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Smaller fibers are welcome in many applications due to larger surface area, but
there is a threshold for smallest fibers for a fixed spinning system. In order to
further improve surface area, hierarchical structure is considered in this paper
using electrospinning. A bi-solvent system is used in our experiment for fast solvent
evaporation. Unsmooth nanofibers are obtained, and the formation mechanism is
elucidated.
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Introduction

It becomes a trend to improve specific surface area in many areas, such as nanotech-
nology, material science, chemistry, tissue engineering, energy science and textile engineering.
A higher specific surface area means a higher surface energy (surface potential), which can
result in more fascinating properties and more attractive applications [1-8].

Nanofibers have extremely high specific surface area, for example nanofibers with
radius of 100 nm have ten thousand times higher surface area than that for a fiber with radius of
Imm, unsmooth surface can further improve 150%.

Hierarchical structure in nature always behaves extremely well in many aspects, for
examples, the wool fiber hierarchy has excellent thermal property [9, 10], the polar bear hairs
have remarkable thermal insulation property [11, 12], silkworm cocoon hierarchy has good
air/water permeation and heat-proof property [13]. The hierarchical structure also enables Fuzhu,
an ancient Chinese device, to collect water from air [14], and a nanofiber membrane or a filter with
hierarchical structure always has good air permeability and low pressure drop [15-18].

Though there are many reports for producing unsmooth fibers [19, 20], its mechanism
is not clear yet, furthermore the mechanism for attracting properties due to unsmooth surface
with hierarchical structure is still an open problem. This paper gives a general strategy and for-
mation mechanism for fabrication of hierarchical fibers.
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Surface energy (geometric potential) vs. surface area

Most chemical properties, mechanical properties and electronic properties are relative
to the surface energy, or the geometric potential [21-29]. Any surface can produce a bound-
ary-induced potential, for example, the gravity of the Earth [30]. It is simple way to improve the
specific surface area by making material small, the smaller, the better. To illustrate the fact, we
consider a fiber with length of L and radius of R, its surface area is 2nRL If the fiber is cut into
N smaller daughter fibers with radius of 7, the total surface area becomes 2nrLN. According to
the volume conservation (mass conservation), the fiber number can be calculated:

nR’L R®
== (M)
L r
The surface area increases:
2nrLN R
wiN _R @)
2nRL r

Consider a spider silk with diameter of 3 pm, which is actually a nanofiber assembly
consisting of nanofibers with diameters of about 20 nm. The surface area of the nanofiber as-
sembly of the natural silk increases 150 times:

R_3-10°

r 20-107

=150 (3)

Unsmooth surface is a simple way to fur-
ther improve surface area. Consider a fiber surfce
on which hemispheres with radius of r are uni-
formly distributed, fig. 1, it can be easily calcu-
lated that the surface area increases about m/2
times comparfwith its smooth fiber.

The surface area can be only used for quali-
tative analysis, the most important factor is the sur-
face energy or geometrical potential. For a sphere
the geometrical potential can be written [21, 30]:

Eol @)
r
where r is the radius of the sphere. The potential

can produce a force:

Figure 1. Fractal surface roughness F=—o0x-— (%)

Equation (4) implies a smaller sphere can produce a higher geometrical potential or a
larger force. The well-known stress concentration is a good example for explanation of eq. (5):
a sudden change of geometrical structure will produce a sharp stress concentration, which will
become weaker if a more smooth surface is formed. To further illustrate this fact, we consider
a simple case in fig. 1: 7o =1000 nm, , = 100 nm, and », = 1 nm, as a result each hierarchical

cascade has the potential:
E ="F =10E, ©6)
h

and
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In practical applications, we always use average sradius of the unsmooth surface for
example, for the hierarchical structure given in fig. 1, if we use 7, as its average radius, 7; is
sothing of square deviation. If the average radius is used, eq. (4) has to be updated:

1
B @®)
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where a is a scaling exponent, for the illustrating example, a = 3:

3
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In a summary, when r tends nanoscales, eq. (4) should be updated:

Eot (10)
r
where 7 is the average radius, a is a scaling exponent. eq. (10) can explain the Hall-Petch effect
in material science [31]. When r tends to a molecular scale, the value of the scaling exponent
can be as large as 12 as that for the Lennard-Jones potential [32].

The nanoeffect can be written [33]:

k
O-:O-O(l+r'37J (11)

where ¢ is the can be elastic modulus or strength, o, — the its
bulk’s property, k£ — the material constant, and » — the fiber’s
radius.

In this paper we will suggest a simple way to produce
rough surface by electrospinning.

v

Theoretical development

Electrospinning is generally used to produce smooth
micro/nanofibers, but unsmooth fiber with hierarchical struc-
ture can be produced by adjusing spinning parameters [33-
35]. Figure 2 is a control volume for the moving jet during the  Figure 2. A control volume of
spinning process, the mass lose due to the solvent evaporation ~ 2 moving jet in the spinning
can be calculated using the Darcy law: process

Qevaporation = anpsV = 21trpskVp = 2Tcrpsk(p_p0) (12)

Solvent evaporation

where V' is the evaporation velocity, p, — the solvent’s density, Ap — the pressure difference be-
tween the jet surface and the atmospheric pressure, and k£ — the constant.

The mass conservation equation considering the solvent evaporation can be ex-
pressed:

2 U+ Q oooion = T U217 pk(p = py) = O (13)

where u is the velocity of the jet, p — the density of the jet, » — the radius of the jet, and Q — the
flow ratio which is a constant in our study.
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We assume that the moving jet follows Bernoulli’s principle:

1, p
—u +—=B8B
5 - (14)
where B is the Bernoulli constant. By eq. (14), we can re-write eq. (13):
nrzpu+2nrpsk(pB—%pu2—p()):Q (15)
The jet radius can be solved from eq. (15):
2
—27T.psk(b - % pu’ j + \/{2nrpxk(b —%pu2 H +4npuQ (16)
B 2npu

where b = pB — p,.
It is not very difficult to find:

dr ¥ p=2rp.kpu

2r pu + 2psk(b—;pu2j

du (17)
Generally a higher voltage results in a higher acceleration, as a result, a higher ve-

locity is obtained, and a smaller fiber is predicted. However, there is a critical value for the jet
radius:

r, =2p hu (18)

When > r,,, we have dr/du <0, it implies an increase of velocity results in decrease
of jet radius. However, when a fast solvent evaporation occurs, k is large in eq. (18), the jet
radius will sooner reach its critical value, when » < r,,, we have dr/du > 0, that means the jet
radius will increase when the jet velocity increases, however, this will not happen, because
during the spinning process, solidification of the jet begins at the very initial stage, the section
area cannot be enlarged for a solidifying jet, that means when the jet radius reaches » = r,, the
jet radius will keep almost unchanged, while the solvent evaporation still continues, resulting
in unsmooth surface. The general strategy for fabrication of unsmooth fibers by electrospinning
is to control the critical radius given in eq. (18), the two key factors for this purpose are solvent
evaporation ratiom, k, and jet velocity, u, we will give an experimental verification of our the-
oretical prediction.

Experimental design

In order to give an experimental verification of the aforementioned theoretical analy-
sis, we used dimethyl formamide (DMF) and acetone as solvents. Acetone is a volatile solvent
with w boiling point of 56 °C, and the boiling point is lower for the bi-solvent system.

In our experiment, polyvinylidene fluoride (PVDF), and poly(ether sulfones) (PES)
were used without any purification, which were bought from, respectively, 3M Company, US
and American Solvay.

A bi-solvent system was first prepared with a weight ratio: DMF/acetone = 7/3. The
PVDF powders were put into the bi-solvent system in a sealed beaker, the mixture was then
magnetically stirred using a magnetic stirrer (DF-101S, Xinrui Instrument Co. Ltd.) with the
water temperature of 50 °C until a uniform and transparent solution was obtained. The PES par-
ticles were then put into the PVDF solution, and the mixture was stirred using a magnetic stirrer
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(HJ-6A,Gongyi Yuhua Instrument Co. Ltd.) under ambient temperature until a uniform and
transparent solution was formed. Concentrations of PVDF/PES solution were listed in tab. 1.
Table 1. The PVDF/PES solution
PVDF [g) PES [g] DMF [g] | Acetone [g] | Concentration [%]
1.5 1.5 11.9 5.1 15
2 2 12.32 5.28 20

Electrospinning was used in this paper to prepare for unsmooth nanofibers. The
PVDF/PES solution was put into a 10 mL syringe, other parameters were listed in tab. 2.

Table 2. Spinning parameters

Samples Voltage ' Receptor Rate of soluti_on PVDF/PES ' Average
[Kv] distance [cm] | supply [mLh'] | concentration [%] | diameter [nm]
1 15 17 0.5 15 431+£24.18
2 17 17 0.5 15 508+24.15
3 20 17 0.5 15 5874+30.33
4 15 17 1 20 836+80.00

Results and discussion

The SEM illustrations for each sample are given in figs. 3 and 4, average fiber diam-
eter for each sample is listed in tab. 2.
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Figure 3. The SEM illustrations
for three samples; (a) Sample 1,
(b) Sample 2, and (c) Sample 3
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Figure 3 shows that a lower voltage
results in smaller fibers with more unsmooth
surface. This is because a lower voltage im-
plies a lower acting force, as a result a slower
velocity of the jet is predicted due to lower
acceleration, according to eq. (18), the critical
radius is smaller than those for Samples 2 and
3, this result agrees with the experimental ob-
servation given in figs. 1-3 and tab. 2.

We assume that the jet’s velocity is pro-
— "S5 me 1w o w50 portional to the applied voltage:

2 g Diameter [nm]

Figure 4. The SEM illustrations for Sample 4 Eocu (19)

Frequency [%]

The final fiber radius is determined by the critical radius given in eq. (18):

o E (20)
Using the data given in tab. 2:
Gk B _15 4 g 1)

(), E, 17
and
(rcr )1 _ 5 _ E

(), £y 20

While the observed results are, respectively, 431/508 = 0.848 and 431/587 = 0.734, this
simple theoretical analysis gives a high accuracy of predictions, 3.8% and 2.1%, respectively.

As the distance between the needle and the receptor was fixed in our experiment, a
lower velocity of the jet means a long exposure period for solvent evaporation, resulting in un-
smooth surface. For a faster moving jet, according to Bernoulli principle, the surface pressure
of the moving jet is lower, resulting in a lower pressure difference between the jet surface and
its atmosphere pressure, according to Darcy law, the solvent evaporation is slower, as a result,
a more smooth surface is predicted as the cases for Samples 2 and 3.

The jet velocity mainly depends upon the applied voltage, but there is another very
important factor which was always ignored in academic community, that is the supply rate of

the spun solution. The solution supply rate of
Sample 4 is twice as those for other three sam-
....... ples.
l_a__ 4 Figure 5 gives a control volume for mass
conservation, for a steady spinning process, the
mass entering into the control volume equals to
-~ the mass discharging:

nr02 pu, =0 (23)
where 7, is the initial jet radius, u,— the initial

=0.75 (22)

(o) velocity of the ejecting jet.
Ee7e o Assuming that the initial jet has an ap-

. proximate same jet radius:
Figure 5. A control volume

(discontinuous circle) uy o Oy (24)
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Due to a tremendously high ejecting jet velocity, an extremely short period is needed for
the jet reaches the receptor. Though the velocity will decrease due to the air drag and viscous
resistance during this extremely short spinning process, we can use its initial velocity as its
spinning velocity:

u oc uy oc O (25)
According to eq. (18), the critical radius becomes larger for Sample 4, as a result the
obtained fiber has larger diameter than other three samples. Using the data listed in tab. 2:

(72,)4 _ (uy), _ (D)4 _L_

() () (Qy), 05
while experimental result is 836/431 = 1.94, with an accuracy of 3%.
The Sample 4 has a higher concentration than that of Sample 1, that means solvents
involved in the moving jet is less, which can be faster evaporated, as a result, unsmooth surface
due to solvent evaporation is formed, as illustrated in fig. 3.

(26)

Conclusion

This paper gives a theoretical analysis of the mechanism of unsmooth surface of fibers
by electrospinning, though there are many mathematical models in open literature to describe
the spinning process, however, all models ignore solvent evaporation. A fast solvent evapora-
tion or sudden solvent evaporation always result in unsmooth surface, which can remarkable
increase surface energy. This paper chooses a bi-solvent system with low boiling point. Due to
the high ejecting velocity from the Taylor cone, the surface pressure of the moving jet is low ac-
cording to Bernoulli principle, this is not helpful for a fast solvent evaporation, therefore, a low
voltage is much needed for producing unsmooth fibers by electrospinning. Another important
factor is volatile solvent. In practical applications, multiple solvent system is always welcome
to produce unsmooth fibers.
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