solvent evapo-
ration or jet solidification. Faster solidification of high vapor
pressure solvent is capable of preserving the initial polymer-
rich phase and solvent-rich phase, resulting in nanoporosity,
whereas decreasing vapor pressure allows further phase
separation when coupled with electrical force stretching and
repulsion to create larger scale pore structures with smooth
surfaces (Figures 2 and 3).

Previous studies have indicated the thermally induced
phase separation and vapor-induced phase separation to be
the main reasons for pores formation on the fiber surfaces
(14, 25). The above observations clearly showed that the
vapor pressure of the solvent mixtures plays critical role on
the porous structure formation. Furthermore, the stretching
arising from electrical force appears to be an important
factor for inducing phase separation, especially for phase
separation results preservation.

To demonstrate these further, fibers were electrospun
from 20 wt % PS in the same series of solvent mixtures
(Figure 6). All PS fibers were smaller than those electrospun
from a higher 30 wt % PS concentration. Lowering the PS
concentration is expected to decrease viscosity and increase
conductivity (Table 2), which could accelerate jet and fiber
stretching and result in the formation of thinner fibers (Table
1).

These pores were deformed and oriented along the fiber
axis because of more intensive stretching arising from

Table 2. Viscosity and Conductivity of the PS
Solutions in THF/DMF with a Weight Ratio of 1/3 at
Different Concentrations
PS concentration

(wt %)
viscosity
(mPa s)

conductivity
(µs/cm)

5 5.8 8.86
10 21 4.47
20 242 2.91
30 1850 1.56

FIGURE 4. The pore size distribution for PS fibrous mats electrospun
from 30 wt % PS solutions with different weight ratios of THF/DMF.

FIGURE 5. Schematic representation of the electrospun nanoporous
fiber evolution process.
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electrical force. Simultaneously, the fiber collapsed more
seriously as the polymer concentration decreased (Figures
6A and 2A). Previous studies showed that the more concen-
trated polymer solution, the stronger solvent retention ability

(26). Therefore, the lower polymer concentration made the
solvent easier to evaporate. As the solvent evaporated more
quickly than the rate air and vapor penetrated into the fiber,
the atmospheric pressure tended to collapse the fibers

FIGURE 6. FE-SEM images of the PS fibers electrospun from 20 wt % PS solutions with different weight ratios of THF/DMF: (A) 4/0, (B) 3/1, (C)
2/2, (D) 1/3, and (E) 0/4.

FIGURE 7. Cross-sectional FE-SEM images of PS fibers electrospun from 20 wt % PS solutions with different weight ratios of THF/DMF: (A) 4/0,
(B) 3/1, (C) 2/2, (D) 1/3, and (E) 0/4.
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leading to the ribbonlike shape more seriously. Similar
trends could also be seen from Figures 6B,C and 2B,C.

The FE-SEM images of the cross-sections of PS fibers
electrospun from 20 wt % PS solutions showed more distinct
porous structure (Figure 7) than those from the 30 wt %
counterparts (Figure 3). PS fibers electrospun from THF with
high vapor pressure were composed of the nanoporous
sheaths and the inner three-dimensional (3D) interconnected
nanofibrils along the fiber axis (Figure 7A). This observation
of fiber morphology is different from another work (13),
where the fibers were reported to be solid with densely
packed pores on the surfaces of PS fibers also electrospun
from THF only.

With increasing DMF content in the solvent mixtures, the
3D interconnected nanofibrils inside the fibers became
thinner, the porous structure became more uniform and
dense (Figure 7B-E). A comparison of Figure 7 with Figure
3 clearly illustrated that the interconnected nanofibrils inside
the fiber became sparse, possibly because of the varying
degrees of jet elongation resulting from the different solvent
compositions and polymer concentrations in electrospinning.

The slightly reduced specific surface area of the fibers
electrospun from the lower 20 wt % PS in THF alone is
consistent with the observation of larger surface pores and
lower pore volume (Figure 7A vs 3A and Figures 8 vs 4).
Fibers generated at 20 wt % PS from all mixtures and DMF
alone had much higher specific surface area than those
electrospun from the 30 wt % PS solutions (Table 1). The
specific surface area of the fibrous mats fabricated from the
20 wt % PS in 1/3 THF/DMF was 26.2 m2 g-1, nearly
doubled.

It is well-known that various structures of electrospun PS
nanofibers including beads can be obtained by tuning the
polymer concentrations to induce the instable fluid jets
formation (21, 27). The fibers formed from 10 wt % PS
solutions exhibited beads-on-string morphology (Figure 9).
The interesting finding was that with decreasing vapor
pressure of the solvent mixtures, the fibrous mats trans-
formed the collapsed-bead-dominant morphology into thin
fibers with elliptical-bead-dominant morphology. Mean-
while, the size of beads was decreased. These phenomena
could be attributed to the fluid jets instability resulting from
the lower polymer concentration, high dielectric constant
and conductivity solvent used in electrospining (28, 29). The

FIGURE 8. Pore size distribution for PS fibrous mats electrospun from
20 wt % PS solutions with different weight ratios of THF/DMF.

FIGURE 9. FE-SEM images of the PS fibers electrospun from 10 wt % PS solutions with different weight ratios of THF/DMF: (A) 4/0, (B) 3/1, (C)
2/2, (D) 1/3, and (E) 0/4.
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beads formation in electrospinning had been widely re-
ported in many literatures (30-32). Figure 10 exhibited the
cross-sectional FE-SEM image of sample shown in Figure 9D.
It was found that the string fiber was highly porous compris-
ing nanofibrils inside the fiber.

The pore size distribution for PS fibers electrospun from
10 wt % PS solutions with various solvent compositions is
shown in Figure 11. It can be seen that the fibers formed
with the THF/DMF weight ratios of 2/2, 1/3, and 0/4 pos-
sessed more pore volume with pore size below 100 nm
compared with the concentrated samples shown in Figures
4 and 8. Fibers formed from the THF/DMF weight ratio of
1/3 had the largest specific surface area of 48.37 m2 g-1 and
pore volume of 0.182 cm3 g-1, respectively. However, the
beads-on-string fibers formed from THF alone showed
the lowest specific surface area of 0.39 m2 g-1. Therefore,
the formation of pores played the important role in increas-
ing the specific surface area of fibers.

Figure 12 provided the morphology and pore size distri-
bution of PS fibers formed from a 5 wt % PS solution with a
THF/DMF weight ratio of 1/3. The sample still maintained
the beads-on-string fiber structure as the sample formed

from 10 wt % PS solution with same solvent composition,
but thinner fiber diameter and smaller bead size. The
prepared sample had the largest specific surface area of
54.92 m2 g-1 and pore volume of 0.318 cm3 g-1 among all
samples.

CONCLUSIONS
Highly porous PS fibers have been directly prepared via

electrospinning PS solutions by varying solvent compositions
and polymer concentrations without the need for any post-
treatment. The THF/DMF mixing ratio in PS solutions was
proved to be the key parameter to affect porous structure
induced by phase separation resulting from rapid evapora-
tion of solvent in electrospinning. The high vapor pressure
solvent THF created the fibers comprising nanoporous
sheaths with 3D interconnected nanofibrils cores. As the
vapor pressure of the solvent mixtures decreased, the micro-
and nanoporous structures on the fiber surfaces disappeared
but wrinkled or smooth surfaces presented, and the inner
3D interconnected nanofibrils became highly oriented. With
decreasing PS concentration, the fiber diameters decreased
and beads-on-string morphology emerged, providing even
higher specific surface area and pore volume than those
from a higher concentration. The fibrous mats electrospun

FIGURE 10. Cross-sectional FE-SEM image of PS fibers electrospun
from a 10 wt % PS solution with a THF/DMF with a weight ratio of
1/3.

FIGURE 11. Pore size distribution for PS fibrous mats electrospun
from 10 wt % PS solutions with different weight ratios of THF/DMF.

FIGURE 12. (A) FE-SEM image and (B) pore size distribution of PS
fibers electrospun from a 5 wt % PS solution with a THF/DMF weight
ratio of 1/3.
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from 5 wt % PS in 1/3 THF/DMF showed largest specific
surface area of 54.92 m2 g-1 and pore volume of 0.318 cm3

g-1, respectively. The ability to generate nanoporous poly-
mer fibers with accurately controllable specific surface area
and pore volume directly and in a simple one-step process
will enhance their applicability significantly.
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