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ABSTRACT：In this study, polyimide(PI) nanofibers mats were prepared by electrospinning and three different fiber morphologies of random, uniaxial, and biaxial orientation were prepared by controlling the speed of drum-shaped collector and
other parameters. The SEM studies reveal that the aforesaid morphologies were obtained on the nano-fibrous mats prepared.
The ionic conductivity was measured using an in-plane type conductivity tester for the PI mats soaked in the mixture
of 1M lithium trifluoro-methane-sulfonate and tetra-ethylene glycol dimethyl ether. The ionic conductivity was surprisingly
higher for the biaxial PI mats. For the uniaxially-oriented mats, the ionic conductivity was found to be higher in the parallel
direction compared to the perpendicular direction of the fiber orientation. A curious cyclic fluctuation was found in the
ionic conductivity with time. The observed behavior was explained by considering the distance between fibers and transport
speed of ions used in this study.
요 약：본 연구에서는 전기방사 장치의 드럼형태 컬렉터의 회전속도를 조절함으로써 제조된 섬유가 랜덤 또는 배향성
(1축, 2축)을 갖는 폴리이미드(PI) 나노섬유 매트를 제조하였다. 제조된 PI 매트의 구조를 전자현미경(SEM)을 통해
관찰한 결과 전술한 배향성을 확인할 수 있었다. 1 M 리튬트리풀루오로-메탄-설포네이트와 테트라-에틸렌 글리콜
디메틸 에테르의 혼합용액에 PI 매트를 침지시킨 후 이온전도기로 이온전도도를 측정하였다. 2축배향 매트가 가장
높은 이온전도도를 나타내었다. 1축 배향의 경우 이온의 이동방향과 수직방향이 평행방향보다 이온전도도가 낮게
나타났고, 아울러 일정한 주기성을 나타내었다. 주기성은 섬유간 거리와 이온 속도를 이용하여 설명할 수 있었다.
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Ⅰ. Introduction
Electrospinning is an easy and versatile method for producing
a porous polymer membranes, which is gaining importance
in recent years.1 The electrospun polymer membranes consist
of thin fibers of micron/sub-micron diameters with high specific surface area. The interlaying of fibers generates large porosity with fully interconnected pore structure that facilitates easy
†
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transport of ions, and serves as good host matrices for polymer
electrolytes. It has been widely reported for the methods of
controlling the mat morphology by considering the major parameters such as solution properties, the distance from the end
of capillary tube to collector, electronic field strength, spinning
time, spinning environment, etc. However, relatively little attention has been given to the control of fiber orientation and
its effect on the properties, especially ionic conductivity when
it is used as polymer electrolytes.
In this study, we prepared nano-fibrous (PI) mats using electrospinning process. To see the effect of fiber orientation on
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the ionic conductivity of the PI mats, the fiber morphology
was controlled to be random, uniaxial and biaxial orientation
structure. The ionic conductivity was then measured for the
PI mats after soaking in an aqueous mixture of tetra-ethylene
glycol dimethyl ether (TEGDME) and lithium trifluoromethanesulfonate (LiCF3SO3). The measured ionic conductivity
was related with the fibers orientation.

Ⅱ. Experimental
The poly(amic acid) (PAA) was synthesized through a well2
known method based on pyromellitic dianhydride (PMDA,
Aldrich Chemical) and 4,4’-oxydianiline (ODA, Aldrich Chemical) in a solvent N,N’-dimethylacetamide (DMAc, Mallinckrodt Chemical). The concentration of PAA solution was 15
wt%. To make ultrafine PAA fibers an experimental set-up
was made for electrospinning based on the apparatus as per
1
Reneker et al. A electrical field of 15 kV were provided from
a high voltage power supply though a metal electrode wire
immersed in the polymer solution. Three different fiber morphologies of random, uniaxial, and biaxial orientation were
prepared to understand the effect of fiber orientation on the
ionic conductivity. The random orientation was made under
a drum speed of 300 rpm. For making the uniaxial orientation,
3
the drum speed was increased to 1,000 rpm. The biaxial orientation was made as follows: first the thin aluminum sheet
was adhered to the drum in one direction to collect the uniaxially-oriented fibers for 30 min under the drum rotation
speed of 1,000 rpm, and the collector was rotated to 90º angle,
and then fibers were collected for another 30 min under same
rotation speed, and this process continued until the film thickness becomes to be similar to the other samples. Thus, the
obtained mats are composed of crossed alternating uniaxiallyoriented thin films at right angles. A thermal immidization
was accomplished for the conversion of the obtained PAA
4
electrospun fibers to PI one. The morphology of obtained fibers mats were investigated using a scanning electron microscope (SEM).
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The fibrous PI mats were soaked in a mixture of solution
containing 1:1 proportion of lithium trifluoromethanesulfonate
(lithium triflate, LiCF3SO3; Aldrich) and tetraethylene glycol
dimethyl ether (TEGDME; Aldrich) under an argon atmosphere in a glove box. The ionic conductivity was measured
at room temperature using BT-512 Membrane Conductivity
Test System from BEKKTECH in the in-plane mode under
scanning DC sweep mode and the voltage range from 0.1 V
to -0.1 V. The value of ionic conductivity was calculated by
the following equation:

σ=

L
L
=
R ⋅ A R ⋅W ⋅ T

(1)

where W, T, L are the width and thickness of sample and
the distance between electrodes, respectively. R is the resistance.
The electrolyte uptake under equilibrium state was also
measured and calculated based on the following equation:

δ (%) =

W − Wo
× 100
Wo

(2)

where Wo and W are the weights of dry PI mat and swollen
PI mat, respectively.

Ⅲ. Results and discussion
1. Fiber morphology
The morphology of prepared PI mats is shown in Figure
1 and the mean diameter is summarized in Table 1. The mean
diameter of the random PI mat was found to be around 280
nm. The oriented fibers showed somewhat lower diameters
of about 250 nm, possibly due to higher rotation speed of
drum collector of 1,000 rpm (300 rpm for random PI mat).
It has been reported that the average fiber diameter decreased
somewhat with increased drum speed because the fibers were

Figure 1. Fiber morphology of PI mats: (a) random, (b) uniaxial and (c) biaxial orientation.
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extended as they touch the rotating collector drum with higher
3
velocity than that of fibers.
As can be seen in Figure 1, the random PI mat (a) showed
randomly-oriented fiber structures even though it was collected
on the rotating drum at the speed of 300 rpm. The uniaxial
PI mat (b) showed a fairly good alignment of fibers in a single
direction. It has been previously observed by authors that the
best alignment of fibers occurs at the surface velocity of 12.9
m/s (corresponding to the speed of around 1,000 rpm in this
3
study). The biaxial PI mat (c) showed crossed fibers at right
angles, which was intended in this study. Thus the PI mats
having a controlled fiber orientation were successfully prepared in this study.
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2. Ionic conductivity
To see the orientation effect of fibers on the ionic conductivity, the prepared fibers mats were soaked in an electrolyte and the ionic conductivity was measured (Table 1). The
ionic conductivity of biaxial fiber mat was found to be two
times higher than that of the random fiber mat. This seems
to be responsible for the higher electrolyte uptake behavior,
as shown in Table 1. The higher electrolyte uptake might be
due to the easier separation of each crossed thin layers having
uniaxial orientation. However, the random and uniaxial mats
would have more physical entanglement among fibers.
The uniaxial PI mat showed a strong anisotropy in the ionic
conductivity with respect to the measuring direction. For instance, if we measure the ionic conductivity in parallel direction with the fiber orientation, it is slightly higher than that
of random mat. However, if we measure in the perpendicular
direction, it is slightly lower than that of random mat. The
observed anisotropy could be explained by the strong anisotropic nature of ionic channels for the uniaxial fiber mat in
+
both the directions. The transporting ions (Li in this study)
can travel more easily through the channels of aqueous media
in the parallel direction. However, the ions traveling in perpendicular direction will meet regular obstacles (fibers) preventing

Figure 2. A periodic behavior of ionic conductivity of uniaxially‐oriented PI mat with a measurement in the perpendicular direction.

the flow of ions, thus the speed of ion transport will be somehow delayed. The observed anisotropic behavior of ionic conductivity strongly indicates that it is possible to control the
speed of ion transportation by controlling the fiber orientation.
Figure 2 shows a strange periodic response of ionic conductivity with time, and this was observed only for uniaxial
PI mat in the measurement of perpendicular direction. The
interesting phenomenon might be explained by considering the
speed of ions. If we assume the Li+ ions travel a distance
L (4.2 mm) under the electrical voltage V (0.2 V), the mean
velocity of ions will be given by

v=

uV
L

(3)

Random

280 ± 10

2.2

2,480

UniaxialParallel

250 ± 15

2.5

2,520

where u is the Li+ ion mobility (4.0×10-8 m2/sec·V).5 The calculated value for v was about 19 nm/s. As can be seen in Figure
2, the cyclic fluctuation occurs every 30~36 sec, which is corresponding traveling distance of 570~684 nm. To compare
these values with the mean distance between fibers, five SEM
images of uniaxial PI mat were magnified to 20,000 times,
and the mean distance between fibers was determined for 100
cases. The determined average value of mean distance between
fibers was about 609 ± 9 nm, which is comparable to the values
based on the theoretical assumption. This strongly indicates
that the curious cyclic fluctuation of ionic conductivity with
time is closely related with the regularly resisting ions from
fibers.

UniaxialPerpendicular

250 ± 15

2.1

2,520

Ⅳ. Conclusions

Biaxial

249 ± 10

4.5

2,670

Table 1. Fiber Diameter, Ionic Conductivity, and Electrolyte
Uptake of PI Mats
Mat Type

Fiber Diameter Ionic Conductivity Electrolyte
(nm)
(mS/cm)
Uptake (%)

The PI nano-fibrous mats with controlled fiber orientation
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were successfully prepared using electrospinning. The ionic
conductivity of the PI mats soaked in a typical electrolyte was
greatly influenced by the fiber morphology. The biaxially-oriented PI mat showed the highest value for ionic conductivity.
For the uniaxially-oriented mats, the measurement direction
of ionic conductivity was strongly affected the ionic conductivity. The ionic conductivity in parallel direction with the fiber
orientation was much higher than that in the perpendicular
direction. The randomly oriented PI mat showed values in between them. The ionic conductivity of uniaxial PI mat in the
perpendicular direction showed a curious cyclic fluctuation
with time.
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