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Progress of Electrospun Nano-Fibers with Porous Structure

LIU Zhaowei, TANG Yufei, ZHAO Kang
(School of Materials Science and Engineering, Xi’an University of Technology, Xi’an 710048, China)

Abstract: Electrospinning is a simple, convenient and efficient technique to fabricate continuous nanofibers, which can be
applied to the fields of tissue engineering, drug delivery and catalyst loading widely. In recent years, much attention has
been paid to electrospun nano-fibers with porous structure due to their ultrahigh specific surface area. Preparation methods
and pore forming mechanism of nano-fibers with porous structure were reviewed. The progress and development trend of nano-
fibers with porous structure caused by liquid phase separation and solid phase separation were discussed in detail. The inter-
action between consolidation rate of jets and evaporation rate of solvents was analyzed based on the solvent properties and the
experimental conditions, such as miscibility, temperature and humidity. Methods for preparing pore structure controlled
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nano-fibers by multi-way were also proposed.

Key words: electrospinning; nanofibers; porous fibers; controlled pore structure; specific surface area
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SEM images of porous PLLA fibers obtained via electrospinning
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Fig. 1
of a solution of PLLA in dichloromethane 2! . (a) low-magnifi-

cation, (b) high-magnification
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Table 1 Examples of porous nanofibers fabricated by electrospinning and liquid-phase separation
Authors Solution Result
Wei et al.'?") PES/ H,0/ DMSO solution The porous ultrafine fibers were prepared
W 1 (3] PBS/ CF soluti The morphology of porous structure was obvious, and the diameters of
u et at. solution nano-holes were more uniform
Demir et al.[*! PS/ DMF soluti The fibers exhibit highly porous internal structure and smooth surface along
emir et al.'” solution

Miyauchi Y et al.'*)  PS/ THF /DMF solution

Lin et al.%! PS/ THF /DMF solution

Yu et al.!37) PAN/ DMF/ H,0 solution

Cao et al.!*® PLLA/ DMF/ DCM solution

Celebioglu et al.!* CA/ DCM/ acetone solution

Wang et al.'*] CA/ DCM/ acetone solution

PCL/ THF/ DMF solution, PCL/ MC/ DMF

Seo et al.l*!
co e a solution, PCL/ chloroform solution

with slight porosity

At a THFE/DMF ratio of 3/1, the PS microfibers contained two regimes of

pore sizes including micro- and nanopores

Polystyrene (PS) fibers with micro- and nanoporous structures both in the

core and/or on the fiber surfaces were electrospun
The PAN fibers with porous structures were obtained
The PLLA porous fibers were obtained

Ribbon-like porous CA fibers were obtained

The porous CA fibers were obtained

Highly porous PCL microfibers were successfully fabricated by collecting

the fibers into a water bath during electrospinning
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Authors Solution Result
Leo ot al.[4] Four different solvent systems Electrospun fibers with different morphologies including round, twisted

Park et al.[*] PLA/ MC/ acetone solution

Park et al.!*] Ethyl cellulose/ THF/ DMAc solution

Konghlang T et al.'*5) POM/ HFIP solution

Wu et al.[*! PCL/ chloroform/ acetone solution

Nayani et al.'*) PAN/ DMF solution

Zhu et al.1*¥! PLLA/ DCM solution
Nair et al.[*] CA/CNC/ DCM/ acetone solution

Wu et al.!> PCL/ DCM solution

with a roughened texture, curled and twisted-ribbon shapes were formed

The PLA porous fibers were obtained

Regular pores were formed on the surface of fiber from pure THF and 80%
THF in DMAc, while smooth surface was observed for the pure DMAc and
80 to 20% DMAc ratio in THF

The electrospun POM nanofiber with nanoporous structure and high

specific surface area was prepared

The porous microstructure of PCL particles can be controlled by tailoring

the evaporation of solvents

The PAN fibers with porous structure inside and outside were obtained
The ordered porous PLLA piezoelectric nanofibers were fabricated
Porous CA/CNC electrospun nanocomposite fibers were fabricated

The porous PCL fibers were fabricated
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Fig.2 SEM images of electrospun PLLA fibers obtained under different collector temperature %' ;

(b) 40, (c¢) 50, (d) 60 and (e) 70 C
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Fig.3 SEM images of as-spun fibers electrospun from a 30wt% PS/
DMF solution under different relative humidity'®' . (a) 43%,
(b) 37%, (c¢) 24%, (d) 22%, (e) 15% and (f) 11%
(scale bar: 5 pm)
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Fig. 4  Cross-sectional SEM images of fibers electrospun from 20wt% PS/DMF solution at 20 °C and different levels of Relative Humidity (RH) .
(a) 20%, (b) 30%, (c) 40%, (d) 50%, (e) 60%
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Fig.5 SEM images of electrospun fibers from 20wt% PS/THF

solutions at different environmental conditions; (a) 20 °C -

20%RH, (b) 20 C-60%RH, (c) 40 C-20%RH, (d)
40 C-60%RH
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Table 2 Examples of porous polymer nanofibers fabricated by electrospinning and solid-phase separation

Authors

Solution

Result

Wang et al.'% PCL/ NaCl/ chloroform/ methanol solution

PAN/ PS/ DMF solution

Moon et al. ]

Lyoo et al.t®] PVCi/ PHBV/ chloroform solution

Ma et al.l™! PAN/ NaHCO,/ DMF solution
Han et al.l”"] PEL/ PHBV/ chloroform solution
Li et al.[™ PAN/ PVP/ DMF solution

Micro-/nanosize salt particles were removed through a leaching process
after PCL  fibers
successfully fabricated

electrospinning,  and  the  porous were

Pore sizes of the porous PAN fibers were decreased to approximately

25 nm after oxidation

PVCi/PHBV blend fibers were electrospun. And after the PVCi was
photo-crosslinked by UV irradiation, PHBV was extracted from the blend

fibers with chloroform

The obtained PAN fibers showed highly porous surfaces after the extraction
of NaHCO,

Porous ultra-fine fibers were prepared via selective thermal degradation of
electrospun PEI/PHBYV fibers

PVP microdomains in the blend fibers were leached out in water, and

porous PAN ultrafine fibers were obtained




XA . 2 22 26 2 AL AR AT HE R W 2

gk

Authors Solution

Result

You et al.[”] PGA/ PLA/ HFIP solution

Zhang et al.!™ PAN/ PEO/ DMF solution

Zhang et al.l™ Gt/ PCL/ TFE solution

Sun et al.!7 PVDF-HFP/ PVP/ DMF solution

Liu et al.l”" UPM/ PHBV/ chloroform solution

Chen et al.l” PES/ PVA/ DMSO solution

Pant et al.l” MPEG/ PCL/ chloroform solution

Chen et al.l%! PAN/ PMMA/ DMF solution

Yang et al.!®!] PVDF/ PEO/ DMF/H,O0 solution

Ji et al.[$?) PAN/ Si/ DMF solution

Zhang et al.'®] PES/ salt/ DMSO solution

Ultrafine PGA/ PLA blend fibers were electrospun and then the PLA was

removed via a selective dissolution technique with chloroform
The porous PAN fibers were obtained by removing the PEO in water

3D porous nanofibers were obtained by selectively removing the water

soluble component of gelatin in phosphate buffered saline
The porous fibers were obtained by removing PVP in water

After photo-crosslinking of UPM, PHBV was extracted from the blend

fibers with chloroform
The porous PES fibers were obtained by removing PVA in water
The porous fibers were obtained by removing MPEG in water

The porous PAN fibers were obtained by removing PMMA

Porous PVDF fibers were prepared

The porous PAN fibers were obtained by removing Si in hydrofluoric
(HF) acid

Pores on the fiber were induced by water-soluble salt during

electrospinning process in a humid spinning environment
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Table 3 Examples of porous ceramic nanofibers and porous carbon nanofibers fabricated by electrospinning and solid-phase separation

Authors

Solution

Result

Chen et al.[® TTIP/ PVP/ acetic acid/ ethanol solution

Lim et al.!%* PEO/ Si0,/ H,O0 solution

Kokubo et al.!* PVAC/ titanium isopropoxide/ DMF solution

Peng et al.'*] PMMA/ DMF/ TEOS/ THF/ HCI solution

Zhan et al.l'%’ Titanic acid and silicic acid

Qiu et al.L101] PAN/ DMF/ Ni(NO; ), solution

Yun et al.[10%) PAN/ DMF/ TiO, solution

Gao et al.l'%! PAN/ Cu(OAc),/ CNTs/ DMF solution

Zhang et al.!'*) UHMWPA6/ CaCl,/ FA/ acetone solution
PVP/ Zn(Ac), -2H,0/ Fe(acac) 3/

DMF solution

Yan et al.['%)

Zhang et al.!'%) PAN/ PMMA/ DMF/ SiO, solution

Duan et al.!'07! PVP/ In(NO;) 3/ DMF/ ethanol solution

PVP/TEOS/Zn(NO, ) ,/AgNO,/H,0/

Chen et al.['%%)
ethanol solution

Titania mesoporous nanofibers were fabricated
The porous Si0, nanofibers were fabricated
The porous TiO, nanofibers were fabricated
Amorphous porous silica fibers were fabricated

Mesoporous Ti0O,/Si0, composite nanofibers with a diameter of 100 ~

200 nm and silica shell thickness of 5~50 nm were fabricated
The porous NiO nanofibers were fabricated
The porous carbon fibers were fabricated

Porous C/Cu/CNTs nanocomposites with mesopores possess larger specific
surface area and narrower pore size distribution than that of C/Cu nanofi-

bers were prepared
Porous nylon-6 fibers were obtained

The multi-porous ZnFe, 0, nanotubes were fabricated by the direct annea-

ling process of ZFO precursor nanofibers
Porous silica fibers were fabricated via electrospinning and calcinations

In, O; nanotubes and porous nanotubes were synthesized by conventional

electrospinning process and following calcination

Porous structured Zn0O/Ag composite fibers were synthesized by chemically

etching ZnO/Ag/Si0, fibers made from an electrospinning process
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