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Nano�bers have shown many unique characteristics and
enormous application potential inwidely diverse areas.While
considerable research has been conducted on exploring the
properties and applications of nano�bers over the decade,
the technology development for large-scale production of
nano�bers has been hampered, which slows down the wide
applications of nano�bers in practice.

is special issue focuses on the recent progress in
emerging nano�ber production techniques, such as needle-
less electrospinning, and novel properties and applications of
nano�bers. It also covers unusual methods to process natural
materials into nano�brous materials.

e special issue consists of four review articles and
eighteen research papers. One review paper presents an
overview of the recent developments in needleless elec-
trospinning and the in�uences of needleless spinnerets on
electrospinning process, nano�ber quality and productivity.
e review also points out the challenges remaining for
further research in this area. Other three reviews separately
summarize the preparation, characterization and applica-
tions of ZnO nanowires and the applications of carbon
nano�bers for neural electrical/chemical interfaces and for
cement reinforcement.

e research articles report new results of needleless elec-
trospinning techniques, and novel methods to make bicom-
ponent nano�bers, porous nano�bers, nano�ber hydrogel
and chitin nano�brils. As �uest Editors for this special issue,
we are pleased to see the progress in the applications of
nano�bers, especially for sound absorption and for protective
clothing, as well as the antibacterial properties of titanate
nano�bers.

We hope this special issue will promote further develop-
ment of large-scale economically feasible nano�ber-making
technologies, and also contribute to the wide use of
nano�bers. We also hope that the articles collected in this
special issue are well-received by the reader.
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A sodium titanate nano�ber thin �lm and a silver nanoparticle/silver titanate nano�ber thin �lm formed on the surface of a
titanium plate exhibited strong antibacterial activities against methicillin-resistant Staphylococcus aureus, which is one of the major
bacteria causing in-hospital infections. Exposure of the sodium titanate nano�ber thin �lm to ultraviolet rays generated a high
antibacterial activity due to photocatalysis and the sodium titanate nano�ber thin �lm immediately aer its synthesis possessed
a high antibacterial activity even without exposure to ultraviolet rays. Elution of silver from the silver nanoparticle/silver titanate
nano�ber thin �lm caused by the silver ion exchange reaction was considered to contribute substantially to the strong antibacterial
activity. e titanate nano�ber thin �lms adhered �rmly to titanium. erefore, these titanate nano�ber thin �lm/titanium
composites will be extremely useful as implant materials that have excellent antibacterial activities.

1. Introduction

Sodium titanate thin �lms with various nanostructures are
known to form on titanium surfaces when titanium metal is
soaked in a NaOH solution [1–5]. Since these thin �lms pos-
sess excellent mechanical properties derived from titanium
and an outstanding ability to form apatite (i.e., osteoconduc-
tivity) derived from sodium titanate, they have been widely
studied as biocompatible materials for use in arti�cial joints
[6–15]. Recently, many studies have focused on making Ti-
based antibacterial materials in order to prevent infection
during and aer an arti�cial joint replacement surgery [16].
Silver has been particularly well studied as an antibacterial
substance that can prevent development of drug-resistant
bacteria while maintaining biological safety [17–22]. ere
have been reports of the use of alloying [17], magnetron
cosputtering [18], anodization and electrodeposition [19],
microarc oxidation [20], thermal spraying [21], and plasma
electrolytic oxidation [22].

Our group found that a sodium titanate nanotube thin
�lm could be formed on the surface of a titanium plate aer
hydrothermal treatment of a titanium plate in a 10mol/L
NaOH solution, followed by a �xing treatment [23]. Per-
forming a silver ion exchange treatment on the formed thin
�lm using a silver acetate solution transformed the sodium
titanate nanotube thin �lm into a silver nanoparticle/silver
titanate nanotube thin �lm.e obtained thin �lm possessed
an excellent antibacterial activity and apatite forming ability
[24, 25].

In the present paper, we introduce a sodium titanate
nano�ber thin �lm. e sodium titanate nano�ber thin �lm
was obtained using a 4mol/L NaOH solution instead of a
10mol/L NaOH solution. In the synthesis of the sodium
titanate nanotube thin �lm, when the sample was washed
with water to remove excess NaOH immediately aer the
hydrothermal treatment, the nanotube thin �lmwas detached
from the titanium plate. erefore, �xing treatment was
re�uired. On the other hand, the sodium titanate nano�ber
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thin �lm �rmly adhered to the surface of a titanium plate
immediately aer performing the hydrothermal treatment
and therefore required no special �xing treatment. e use
of titanate thin �lm/titanium composites as biocompatible
materials requires �rm adherence between the thin �lm
and titanium. erefore, the nano�ber thin �lm, which has
excellent adherence to titanium, appears to be a promising
biocompatible material. However, only a single study [4] has
investigated the antibacterial activity against Escherichia coli
of titanate nano�ber thin �lms due to photocatalysis. Further
detail is still needed regarding antibacterial activity. In the
present study, a sodium titanate nano�ber thin �lm was
formed on the surface of a titanium plate by hydrothermal
treatment of the plate in a NaOH solution. e obtained
thin �lm was then transformed into a silver nanoparti-
cle/silver titanate nano�ber thin �lm by soaking it in a silver
acetate solution. Methicillin-resistant Staphylococcus aureus
(MRSA), which is one of the major bacteria causing in-
hospital infections, was then used to evaluate the antibacterial
activity of the sodium titanate nano�ber thin �lm due to
photocatalysis and the antibacterial activity of the silver
nanoparticle/silver titanate nano�ber thin �lm due to elution
of silver ions.

2. Experimental Section

2.�. Syntheses of a So�ium Titanate Nano�ber in Film an�
a Silver Nanoparticle/Silver Titanate Nano�ber in Film. A
titanium plate (20 × 20 × 2mm) was reacted hydrothermally
with 20mL of a 4mol/L NaOH solution at 160∘C for 20 h.
Aer the hydrothermal treatment, the obtained sample was
repeatedly washed with water, resulting in a titanium plate
coated with a sodium titanate nano�ber thin �lm. e plate
was then soaked in 12mL of a 0.05mol/L silver acetate
solution for 3 h at 40∘C, repeatedly washed with distilled
water, and dried in a dark place to transform the sodium
titanate nano�ber thin �lm into a silver nanoparticle/silver
titanate nano�ber thin �lm. e antibacterial activity was
evaluated by synthesizing a sodium titanate nano�ber thin
�lm and a silver nanoparticle/silver titanate nano�ber thin
�lmon a titaniumplate (50× 50× 2mm) using solutionswith
the same concentration but different volumes. Transmission
electron microscopy (TEM) was performed with a Hitachi
H-800MU instrument and a JEOL JEM-1210 instrument.
A sample for TEM observation was prepared by sprinkling
powders obtained by scaling the thin �lm onto a standard
TEM grid.e acceleration voltage for TEM observation was
120 kV. Scanning electron microscopy (SEM) was performed
with a Hitachi S-3000N. Energy-dispersive X-ray microanal-
ysis (EDX) was performed with an EDAX Genesis 2000
instrument. X-ray diffraction (XRD) measurements were
performed with a Shimadzu XRD-6100 instrument using Cu
K𝛼𝛼 radiation.

2.2. Antibacterial Activity Evaluation of the in Film. e
antibacterial activity was evaluated using partially modi�ed
Japanese Industrial Standard test (JIS Z2801). e samples
were disinfected with alcohol for 10min and dried in air

at 25∘C for 18 h. A sterilized polyethylene �lm was used
as a blank sample. e environment of infection in an
actual living body was mimicked by using a inactivated
bovine serum as the solvent for the bacterial suspension,
which reproduced eutrophic conditions, and the antibacterial
activity was evaluated against MRSA that possessed the
bio�lm formation gene.

A 0.2mL volume of the bacterial suspensionwas dropped
onto the sample plate (50 × 50 × 2mm), a 40 × 40mm
polyethylene �lm (Elmex Corp.) was placed on the plate,
and the sample plate was cultured at 37∘C for 24 h. Sub-
sequently, the number of viable bacteria was counted. e
same experiment was partially performed using a different
sample plate (20 × 20 × 2mm), a different quantity of
the bacterial suspension, and a different �lm size. Each of
the thin �lms (the sodium titanate nano�ber thin �lm, the
silver nanoparticle/silver titanate nano�ber thin �lm, and the
sterilized polyethylene �lm) was evaluated three times, and
the average number of viable bacteria was calculated. e
average number of viable bacteria was used to calculate the
antibacterial activity value. e antibacterial activity value
(𝑅𝑅) for the sample was calculated as follows:

𝑅𝑅 𝑅 log 
𝐵𝐵
𝐴𝐴
 − log 

𝐶𝐶
𝐴𝐴
 𝑅 log 

𝐵𝐵
𝐶𝐶
 . (1)

Here, 𝐴𝐴, 𝐵𝐵, and 𝐶𝐶 are the average viable MRSA counts
just aer inoculation, aer 24 h for a blank and aer 24 h
for a sample, respectively. e antibacterial characteristics
due to ultraviolet (UV) irradiation were evaluated using
a UV irradiation apparatus that was vertically adjusted to
set the illumination as 52−92 Lux and the intensity as
133−236𝜇𝜇w/cm2.eUV irradiationwas continued for 24 h.
e sample plate was disinfected with alcohol and washed
with water between each evaluation.

2.3. Elution of Silver from the Silver Nanoparticle/Silver
Titanate Nano�ber in Film. e silver nanoparticle/silver
titanate nano�ber thin �lm formed on a titanium plate (20
× 20 × 2mm) was then soaked in 15mL of a fetal bovine
serum solution at 37∘C, and then le to stand for 24 h. Fetal
bovine serum was used to mimic MRSA environment in
order to study the elution behavior of silver [24]. e eluate
was collected, centrifuged, and �ltrated through a 0.22𝜇𝜇m
�lter. e Ag concentration in the eluate was measured
by inductively coupled plasma (ICP) mass spectroscopy
performed with a Seiko SPQ-8000. is experiment was
repeated 10 times, and the Ag concentration in the eluate was
measured each time.

3. Results and Discussion

3.�. Synthesis of a So�ium Titanate Nano�ber in Film an�
Its Transformation into a Silver Nanoparticle/Silver Titanate
Nano�berin Film by a Silver Ion E�chan�e Treatment. Fig-
ure 1(a) (inset) shows a digital photograph of the synthesized
thin �lm, which appeared as a uniform thin �lm formed
on the titanium plate. A sodium titanate nanotube thin �lm
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F 1: SE� images (a), (c) and TE� images (b), (d), and (e) of the sodium titanate nano�ber thin �lm (a), (b) and the silver
nanoparticle�silver titanate nano�ber thin �lm (c), (d), and (e). Insets are photographs taken with a digital camera.

exfoliated from the titanium plate when the thin �lm was
washed with a large amount of water immediately aer the
hydrothermal treatment [23]. In contrast, no exfoliation of
the thin �lm was observed in Figure 1(a) (inset); that is, the
thin �lm �rmly adhered to the titanium plate. SE� image
(Figure 1(a)) con�rmed that the thin �lm was composed
of nano�bers. �eng and Chen [3], Dong et al. [4], and
Chi et al. [26] also reported formation of similar one dimen-
sional sodium titanate thin �lms, such as sodium titanate
nanowire thin �lms [3, 4, 26] and sodium titanate nanobelt
thin �lm [26], although they used different concentrations
of NaOH solution at different reaction temperatures. e
concentration of the NaOH solution and the reaction tem-
perature were considered to have substantial effects on the
structure and the rate of formation of the precursor of sodium

titanate and on the morphology of sodium titanate that
was �nally formed. TE� image (Figure 1(b)) also revealed
that the thin �lm was composed of nano�bers with widths
between tens of nmand a littlemore than 100 nm, and lengths
of several 𝜇𝜇m. Cross sections of the thin �lm indicated a �lm
thickness of approximately 6 𝜇𝜇m.

e X�D pattern of the thin �lm (Figure 2(a)) showed
diffraction peaks attributable to titanate with a layered struc-
ture. EDX analysis indicated a molar ratio of Na : Ti : O =
1 : 3.04 : 6.08. Sodium titanates with various compositions
have been reported previously. Among the reported sodium
titanates, the EDX data from the present study most
closely agreed with a molar ratio of Na2Ti6O13. erefore,
a Na2Ti6O13 nano�ber thin �lm was considered to have
formed in the present study. Although their synthesis
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F 2: XRD patterns of the thin �lm before and aer the
silver ion exchange treatment; the XRD pattern immediately aer
the hydrothermal reaction and prior to the silver ion exchange
treatment (a) and the XRD pattern following the silver ion exchange
treatment (b). Peak assignment: •, sodium titanate; ▴, titanium; ○,
silver titanate.

conditions were different, Peng and Chen [3] reported the
synthesis of a Na2Ti6O13 nano�ber thin �lm. Chi et al. [26]
also suggested that a Na2Ti6O13 nano�ber thin �lm had been
synthesized.

Figure 1(c) (inset) shows the thin �lm �rmly adhered
to the titanium plate following the silver ion exchange
treatment. e SEM image in Figure 1(c) shows that no large
morphological changes at the micrometer level occurred
following the silver ion exchange treatment. However, the
TEM image (Figure 1(d)) shows the presence of many
nanoparticles, between several nm and a little more than
10 nm in size, deposited on the surfaces of nano�bers. Figure
1(e), an enlarged image of Figure 1(d), shows that angu-
lar polyhedral nanoparticles appear to have formed. ese
nanoparticles were considered to be composed of silver, and
were thought to be deposited due to photocatalysis of titanate.
As mentioned below, sodium titanate nano�bers possess a
photocatalytic capability. Silver ions in silver titanate were
reduced to silver by electrons excited by light irradiation.
e formed silver, which was electrically neutral, could not
remain within the titanate nano�ber, and silver nanoparticles
formed by shiing and aggregating on the surface of the
nano�ber. �hen the thin �lm was continuously irradiated
with light aer performing a silver ion exchange treatment,
the color of the sample changed to black. However, when
the thin �lm was covered with aluminum foil and stored

aer performing a silver ion exchange treatment, the color
of the sample changed very little. erefore, the formation of
silver nanoparticles was clearly a result of light irradiation,
and the mechanism suggested above appeared to explain
the formation of these nanoparticles. Since the surfaces of
the formed silver nanoparticles were not protected with
surfactants or similar compounds, these surfaces might be
oxidized or hydroxylated in the solution. e EDX analysis
revealed Ag but no Na in the sample aer the silver ion
exchange treatment, indicating that an exchange of Na+
ions for Ag+ ions had taken place in the sodium titanate
nano�bers. e molar ratio of Ag/Ti was 0.63�, which was
larger than the original Na/Ti = 0.329 in the sample before
the silver ion exchange treatment. e reasons for this were
probably that Ag+ ions were inserted into titanate following
the ion-exchange reaction and silver nanoparticles were
deposited onto the surfaces of the nano�bers.

e XRD pattern of the sample aer the silver ion
exchange treatment (Figure 2(b)) showed the disappearance
of the diffraction peak at 2𝜃𝜃 𝜃 𝜃𝜃𝜃𝜃∘ that was attributed to
the sodium titanate layered structure observed in the sample
before the silver ion exchange treatment. e diffraction
peaks near 2𝜃𝜃 𝜃 2𝜃𝜃𝜃6∘ and 2𝜃𝜃22∘ attributed to the crystal
structure of sodium titanate also became indistinct, while
a broad diffraction peak with high intensity appeared near
2𝜃𝜃 𝜃 2𝜃𝜃3∘, and the intensity of a diffraction peak near 2𝜃𝜃 𝜃
𝜃𝜃𝜃3∘ increased. ese results indicated that the exchange
of Na+ ions with Ag+ ions that took place in the sodium
titanate nano�bers changed the crystal structure of titanate
from the layered structure to a three-dimensional structure,
while maintaining the shape of nano�ber, and conse�uently,
silver titanate nano�bers were formed. A change in the
crystal structure was also observed following the silver ion
exchange treatment due to the transformation of the sodium
titanate nanotube into the silver titanate nanotube [24, 27].
Diffraction peaks attributed to silver were not observed. e
reasons for this were considered to be that the diameter of
the silver nanoparticles and the amounts of deposited silver
nanoparticles were too small to detect.

�.�. Anti�acte�ial Acti�ity o� the Sodium �itanate �ano��e�
in Film against MRSA due to Photocatalysis. Table 1 shows
the results of evaluation of the sodium titanate nano�ber
thin �lm for antibacterial activity due to photocatalysis. e
�rst evaluation under UV irradiation showed that 3𝜃𝜃 ×
1𝜃5 CFU/sample viable bacteria were present immediately
aer inoculation of MRSA. At 24 h aer the inoculation, the
number of viable bacteria increased to 6𝜃6 × 1𝜃𝜃 CFU/sample
on the blank sample but this number decreased to 𝜃𝜃2 ×
1𝜃2 CFU/sample on the sodium titanate nano�ber thin �lm.
ese results indicated that MRSA was not killed by UV irra-
diation alone but was killed by exposing the sodium titanate
nano�ber thin �lm toUVrays.e antibacterial activity value
of the sodium titanate nano�ber thin �lm was calculated
to be as high as 5.9. In general, an antibacterial activity
value of 2 or higher is considered to represent antibacterial
activity. erefore, the sodium titanate nano�ber thin �lm
possessed a high antibacterial activity under UV irradiation.
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T 2: Evaluation of the antibacterial activity of the sodium titanate nano�ber thin �lm against E. coli and S. aureus.

Name of bacteria Sample
Average of viable bacteria
just aer the inoculation

(CFU/sample)

Average of viable bacteria
count aer 24 h
(CFU/sample)

𝑅𝑅
(antibacterial activity value)

Escherichia coli
Sodium titanate

Nano�ber thin �lm 2.2 × 105 2.7 × 103 5.5

Blank sample 7.1 × 108

Staphylococcus aureus
Sodium titanate

Nano�ber thin �lm 2.5 × 105 2.3 × 103 4.7

Blank sample 1.4 × 108

T 3: Evaluation of the antibacterial activity againstMRSA of sodium titanate nano�ber thin �lms synthesized following different reaction
times.

Reaction time Sample
Average of viable MRSA count

just aer the inoculation
(CFU/sample)

Average of viable MRSA count
aer 24 h

(CFU/sample)

𝑅𝑅
(antibacterial activity value)

1
Sodium titanate

Nano�ber thin �lm 2.8 × 105 4.3 × 107 1.2

Blank sample 6.5 × 108

5
Sodium titanate

Nano�ber thin �lm 2.6 × 105 3.9 × 108 0.3

Blank sample 7.9 × 108

12
Sodium titanate

Nano�ber thin �lm 2.6 × 105 6.5 × 105 3.1

Blank sample 7.9 × 108

20
Sodium titanate

Nano�ber thin �lm 2.1 × 105 2.1 × 102 6.5

Blank sample 6.0 × 108

e antibacterial activity of the sodium titanate nano�ber
thin �lm was also evaluated without exposure to UV rays
(i.e., in the dark). Table 1 shows amarkedly high antibacterial
activity value of 5.8. e same sample was repeatedly evalu-
ated for antibacterial activity with UV exposure and showed
antibacterial activity values as high as 7.7 and 6.6 for the
second and third evaluations, respectively. e antibacterial
activity values without UV exposure, for the second and
third evaluations, were as low as 1.0 and 0.3, respectively.
erefore, the antibacterial activity began to decline at the
second evaluation and aerward.

In summary: (1) exposure of the sodium titanate
nano�ber thin �lm to UV rays generated a high antibac-
terial activity due to photocatalysis; and (2) the sodium
titanate nano�ber thin �lm immediately aer its synthesis
possessed a high antibacterial activity even without expo-
sure to UV rays. Dong et al. [4] previously reported the
antibacterial activity of a titanate nano�ber thin �lm due
to photocatalysis. However, the composition of the thin
�lm was not documented and only the antibacterial activity
against gram-negative Escherichia coli was investigated. In
the present study, the composition of sodium titanate was
�rst elucidated and its antibacterial activity was evaluated
against gram-positive MRSA, which actually causes in-
hospital infections. erefore, the present study adds new
information to the results reported by Dong et al. [4] and

provides a more in-depth understanding of the antibacterial
activity of the titanate nano�ber thin �lm due to photocatal-
ysis.

Our group has previously reported that the antibacterial
activity value of a sodium titanate nanotube thin �lmwithout
exposure to UV rays was 1.7, and that of a sodium titanate
thin �lm with a porous network structure was 1.8 [24].
A sodium titanate nanosheet thin �lm was hydrothermally
synthesized using a 1mol/L NaOH solution at 160∘C for
20 h. e antibacterial activity value of this synthesized thin
�lm was 2.1. ese results indicated that the sodium titanate
nano�ber thin �lm alone had a markedly high antibacterial
activity. As shown in Table 2, the antibacterial activity values
of the sodium titanate nano�ber thin �lm against gram-
negative E. coli and gram-positive Staphylococcus aureus,
evaluated without UV exposure, were 5.5 and 4.7, respec-
tively. is indicated that the sodium titanate nano�ber thin
�lm had high antibacterial activity against different bacteria.
e reproducibility of the antibacterial activity evaluation
against MRSA, without UV exposure, was con�rmed by
investigating the antibacterial activities of sodium titanate
nano�ber thin �lms that were synthesized following different
reaction times. e SEM images in Figure 3 show that a
nano�ber thin �lm was clearly formed as the reaction time
proceeded. e XRD pattern in Figure 4 shows that the
intensity of each diffraction peak or the crystallinity increased



Journal of Nanomaterials 7

F 3: S�M images of sodium titanate nano�ber thin �lms synthesi�ed following different reaction times; the titanium plate before the
synthesis (a), and aer 1 h (b), 5 h (c), and 12 h (d) reaction times.

a

b

c

d

e

0 10 20 30 40 50 60 70

2� (deg)

F 4: �R� patterns of sodium titanate nano�ber thin �lms
following different reaction times; the titanium plate before the
synthesis (a), and aer 1 h (b), 5 h (c), 12 h (d), and 20 h (e) reaction
times. Peak assignment: •, sodium titanate; ▴, titanium.

as the reaction time proceeded. Table 3 shows that the
antibacterial activity values of thin �lms synthesi�ed with the
reaction times of 1 h and 5 h were below 2. erefore, these
�lms had no clear antibacterial activity. However, extending
the reaction time to 12 h resulted in an antibacterial activity
value of 3.1. When the reaction time was 20 h, the value was
�.5. erefore, increases in the crystallinity of the nano�bers
were accompanied by increases in the antibacterial activity
of the thin �lm. At this moment, we cannot clearly explain
the reason for these high antibacterial activity values with-
out UV exposure. However, the following hypothesis can
be proposed. Sodium titanate nanotubes, nano�bers, and
nanosheets were composed of sheets consisting of titanate.
A larger area of the edge of the titanate sheet was exposed
in nano�bers than in nanotubes and in nanosheets. Since the
surface and the edge of the titanate sheet possessed different
properties, as reported by Matsumoto et al. [28], the edge of
the titanate sheet might become a chemically active site. e
chemically active site had a speci�c effect on bacteria, and
consequently a high antibacterial activity was expressed. We
are currently attempting to elucidate the detailed mechanism
underlying the antibacterial activity.

3.3. Antibacterial Activity of the Silver Nanoparticle/Silver
�itanate Nano�ber�in �il�. eantibacterial activity of the
silver nanoparticle�silver titanate nano�ber thin �lm against
MRSA was investigated. e number of viable bacteria
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F 5: Repeated silver elution test performed on the silver
nanoparticle/silver titanate nano�ber thin �lm.

immediately aer inoculation of MRSA was 2.7 ×
105 CFU/sample. At 24 h aer the inoculation, the number
increased to 8.6 × 108 CFU/sample on the blank sample,
but decreased to below 1 × 101 CFU/sample on the silver
nanoparticle/silver titanate nano�ber thin �lm. Based
on these values, the antibacterial activity value of the
silver nanoparticle/silver titanate nano�ber thin �lm was
calculated as 7.9, which indicated an extremely high
antibacterial activity.

As shown in Figure 5, a large amount of silver (110 ppm)
was eluted on the �rst day. erefore, the elution of silver
was suggested as a cause of the high antibacterial activity.
However, the amount of eluted silver had decreased to
77 ppm on the second day and this amount continued to
decrease gradually over time, to 20 ppm by the 10th day.is
elution curve was similar to that reported previously by us
for a silver nanoparticle/silver titanate nanotube thin �lm
[24]. However, the amount of silver eluted on the �rst day
was larger for the silver nanoparticle/silver titanate nano�ber
thin �lm (110 ppm) than for the previously reported silver
nanoparticle/silver titanate nanotube thin �lm (98 ppm) [24].
e amount of eluted silver was considered to be greatly
related to the amount of silver in the thin �lm.e amount of
silver in the silver nanoparticle/silver titanate nano�ber thin
�lm might differ from that in the silver nanoparticle/silver
titanate nanotube thin �lm. However, since the amount of
silver in nano�ber and nanotube thin �lms is extremely
difficult to measure correctly and no effective measuring
technique exists at present, the amount of silver in the thin
�lms was not measured. Instead, we provide the minimum
information on the amount of silver in these thin �lms
by showing the results of EDX analysis of the thin �lm
sample before the silver elution test. e molar ratio of Ag/Ti
for the silver nanoparticle/silver titanate nano�ber thin �lm
was 0.638, which was similar to 0.67 of that for the silver
nanoparticle/silver titanate nanotube thin �lm [24]. For the
actual amount of silver in the thin �lm, the nanostructure and
the microstructure of the thin �lm including its density and

thickness must be taken into consideration, in addition to the
results of EDX analysis. e antibacterial activity value was
also larger for the silver nanoparticle/silver titanate nano�ber
thin �lm (7.9) than for the previous silver nanoparticle/silver
titanate nanotube thin �lm (6.3). e reason for this differ-
ence was probably that a larger amount of silver was eluted
from the silver nanoparticle/silver titanate nano�ber thin
�lm.

e elution of silver from the silver nanoparticle/silver
titanate nano�ber thin �lm is considered to be due to the
elution from silver nanoparticle and the elution from silver
titanate nano�ber caused by an ion exchange reaction due
to high affinity between Ag+ ions and proteins. e fetal
bovine serumused as the solvent in the present study contains
large amounts of proteins, which have very high affinity
with Ag+ ions through the –SH group or –NH group in
the proteins, and appreciable concentrations of cations. Ion
exchange reactions are generally known to proceed more
rapidly than dissolution reactions of metals. Furthermore,
we have already revealed that at the silver elution test of
the silver nanoparticle/silver titanate nanotube thin �lm
although silver at a concentration of tens of thousands of
ppb was eluted in fetal bovine serum, silver at a concen-
tration of only several hundreds of ppb could be eluted in
physiological saline and PBS solutions [24]. Since the silver
nanoparticle/silver titanate nano�ber reported in this study
possessed a crystal structure that was basically similar to that
of the silver nanoparticle/silver titanate nanotube, although
the nanomorphology differed, the elution behavior of silver
was presumed to be similar in both structures. Actually, as
shown by the repeated silver elution test in Figure 5, the
elution behavior of silver from the silver nanoparticle/silver
titanate nano�ber thin �lm was similar to that from the
silver nanoparticle/silver titanate nanotube thin �lm [24].
erefore, the elution of silver from silver titanate nano�ber
caused by the silver ion exchange reaction due to high affinity
between Ag+ ions and proteins was considered to contribute
substantially to the large amount of eluted silver on the �rst
day and the high antibacterial activity.When the elution time
was extended, this contribution then would become smaller
and the contribution of silver eluted from silver nanoparticles
would become larger as time progressed.

4. Conclusion

e present study revealed that a sodium titanate nano�ber
thin �lm and a silver nanoparticle/silver titanate nano�ber
thin �lm formed on the surface of a titanium plate exhibited
strong antibacterial activities against MRSA, which is one of
the major bacteria causing in-hospital infections. e high
antibacterial activity seen for the sodium titanate nano�ber
thin �lm under UV irradiation indicated that bacteria could
be prevented from growing and adhering to a sample when
the sample was stored under UV irradiation. In contrast, the
silver nanoparticle/silver titanate nano�ber thin �lm would
be able to act efficiently as an antibacterial material in a living
body where no light could penetrate. e titanate nano�ber
thin �lm/titanium composites adhered �rmly to titanium.
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erefore, these composites will be extremely useful as
implant materials that have excellent antibacterial activities.
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Carbon nanofibers/tubes (CNF/Ts) are very strong and stiff and as a result, are expected to be capable of enhancing the mechanical
properties of cementitious materials significantly. Yet there are practical issues concerning the utilization of CNF/Ts in cementitious
materials. This study summarizes some of the past efforts made by different investigators for utilizing carbon nanofilaments in
cementitious materials and also reports recent experimental research performed by the authors on the mechanical properties of
CNF-reinforced hardened cement paste. The major difficulties concerning the utilization of CNF/Ts in cementitious materials are
introduced and discussed. Most of these difficulties are related to the poor dispersibility of CNF/Ts. However, the findings from
the research presented in this work indicate that, despite these difficulties, carbon nanofilaments can significantly improve the
mechanical properties of cementitious materials. The results show that CNFs, even when poorly dispersed within the cementitious
matrix, can remarkably increase the flexural strength and cracking resistance of concrete subjected to drying conditions.

1. Introduction

Due to their excellent mechanical properties, carbon
nanofibers/tubes (CNF/Ts) have been the subject of many
investigations in the past decade where they have been used
as inclusions in composite materials. Mechanically, CNTs
exhibit elastic Young’s moduli of more than 1 TPa (1.5 ×
108 psi) [1]. Their theoretical strength is 100 times that
of steel, at only 1/6th the specific gravity [2]. Values as
high as 60 GPa (8.7 × 106 psi) for ultimate strength and 6%
for ultimate strain have been reported [3, 4]. Salvetat et
al. reported an elastic strain capacity of 12%, which is 60
times higher than that of steel [1]. CNTs are also highly
flexible, being capable of bending in circles or forming knots.
Like macroscopic tubes, they can buckle or flatten under
appropriate loadings [5]. Yakobson and Avouris further
summarize the mechanical behavior of CNTs [6]. CNTs are
extremely small and their diameter is usually less than 20 nm.
CNFs, on the other hand, are relatively large; their diameter
can be as large as 200 nm. Recently, Ozkan et al. performed
direct mechanical measurements on CNFs [7]. The CNFs

that they investigated had a tensile strength between 2 and
5 GPa (2.9 × 105–7.3 × 105 psi) with an average Young’s
modulus of elasticity of 300 GPa (4.4× 107 psi).

Many studies have been carried out in the past decade
regarding the incorporation of carbon nanofilaments in
cementitious materials. Comparing the experimental results
from those studies shows that the findings regarding the
effect of CNF/Ts on the mechanical properties of cemen-
titious materials are hardly conclusive [8, 9]. There are
two main reasons for the existing inconsistencies: first,
the utilization of different types of CNF/Ts and, second,
the adoption of different mixing and dispersion methods.
Carbon nanofilaments are available in a wide range of
sizes; their diameter can be between 1 nm and 200 nm and
their length ranges from less than a micrometer to over
a millimeter. Van der Waal’s forces are more effective in
causing the agglomeration of smaller particles. Moreover,
filaments with higher aspect ratios tend to tangle easier and
form clumps. In addition, different CNF/Ts have different
surface properties (including surface free energies) that
affect their dispersibility. Investigators have used several
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different approaches to incorporate CNF/Ts in cementitious
materials. Most of them are shown to be insufficiently
effective in dispersing the nanofilaments uniformly within
cementitious matrices. Poor dispersion of the nanofilaments
in cementitious matrices is a potential reason for the usually
modest effect of CNF/Ts on the strength of the cementitious
nanocomposites.

Almost any fiber that is utilized for reinforcing and
enhancing concrete mechanical response is designed for
this purpose; its material, shape, and size are designed and
optimized so that by incorporating them in cementitious
matrices the desired properties are achieved. As opposed to
such custom-made fibers, CNF/Ts are not specifically made
to be used in cementitious materials such as concrete. The
primary reason that has motivated the scientists to research
the potentials of CNF/Ts for enhancing concrete is the unique
properties of these nanofilaments.

Past research efforts on CNF/T-incorporated cementi-
tious materials are mostly experimental in nature with little
or no analytical and theoretical basis towards engineering
CNF/T-incorporated cementitious materials; the investiga-
tors procure some carbon nanofilaments, incorporate them
in a fresh cementitious material, cast some specimens, and
test them to observe the effect of carbon nanofilaments
on different properties. This type of research, despite not
being fundamental, has led to important findings regarding
the existing challenges that need to be considered when
analytically predicting the behavior of CNF/T-incorporated
cementitious materials. For example, in simulations and
theoretical analyses for predicting the effect of CNF/Ts on
strength of materials in which they are incorporated, one
cannot always assume that the nanofilaments are randomly
dispersed. In other words, the analytical researcher should
be cautioned that in practice it is extremely difficult to
achieve a random dispersion of carbon nanofilaments in a
cementitious matrix.

The objective of the present paper is to highlight the
issue of dispersion of carbon nanofilaments in cementitious
materials and to demonstrate the effect of well-and poorly
dispersed CNFs on the strength and crack resistance of
hardened cement paste under different curing conditions.
Some of the existing methods for mitigating the poor
dispersion of CNF/Ts and the possible shortcomings of those
methods will be discussed. Past efforts on the incorporation
of CNF/Ts in cementitious materials will be reviewed and
new results presented.

1.1. Dispersion of CNF/Ts in Cementitious Matrices. CNT/Fs
strongly attract each other due to van der Waal’s forces. This
attraction results in the formation of agglomerations that
are very difficult to disentangle. The dispersion problem has
been combated by methods like surface modification of the
fibers and by using surfactants, usually in combination with
ultrasonic processing of the nanofilaments in liquid solutions
[10–16]. Although different methods such as implanting or
growing the fibers directly on nonhydrated cement grains
are being studied by some investigators [17–19], the most
common method of producing CNT/F-incorporated cement

paste is to first disperse the nanofilaments in water, typically
by using surfactants and ultrasonic processing, and then mix
the aqueous dispersion with cement. This method will be
referred to as the “ultrasonication method” in the current
paper. Unfortunately, most of the effective surfactants are
not compatible with cement hydration and their presence in
cement paste results in a weak material, usually entrapping
a notable amount of air [9]. Therefore, to avoid negative
hydration and air entrapment issues, weaker surfactants
known as water reducing admixtures or superplasticizers are
used. These surfactants are typically polycarboxylate based
and are specifically made for cementitious materials. They
are typically added to a fresh mix of cementitious material to
disagglomerate the cement grains and disperse them, thereby
reducing the amount of water required to produce a paste
with a certain rheological property.

It has been shown that the ultrasonication method
does not maintain a stable dispersion of nanofilaments in
cementitious materials and large volumes of the hardened
paste can remain absent of nanofilaments [9]. The reason,
as shown in a study by and Grasley and Yazdanbakhsh
[20], is that nanofilaments can move freely in fresh cement
paste and van der Waals attracting forces, although partially
counterbalanced with the surfactant effect, will eventually
cause the initially dispersed nanofilaments to migrate and
reagglomerate. It is not yet clearly understood why the
carbon nanofilaments that can remain well dispersed for
days or even months in a water-superplasticizer solution
reagglomerate relatively rapidly when the solution is added
to cement. However, it is definitely known that the reag-
glomeration issue of carbon nanofilaments in the matrix of
host material (sometimes even in polymeric nanocomposites
[21]) does exist.

One reason the free movement and therefore the reag-
glomeration of CNFs in fresh cement paste are possible
is that most cement grains and the spacing between them
are much larger than CNFs. As a result, there are large
water-filled volumes between cement grains that impose little
resistance on the movement of nanofilaments. If the space
between the cement grains can be partially filled by well-
dispersed and stable secondary nanoparticles, the movement
of carbon nanofilaments will be confined. This concept has
been implemented in the past to produce a stable dispersion
of CNTs in polymeric materials. For example, secondary
particles, such as clay, that have been used to improve
electrical conductivity in polymer composites containing
vapor grown carbon fibers [22] or carbon black [23] as the
conductive filler, were also found to improve the dispersion
of filaments. Liu and Grunlan used nanoparticles of clay
to improve the dispersion of carbon nanotubes in epoxy
composites [24]. Sanchez and Ince [25] were amongst
the first to utilize silica fume as a means to improve
the dispersion of carbon nanofilaments in cementitious
materials. Recently, Yazdanbakhsh and Grasley showed that
the combined utilization of silica fume and superplasticizer
can significantly enhance and stabilize the dispersion of
CNFs in cement paste [20].

Silica fume is an amorphous submicron powder (with
particles 100 to 150 times smaller than a grain of cement)
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used to enhance several properties of concrete such as
compressive strength, bond strength, and abrasion resistance
[26, 27] and also to reduce permeability [28]. Mixture
proportions for high-strength concrete typically contain 5 to
15 percent silica fume by mass of cement [29]. The method
introduced by Yazdanbakhsh and Grasley for producing
CNF-incorporated cement paste using silica fume as a
stabilizer is a simple extension to the ultrasonication method.
First, a water-superplasticizer solution is made. Then, CNFs
are added to the solution and mixed manually. The solution
is ultrasonicated and then added to the mixer that contains
dry cement. Finally, silica fume is added during the mixing
process.

It should be mentioned that the procedure involving
utilizing silica fume could effectively disperse and stabilize
the dispersion of the type of carbon nanofilaments used by
Yazdanbakhsh and Grasley, who have used ball-milled CNFs.
Ball milling breaks the CNF clumps and as a result makes
the fibers more dispersible. Furthermore, since CNFs are
larger than CNTs, they are also more dispersible. In general,
the effectiveness of any dispersion and mixing method is
highly related to the type of nanofilaments utilized. As will
be seen in Section 2.2, there is an issue inherent in utilizing
silica fume as a dispersion stabilizer. As received silica fume
is typically clumped. Moreover, a high concentration of
silica fume (over 15% of the cement weight) is required to
maintain a relatively uniform dispersion in a cementitious
matrix. Therefore, the cementitious material will contain
many nonreacted silica fume clumps that may act as crack
initiation zones.

1.2. Mechanical Properties of CNF/T-Reinforced Cementi-
tious Materials. Kowald used CNTs in cement paste with
CNT/cement weight ratios in the range of 0.5 to 5.0%
[30]. He tested the hardened specimens for compressive
strength after 7, 14, and 28 days. Marginal improvements
were observed in compressive strength and even a decrease in
strength when the fiber dose was as high as 2.5% or more. Li
et al. performed a set of experiments with CNTs in mortars
with CNT/cement weight ratio of 0.5% [31]. The bending
and compression tests showed that the addition of CNTs
increased the compressive and flexural strength by 19% and
25%, respectively. More references about the investigations
performed on CNF/T-incorporated cementitious materials
can be found in [8, 9]. Gay and Sanchez tested hardened
cement paste specimens with different compositions and
found that the addition of 0.2% CNFs per weight of
cement resulted in increased splitting tensile strength of 22%
in portland cement composites and 26% in cementitious
composites that also contained silica fume [32]. Metaxa et al.
[33], Shah [34], and Konsta-Gdoutos et al. [35] showed that
CNTs in cement matrix (w/c = 0.5) increased the flexural
strength and the Young’s modulus of plain cement paste
by 25% and 50%, respectively. (In the notation of concrete
and cementitious materials research and industry, w/c is
the ratio of the weight of water to the weight of cement
used to produce the cementitious material. When pozzolanic
materials such as fly ash or silica fume are utilized in addition

to cement, the notation w/cm is used, where cm represents
the sum of the weights of cement and pozzolanic materials.)
In another investigation, Konsta-Gdoutos et al. reported that
the flexural strength of the specimens reinforced with CNTs
shows an increase of 30–40% over plain cement specimens
[36]. Cwirzen et al. reported an increase of 50% in the
compressive strength of hardened cement paste due to the
use of CNTs with a concentration of 0.045% to the weight of
cement [37].

Recently, an investigation was performed by Tyson et al.
regarding the effect of CNF/Ts on the mechanical properties
of hardened cement paste [38]. The results showed that
utilizing CNFs with only a CNF/c weight ratio of 0.1%
increased the flexural strength of hardened cement paste
by over 80%, although the dispersion of CNFs in cement
paste was not uniform. In light of the results from other
investigations, this finding was remarkable and motivated the
experiments reported in this section.

2. The Effect of Carbon Nanofilaments on
the Strength and Crack Resistance of
Cementitious Materials

This section reports on an experimental investigation of
the effect of CNF reinforcement on flexural strength and
crack resistance of hardened cement paste, with varying
mix proportions and curing conditions. Normal strength
and high-strength cement pastes in both plain and CNF-
reinforced forms were produced and exposed to two different
curing conditions. In addition, in some of the batches silica
fume was used as a dispersion stabilizer to observe whether
the resulting enhanced dispersion can render CNFs more
effective in improving the mechanical properties of hardened
cement paste.

2.1. Experimental Program. Tyson et al. [38] , Kowald [30],
and Konsta-Gdoutos et al. [36] each found that after the
CNF concentration exceeded a certain limit, CNFs became
less effective in improving mechanical properties such as
flexural strength. In fact, they observed a significant decline
in flexural strength when the CNF to cement weight ratio
(CNF/c) was increased from 0.1% to 0.2%, most likely due
to the poor dispersion of CNFs. In this study, in order
to enhance dispersion in comparison to that achieved in
past studies, a larger dosage of superplasticizer and more
prolonged ultrasonic processing and paste mixing were
utilized. To reduce variability, beams with cross-sectional
areas larger than those made by Tyson et al. [38] were
tested. Bending tests were performed on the beams to
measure flexural strength, Young’s modulus, and resilience.
In addition, the effect of CNFs on the shrinkage cracking of
beams was observed.

2.1.1. Materials and Instruments. The CNFs used in this
experiment have a diameter between 60 and 150 nm, a
length between 30 and 100 μm, and specific surface area of
50–60 m2/g. The CNFs were provided by Applied Sciences
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Incorporated under the commercial name Pyrograph PR-24-
XT-PS. The surfactant used for dispersing CNFs in water
was a high-range polycarboxylate-based water reducing
admixture (superplasticizer) provided by W. R. Grace with
the commercial name ADVA Cast 575. Type I portland
cement was used for producing cement paste.

Aqueous dispersions were generated by ultrasonically
processing the CNFs in a water-superplasticizer solution. A
20 kHz sonicator with a 12.5 mm (1/2 in.) diameter titanium
alloy probe was used at an amplitude setting of 50%. To
produce high speed and high shear mixing, a 600 W Oster
BVCB07-Z blender was used for mixing cement paste at
approximately 7500 RPM. An optical microscope was used
to image CNFs in aqueous dispersions and fresh cement
paste using transmission mode. For this purpose, a Zeiss
Axiophot microscope was used with 40x and 100x objectives
lenses. A Bose ElectroForce 3230-AT System was used for
four-point bending tests. The tests were performed in the
load-controlled mode and the load-deflection values were
registered until fracture occurred. A loading rate of 5 N/s was
applied, which was sufficiently slow so that it took at least few
minutes for each beam to reach its ultimate strength, and the
loading could be regarded as essentially static.

2.1.2. Mix Proportions, Preparation of Specimens, and Testing.
The mix proportions tested in this study are presented in
Table 1. To observe the possible impact of w/c on the
effectiveness of CNFs in changing the mechanical properties,
for the batches without silica fume, w/c of 0.25 and 0.40
were investigated (batches 1, 2, 6, and 7). Silica fume to
cement weight ratio of 0.20 was used in batches 8 and
9. In those batches the w/cm was 0.40. To maintain a
consistent viscosity, in the batches containing CNF or silica
fume, the superplastilizer was used with the concentrations
ranging from 0.66% to 1.42% to the weight of cement. The
workability of the pastes was quantified based on the amount
of the power consumed by the blender during mixing, which
was monitored using an electricity power (i.e., wattage)
monitor. This method was implemented by first recording
the power consumed for plain cement paste with w/c of 0.40,
which had a desirable viscosity, and then using an amount of
superplasticizer in other batches that resulted in the same or
similar value of power consumption. Since superplasticizer
should not be added to the paste during paste mixing and
is required to be added to the aqueous solution to yield the
best possible dispersion of CNFs in water during ultrasonic
processing, a pilot experimental study was performed in
which several batches of cement paste were made with the
compositions presented in Table 1 to determine the required
amount of superplasticizer for each mix composition. It
should be noted that all the batches had the same volume.

As mentioned previously, in past studies found in the
literature, at some high level of CNF concentration the
measured strength generally began to decline due to poor
dispersion. In order to test the ability of the modified
manufacturing process utilized in this project, CNF concen-
trations that would be expected to cause strength reductions
utilizing past preparation techniques were considered. For

Table 1: Mix proportion of the cement paste batches. ∗In batch 5
CNFs were directly added, in form of dry powder, to cement paste
in the mixer, while in the other batches CNFs were first dispersed in
a water-superplasticizer solution using ultrasonic processing.

Batch
no.

CNF
(cm)

W
(cm)

Silica fume
(c)

Superplasticizer
(cm)

Cast in
100%
RH

1 0.00 0.40 0.00 0.00 No

2 1.00 0.40 0.00 0.74 No

3 0.00 0.40 0.00 0.00 Yes

4 1.00 0.40 0.00 0.74 Yes

5∗ 1.00 0.40 0.00 0.74 Yes

6 0.00 0.25 0.00 0.66 No

7 1.00 0.25 0.00 0.85 No

8 0.00 0.40 0.20 0.67 Yes

9 1.00 0.40 0.20 1.42 Yes

this purpose, the CNF/cm weight ratio (cm indicates the sum
of the weights of cement and silica fume, if any) of 1.0% was
selected to be used in all the CNF-incorporated cement paste
batches. Preliminary investigations showed that, if higher
concentrations were selected, CNFs were very difficult to
disperse in the aqueous solution even by using large amounts
of superplasticizer which intrinsically causes issues such as
entrapping excessive air in the paste and decelerating cement
hydration.

To produce each cement paste, first superplasticizer was
mixed with water. Then CNFs were added to the solution and
mixed with a manual stirrer for one minute. The mixture
was then sonicated for 10 minutes. The resulting aqueous
dispersion was then added to the blender that contained
cement and mixed for 10 minutes. For the batches with silica
fume, the aqueous dispersion was added gradually to the
paste in the blender during mixing; this made the mixing
process easier and prevented the formation of dry clumps of
cement/silica fume in the paste at the beginning of mixing.
A similar procedure was used for making the batches with
w/c of 0.25; half of the cement was placed in the mixer before
starting mixing, and the other half was added to the paste
during mixing.

After mixing was completed, the fresh paste was cast in
PVC molds. Each mold had a square cross-section with the
side length of 15.9 mm (0.625 inch) and length of 240 mm
(9.5 in). To study the effect of CNFs on the early age
shrinkage cracking, as indicated in Table 1, for some batches
(1, 2, 6, and 7), after casting the beams the mold was kept
in the lab at room temperature (25◦C) and relative humidity
(RH) (approximately 65%) for 24 hrs. After this 24 hr period,
the beams were demolded and transferred to a humidity
chamber with an RH of 100% and kept there until testing.
The rest of the beams were cast in the humidity chamber and
were maintained at 100% RH until testing.

For each batch, 8 beams were cast and 5 of them were
tested so that the results could be averaged. More beams
were tested when there were outliers (typically, beams with
flexural strength of less than half of the average flexural
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Figure 1: Four-point bending setup for testing hardened cement
paste beam specimens. The beam has a cross-section with the side
length of 15.9 mm (0.625 inch) and length of 240 mm (9.5 in).

strength value). The outliers were disregarded. The beams
were tested at an age of 45 days. This period was chosen
for curing instead of 28 days to offset the retarding effect of
superplasticizers on hydration since different concentrations
of superplasticizer were utilized for producing different
batches. The beams were removed from the humidity
chamber, towel-dried, and tested after 30 minutes in four-
point bending setup. The test setup is shown in Figure 1.
The span between supports was 180 mm (7 in). The location
of the supports and load points divided the beam span
into three equal segments. The beams were tested in load-
controlled mode and the values of applied load and beam
midspan deflection were recorded until the beam fractured.
As mentioned earlier, load was applied with the rate of 5 N/s.

2.1.3. Calculations. Three properties of each beam were
determined from the bending tests: flexural strength, Young’s
modulus, and resilience. Simple beam theory was utilized to
calculate these properties. Flexural strength (or maximum
tensile stress in the lower fiber of the beam under loading)
was calculated by

σmax = F · L
b · h2

, (1)

where F is the applied force, (F/2 is applied by each of
the two load points), L is the beam span, and b and h are
beam’s width and height, respectively. Young’s modulus was
calculated by

E = k
F

δ
, (2)

where δ is the displacement of the beam midspan due to the
application of F · (F/δ) is the slope of the elastic portion of
load versus deflection curve, and k is a constant value for
beams of the same dimension and span. k was calculated by

k = 23
1296

L3

I
, (3)

Table 2: Mechanical properties of the tested beams.

Batch Flexural strength, Young’s modulus, Resilience,

no. (MPa) (GPa) (MPa)

1 1.91 7.76 0.00033

2 6.83 13.06 0.00177

3 5.01 13.56 0.00097

4 7.30 13.08 0.00212

5 7.88 12.51 0.00247

6 9.87 18.06 0.00274

7 13.62 20.60 0.00457

8 6.48 11.13 0.00198

9 9.45 12.00 0.00305

where L is the beam span and I is the beam moment of inertia
(I = (1/12)bh3). The tensile strain in the lower fiber of the
beam under loading was calculated as

ε = 108
23

δ · h
L2

. (4)

Finally, resilience was measured by calculating the area under
the stress versus strain curve.

2.2. Results and Discussion. The average values of the
mechanical properties (flexural strength, Young’s modulus,
and resilience) of the tested beams for each batch are
presented in Table 2. The results from the first seven batches
show that CNFs are particularly effective in increasing these
properties when the cement paste was proportioned to have
normal strength (w/c = 0.40) and when the specimen was
exposed to drying condition in the first 24 hrs (a situation
that can occur frequently in the concrete construction
industry). In this condition, as the comparison of the results
from batch 1 and batch 2 shows, the increase in strength
due to the utilization of CNFs with the concentration of
1.0 wt% of cement was more than 250%. In addition, the
increases in Young’s modulus and resilience were 68% and
430%, respectively.

When the batches with the same proportions as those
of batch 1 and batch 2 were cast and moist-cured in the
RH of nearly 100%, the increases in mechanical properties
due to the incorporation of CNF are significantly smaller. In
fact, the comparison between batches 3 and 4 shows that the
increase in strength due to the utilization of CNFs with the
concentration of 1.0 wt% of cement was approximately 45%.
There was no increase in Young’s modulus, and the increase
in resilience was approximately 120%.

The results from the high-strength hardened cement
pastes (w/c = 0.25) and the silica-fume-incorporated cement
pastes show similar values of increase in mechanical proper-
ties due to the addition of CNFs with the concentration of
1.0 wt% of cement. In other words, CNFs are most effective
when cement paste is proportioned to have normal strength
and exposed to drying conditions in the first 24 hrs. For high-
strength hardened cement paste that was exposed to drying
conditions in the first 24 hrs the increase in strength due to
the addition of CNFs with the concentration of 1.0 wt% of
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Figure 2: Clumps of silica fume particles (lighter colored particles)
seen in the fractured surface of a hardened cement paste beam. It is
postulated that these clumps generate weak zones that can partially
offset the effect of CNFs on mechanical properties. The beam has a
cross-section side length of 15.9 mm (0.625 inch).

cement was 38%. As for the silica-fume-incorporated cement
paste cast and moist cured in RH of 100%, this increase was
45%. This observation is interesting because, although the
dispersion of CNFs in the batches with silica fume is more
uniform, the increase in flexural strength imparted by CNFs
in batches with silica fume is very similar to the increase
achieved in the ones without silica fume. A possible reason is
the dispersion of silica fume particles within the cementitious
matrix. Typically, as-received silica fume contains clumps.
These clumps of silica fume particles are large enough to
be seen by the naked eye. They form weak zones that can
partially counterbalance the effect of CNFs on mechanical
properties. More investigations are required to validate this
hypothesis (Figure 2).

The results from batch 5 reveal an important fact about
the effectiveness of the ultrasonication method for achieving
a quality dispersion of CNFs in cement paste. Batch 5 has
the same proportions as batch 4. It is a normal strength
cement paste containing CNFs. The only difference is that
batch 4 is produced by the ultrasonication method, while in
batch 5 CNFs were not initially dispersed in water but were
simply added to and mixed with cement paste in the form
of dry powder. Interestingly, contrary to what one might
presuppose, the mechanical properties of beams made from
batches 4 and 5 are similar. In fact, the average flexural
strength of the beams made from batch 5 is slightly higher
than that of the beams made from batch 4. The reason,
as explained earlier, is that in ultrasonication method,
although CNFs are initially dispersed uniformly in water,
they reagglomerate when mixed with cement. Therefore,
ultrasonication method was not only ineffective, but also
the damage to the CNFs caused by ultrasonic processing [9]
apparently resulted in a slight reduction in flexural strength.

Figure 3: Cement paste from batch 6 (w/c = 0.25, without silica
fume and CNF) in the molds 24 hrs after casting. The beams
were exposed to drying conditions during this period and formed
shrinkage cracks, some of them causing fracture through the depth
of the beams before demolding. The beams have a cross-section
with the side length of 15.9 mm (0.625 inch) and length of 240 mm
(9.5 in).

Observations of shrinkage cracking of the specimens
24 hrs after casting provided a deeper insight into the
contribution of CNFs to the mechanical properties and
behavior of hardened cement paste. These observations show
that when high-strength cement paste (w/c = 0.25) and
the silica-fume-incorporated cement paste are exposed to
drying conditions in the first 24 hrs, several large cracks
form in the beam specimens, particularly in silica-fume-
incorporated specimens. These cracks are usually so deep
that they fracture the beams into multiple fragments while
they are still in the mold.

Figure 3 shows the image of high-strength cement paste
(w/c = 0.25, without CNF) beam specimens 24 hrs after
casting (batch 6). The top surfaces of these beams were
exposed to drying conditions during the first 24 hrs. Large
cracks on the top surfaces of most of the beams can be
seen. Since most of the beams fractured before 24 hrs and
could not be tested, an identical batch was made and more
beams were produced. The cracking problem did not occur
when batch 7 (having same proportions as batch 6, except for
incorporating CNFs) was produced in the same conditions.
A few extremely shallow cracks were seen on the surface, and
when the beams were tested the fracture did not even initiate
from any of those cracks. As mentioned earlier, the testing
showed that CNFs resulted in an increase of 38% in the
flexural strength of high-strength cement paste. However in
light of the mentioned observation, the increase in strength
due to the addition of CNFs to the drying cement paste
is essentially infinite since most of the beams were broken
before demolding, which means that their flexural strength
was essentially zero.

Figure 4 shows the image of silica-fume-incorporated
beams (without CNF), with the same mix proportions as
batch 8, but exposed to drying condition in the first 24 hrs
after casting. Multiple major cracks can be observed in all
the beams. The reason for the formation of large cracks
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Figure 4: Cement paste (w/c = 0.40, with silica fume to cement
ratio of 20 wt%, and without CNF) in the molds 24 hrs after casting.
The beams were exposed to drying condition during this period
and formed multiple deep shrinkage cracks. All of the beams were
fractured into multiple pieces before demolding and therefore none
of them could be tested in bending. The beams have a cross-section
with the side length of 15.9 mm (0.625 inch) and length of 240 mm
(9.5 in).

Figure 5: A beam made from batch 9, 24 hrs after casting and
immediately after demolding. Batch 9 beams were produced in the
same condition (no curing) and with the same mix proportions
as those of the beams shown in Figure 4 (w/c = 0.40, with silica
fume to cement ratio of 20 wt%). The only difference is that batch
9 contains CNF with the concentration of 1.0% of cement mass.
There are only very shallow shrinkage cracks at the surface. The
beams did not break through any of those cracks during bending
test.

in low water content and silica-fume-incorporated cement
pastes is the presence of a high shrinkage gradient. Both
high cement content and silica fume reduce the pore size
distribution of cement paste. As a result, the diffusivity of
concrete decreases. After casting, the water within the pore
network of the top surface of the beams begins to evaporate.
However, due to the very low diffusivity, the water from
the lower depths of the beam cannot migrate to the top
surface and evaporate. Therefore, the top surface of the
beam undergoes a remarkable degree of drying shrinkage
while such shrinkage does not occur under that surface.
That results in a significant shrinkage stress gradient that
eventually results in formation of cracks that continue to
deepen while the beam keeps shrinking. However, similar
to the case of high-strength, low w/c cement paste, the
utilization of CNFs essentially eliminates the problem of
early age shrinkage cracking (Figure 5).

3. Concluding Remarks

In this work, several existing challenges concerning the uti-
lization of carbon nanofilaments in cementitious materials
were discussed. Those challenges are related to the poor
dispersibility of CNF/Ts, which can vary depending on
the type of the carbon nanofilaments. The ultrasonication
method, as the most commonly used procedure for dispers-
ing CNF/Ts within cementitious matrices, is not necessarily
effective since the CNF/Ts, which are in part damaged by
the ultrasonic processing, tend to reagglomerate when mixed
with cement. The utilization of large concentrations of silica
fume enhances and stabilizes dispersion of CNF/Ts within
cementitious matrices. However, silica fume clumps can
generate weak zones that partially offset the effectiveness
of CNF/Ts for enhancing the mechanical properties of
cementitious materials.

An experimental testing program was performed to
investigate the effect of CNFs on mechanical behavior and
properties of hardened cement paste. The results showed
that, in absence of moist curing in the first 24 hrs after
mixing the paste, the CNFs increase the flexural strength of
hardened cement paste by over 250%. The effect of CNFs on
mechanical properties of high-strength paste with either low
w/c or silica fume was not as large (less than 50%).

It was shown that CNFs are effective in preventing
shrinkage cracks that occur in cement paste in the absence
of moist curing. Both the cement paste with a low w/c and
the cement paste containing silica fume have lower porosity
and therefore lower diffusivity. That, in absence of moist
curing, causes a large shrinkage gradient and therefore stress
gradient within the paste placed in molds, which eventually
results in the formation of deep cracks. The observations
showed that a CNF concentration of 1.0% by the weight of
cement can successfully prevent the formation of such cracks.
As a conclusion, it can be stated that, in absence of moist
curing, CNFs are very beneficial additives in cement paste
even when they are poorly dispersed. They greatly increase
the strength of normal-strength hardened cement paste and
they mitigate the issue of shrinkage cracking in high-strength
hardened cement paste.
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ZnO nanowires (or nanorods) have been widely studied due to their unique material properties and remarkable performance
in electronics, optics, and photonics. Recently, photocatalytic applications of ZnO nanowires are of increased interest in
environmental protection applications. This paper presents a review of the current research of ZnO nanowires (or nanorods)
with special focus on photocatalysis. We have reviewed the semiconducting photocatalysts and discussed a variety of synthesis
methods of ZnO nanowires and their corresponding effectiveness in photocatalysis. We have also presented the characterization
of ZnO nanowires from the literature and from our own measurements. Finally, a wide range of uses of ZnO nanowires in various
applications is highlighted in this paper.

1. Introduction

Nanomaterials have attracted tremendous interest due to
their noticeable performance in electronics, optics, and
photonics. Nanomaterials are typically classified into three
groups: 0-dimensional, 1-dimensional, and 2-dimensional.
0-dimensional nanostructures, referred to as quantum dots
or nanoparticles with an aspect ratio near unity, have
been extensively used in biological applications [1, 2]. 2-
dimensional nanomaterials, such as thin films, have also
been widely used as optical coatings, corrosion protection,
and semiconductor thin film devices. One-dimensional (1D)
semiconductor nanostructures such as nanowires, nanorods
(short nanowires), nanofibres, nanobelts, and nanotubes
have been of intense interest in both academic research
and industrial applications because of their potential as
building blocks for other structures [3]. 1D nanostructures
are useful materials for investigating the dependence of
electrical and thermal transport or mechanical properties
on dimensionality and size reduction (or quantum con-
finement) [4]. They also play an important role as both
interconnects and functional units in the fabrication of
electronic, optoelectronic, electrochemical, and electrome-
chanical nanodevices [5]. Among the one-dimensional (1D)

nanostructures, zinc oxide (ZnO) nanowire is one of the
most important nanomaterials for nanotechnology in today’s
research [6].

ZnO is a semiconductor material with a direct wide
band gap energy (3.37 eV) and a large exciton binding
energy (60 meV) at room temperature [7]. ZnO is also
biocompatible, biodegradable, and biosafe for medical and
environmental applications [8]. ZnO crystallizes in two
main forms, hexagonal wurtzite and cubic zinc blende.
Under general conditions, ZnO exhibits a hexagonal wurtzite
structure. The crystalline nature of ZnO could be indexed to
known structures of hexagonal ZnO, with a = 0.32498 nm,
b = 0.32498 nm, and c = 5.2066 nm (JCPS card no. 36–
1451) [9]. The ratio of c/a of about 1.60 is close to the ideal
value for a hexagonal cell c/a = 1.633 [10]. The structure
of ZnO could be described as a number of alternating planes
composed of tetrahedrally coordinated O2− and Zn2+ stacked
alternately along the c-axis (Figure 1(a)). The O2− and
Zn2+ form a tetrahedral unit, and the entire structure lacks
central symmetry (Figure 1(b)). Due to their remarkable
performance in electronics, optics, and photonics, ZnO
nanowires are attractive candidates for many applications
such as UV lasers [11], light-emitting diodes [12], solar cells
[13], nanogenerators [14], gas sensors [15], photodetectors
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Figure 1: ZnO structure: (a) the wurtzite structure model; (b) the wurtzite unit cell (from http://www.wikipedia.org/).

[16], and photocatalysts [17]. Among these applications,
ZnO nanowires are being increasingly used as photocatalysts
to inactivate bacteria and viruses and for the degradation
of environmental pollutants such as dyes, pesticides, and
volatile organic compounds under appropriate light irradi-
ation [18, 19].

This paper reviews recent research in ZnO nanowires
(or nanorods) with an emphasis on ZnO nanowires used in
photocatalysis. In the following sections we have reviewed
different semiconductor photocatalysts, compared their
properties, and discussed a variety of synthesis methods of
ZnO nanowires. We have also presented the characterization
of ZnO nanowires from both the literature and our own
measurements. Finally, a wide range of ZnO nanowires in
various applications is highlighted in this paper.

2. Photocatalysts

Photocatalysis is a promising process for environmental
protection because it is able to oxidize low concentrations
of organic pollutants into benign products [20–26]. Photo-
catalysis utilizes semiconductor photocatalysts to carry out
a photo-induced oxidation process to break down organic
contaminants and inactivate bacteria and viruses [27–29].
Figure 2 illustrates the process of photocatalysis. When
photons with energies greater than the band gap energy
of the photocatalyst are absorbed, the valence band (VB)
electrons are excited to the conduction band to facilitate
a number of possible photoreactions. The photocatalytic
surface with sufficient photo energy leads to the formation
of a positive hole (h+) in the valence band and an electron
(e−) in the conduction band (CB). The positive hole could
either oxidize organic contaminants directly or produce
very reactive hydroxyl radicals (OH•). The hydroxyl radicals
(OH•) act as the primary oxidants in the photocatalytic
system [30], which oxidize the organics. The electron in the
conduction band reduces the oxygen that is adsorbed on the
photocatalyst.

There are a number of semiconductors that could be used
as photocatalysts, such as TiO2, ZnO, and WO3, Fe2O3. The
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Figure 2: A schematic of the principle of photocatalysis (repro-
duced with permission from [30] ©2010 Elsevier).

band gap energy plays a significant role in the photocatalytic
process. Figure 3 shows the band gap energies and the band
edge positions of common semiconductor photocatalysts
[31–33]. It is necessary to point out that the band gap values
of ZnO, reported in the literature, are not all equivalent
due to the different levels of the O vacancy in ZnO [34].
Although TiO2 is the most widely investigated photocatalyst,
ZnO has also been considered as a suitable alternative of
TiO2 because of its comparability with TiO2 band gap energy
and its relatively lower cost of production [18, 35, 36].
Moreover, ZnO has been reported to be more photoactive
than TiO2 [37–40] due to its higher efficiency of generation
and separation of photoinduced electrons and holes [18, 41,
42].

Since the contaminant molecules need to be adsorbed
on the photocatalytic surface before the reactions take place,
the surface area plays a significant role in the photocat-
alytic activity. Although nanoparticles offer a large surface
area, they have mostly been used in water suspensions,
which limit their practical use due to difficulties in their
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Figure 3: Band edge positions of common semiconductor photo-
catalysts (data from [32, 33, 43]).

separation and recovery. Moreover, additional equipment is
needed for catalyst nanoparticle separation. Photocatalyst
supported on a steady substrate can eliminate this issue. One-
dimensional nanostructures, such as nanowires grown on
a substrate, offer enhanced photocatalytic efficiency due to
their extremely large surface-to-volume ratio as compared
to a catalyst deposition on a flat surface [28, 44]. Table 1
compares different ZnO nanostructures for photocatalytic
applications. There are many advantages in nanowire struc-
tures that could be used as photocatalysts.

3. Synthesis of ZnO Nanowires

ZnO nanowires can be either grown independently or grown
on certain substrates. However, a vertical aligned growth on a
substrate has more advantages in photocatalytic applications.
The anisotropy of the ZnO crystal structure assists the
growth of nanowires. The most common polar surface is the
basal plane (0 0 1) with one end of the basal polar plane
terminating in partially positive Zn lattice points and the
other end terminating in partially negative oxygen lattice
points. The anisotropic growth of the nanowires takes place
along the c-axis in the [0 0 0 2] direction [45]. The growth
velocities under hydrothermal conditions along the different
directions are following the pattern V(0001) > V(1011) >
V(1010) [46]. The relative growth rate of these crystal faces
will determine the final shape and aspect ratio of the ZnO
nanostructures.

The synthesis methods of ZnO nanowires could mainly
be classified as vapor phase and solution phase synthesis.

3.1. The Vapor Phase Synthesis. Vapor phase synthesis is
probably the most extensively explored approach in the
formation of 1D nanostructures [5]. A typical vapor phase
synthesis method takes place in a closed chamber with
a gaseous environment. Vapor species are first produced
by evaporation, chemical reduction, and gaseous reaction.
After that, the species are transferred and condensed onto
the surface of a solid substrate. Generally, the vapor phase

synthesis process is carried out at higher temperatures from
500◦C to 1500◦C and produces high-quality nanowires. The
typical vapor phase synthesis method includes vapor liquid
solid (VLS) growth [47], chemical vapor deposition (CVD)
[48], metal organic chemical vapor deposition (MOCVD)
[49], physical vapor deposition (PVD) [50], molecular beam
epitaxy (MBE) [51], pulsed laser deposition (PLD) [52], and
metal organic vapor phase epitaxy (MOVPE) [53]. Among
the vapor phase synthesis methods, VLS and MOCVD are
two of the most important methods for the ZnO nanowires
synthesis.

Compared to other vapor phase techniques, VLS method
is a simpler and cheaper process, and is advantageous for
growing ZnO on large wafers [54]. The VLS process has been
widely used for the growth of 1D nanowires and nanorods.
A typical VLS process is used with nanosized liquid metal
droplets as catalysts. The gaseous reactants interact with
the nanosized liquid facilitating nucleation and growth of
single crystalline rods and wires under the metal catalyst.
Typical metal catalysts in the VLS process are Au, Cu, Ni,
Sn, and so forth. ZnO nanowires have been successfully
grown on sapphire, GaN, AlGaN, and ALN substrates
through the VLS process [55]. The quality and growth
behavior of the ZnO nanowires are strongly affected by the
chamber pressure, oxygen partial pressure, and thickness
of the catalyst layer [56, 57]. Chu et al. [58] synthesized
well-aligned ZnO nanowires using VLS mechanism on Si
substrate with chamber temperature varying from 600 to
950◦C and pressure from 0.75 to 3 torr. They showed that
ZnO nanowires with high aspect ratio grew vertically on
the substrate at 700 to 750◦C, the density of nanowires
decreased when the temperature was higher than 800◦C, and
the growth rate and length of nanowires were decreased with
increasing total chamber pressure.

Catalyst-free metal-organic chemical vapor deposition
(MOCVD) is another important synthesis method for ZnO
nanowires [49, 59]. The catalyst-free method eliminates the
possible incorporation of catalytic impurities and produces
high-purity ZnO nanowires. Moreover, the growth temper-
ature of catalyst-free MOCVD is lower than a typical VLS
growth temperature [60]. The ability to grow high-purity
ZnO nanowires at low temperatures is expected to greatly
increase the versatility and power of these building blocks for
nanoscale photonic and electronic device applications [5].
Zeng et al. [61] reported that well-aligned ZnO nanowires
were prepared by MOCVD on Si substrate without catalysts.
In their grown process, high-purity diethyl zinc (99.999%)
and N2O (99.999%) were used as zinc and oxygen sources,
respectively, and N2 as the carrier gas. The base pressure
of the reactor chamber and the working pressure were
10-5 and 50 torr, respectively. A thin nucleation layer of
ZnO was grown at a low substrate temperature of 400◦C
at the beginning. After annealing the nucleation layer,
ZnO nanowires were grown on the nucleation layer at the
substrate temperature of 650◦C.

Physical vapor deposition (PVD) technique has also been
used to fabricate ZnO nanowires. The advantages of PVD
technique are the following: (1) composition of products
can be controlled, (2) there is no pollution such as drain
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Table 1: Comparison of different ZnO nanostructures used in photocatalytic applications.

Nanoparticles Nanowires Nanothin film

Advantages Disadvantages Advantages Disadvantages Advantages Disadvantages

Could be suspended
in a solution

Particle aggregation in a
solution leads to a

reduced surface area

Growth could be well
aligned on most

substrates

Growth conditions
are more restricted

Coated on certain
substrates

Lower performance
because of small

surface area

High performance
because of larger

surface areas

Posttreatment for catalyst
removal is required

Offer larger surface area
compared to nanothin

film

Lower surface area
compared to
nanoparticles

Posttreatment for
catalyst removal is

not required

Difficult to recover all the
catalyst

Posttreatment for catalyst
removal is not required

Lower crystallinity and
more defects

water, discharge gas, and waste slag, and (3) simple process
of making samples [62]. The process of PVD usually is direct
thermal evaporation and oxidation of Zn powder at a high
temperature and then deposition on the substrate to form
the final product [50]. Zhang et al. [62] demonstrate the
fabrication of ZnO nanowire arrays on Si substrates by PVD
method at a relatively low temperature of about 500◦C. In
their synthesis process, high-purity Zn powder as source
material was placed in a ceramic boat located at the center
of a horizontal tube furnace. The Si substrates were placed
on top of the boat to collect the products. The system was
quickly heated to 500◦C under 50 cm3/min N2 flowing at a
pressure of about 10−3 torr for 1 h and then cooled to room
temperature. The optical investigation showed that the ZnO
nanowires were of high crystal quality and had attractive
optical properties.

3.2. Solution Phase Synthesis. Solution phase synthesis has
many advantages when compared to vapor phase synthesis,
such as low cost, low temperature, scalability, and ease
of handling. Generally, solution phase reactions occur at
relatively low temperatures (<200◦C) compared to vapor
phase synthesis methods. Thus, solution synthesis methods
allow for a greater choice of substrates including inorganic
and organic substrates. Due to the many advantages, solution
phase synthesis methods have attracted increasing interest. In
solution phase synthesis, the growth process could be carried
out in either an aqueous or organic solution or a mixture of
the two [63, 64].

3.2.1. Hydrothermal Method. Generally, solution phase syn-
thesis is carried out in an aqueous solution, and the process is
then referred to as the hydrothermal growth method [65, 66].
Hydrothermal methods have received a lot of attention and
have been widely used for synthesis of 1D nanomaterials.
In addition, hydrothermally grown ZnO nanowires have
more crystalline defects than others primarily due to oxygen
vacancies [28]. Nanowires with inherent defects are capable
of exhibiting visible light photocatalysis even without doping
with transition metals [67]. The general process for verti-
cally aligned ZnO nanowires grown on a substrate by the
hydrothermal method is the following.

(a) A thin layer of ZnO nanoparticles is seeded on
a certain substrate. The seeding layer promotes
nucleation for the growth of nanowires due to the
lowering of the thermodynamic barrier [68].

(b) An alkaline reagent (such as NaOH or hexam-
ethylenetetramine) and Zn2+ salt (Zn(NO3)2, ZnCl2,
etc.) mixture aqueous solution is used as a precursor
(or growth solution).

(c) The ZnO seeded substrate is kept in the growth
solution at a certain temperature and a certain period
of time.

(d) The resultant substrate and growth layer is washed
and dried.

When hexamethylenetetramine ((CH2)6N4, or HTMA)
and Zn(NO3)2 are chosen as precursor, the chemical reac-
tions can be summarized in the following equations [35]

Decomposition reaction:

(CH2)6N4 + 6H2O −→ 6HCHO + 4NH3 (1)

Hydroxyl supply reaction:

NH3 + H2O←→ NH4
+ + OH− (2)

Supersaturation reaction:

2OH− + Zn2+ −→ Zn(OH)2 (3)

ZnO nanowire growth reaction:

Zn(OH)2 −→ ZnO + H2O (4)

One of the key parameters for the growth of ZnO
nanowires is controlling the supersaturation of the reactants.
It is believed that high supersaturation levels favor nucleation
and low supersaturation levels favor crystal growth [3]. If a
lot of OH− is produced in a short period, the Zn2+ ions in
the solution will precipitate out quickly due to the high pH
environment, and, therefore, Zn2+ would contribute little to
the ZnO nanowire growth and eventually result in the fast
consumption of the nutrient and prohibit further growth of
the ZnO nanowires [69]. Thus, the concentration of OH−

should be controlled in the solution to maintain low super-
saturation levels during the whole nanowire growth process.
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Effect of the ZnO Seeding Layer. Typical preseeding methods
include thermal decomposition of zinc acetate, spin coating
of ZnO nanoparticles, sputter deposition, and physical vapor
deposition. In order to seed ZnO particles on the sub-
strate, ZnO seeds must be annealed at certain temperature
to improve ZnO particle adhesion to the substrate and
nanowire vertical growth alignment. Greene et al. [70]
studied the minimum temperature required to form textured
seeds from zinc acetate on a silicon substrate from 100 to
350◦C. The results suggest that temperatures between 150
and 200◦C are needed for seed alignment, whereas higher
temperatures promote seed crystallinity and growth. Baruah
and Dutta [71] have reported that a very uniform thin layer
of ZnO nanoparticles could be observed when ZnO seeds
are annealed at a temperature of 350◦C. However, when
the annealing temperature was further increased to 450◦C,
ZnO crystallized into nanoparticles as well as nanorod-like
structures. The authors hinted that ZnO seeds annealing at
a temperature of about 350◦C could give the best results for
the ZnO nanowire growth.

The texture, thickness, and crystal size of ZnO seed layers
also affect the quality of ZnO nanowire growth [72–75].
Ghayour et al. [72] reported the effect of seed layer thickness
on alignment and morphology of ZnO nanorods. The results
showed that the diameter increased, the density decreased,
and the length of the nanorods slightly decreased when the
thickness of the seed layer increased (Table 2). Wu et al.
[73] studied the effects of seed layer characteristics on the
synthesis of ZnO nanowires. The SEM images showed the
density of nanowires decreased from 35 to 12 μm−2 when the
thickness increased from 106 to 191 nm and the diameter of
the nanowires was found to increase with the seed layer (002)
grain size. Ji et al. [75] found that the average diameter of
nanowires is increased from 50 to 130 nm and the density is
decreased from 110 to 60 μm−2 when the seed layer thickness
is changed from 20 to 1000 nm. Baruah and Dutta [71]
reported that the nanorods grown on seeds crystallized from
a zinc acetate solution have a higher aspect ratio (of the order
of 3) than those grown using nanoparticle-seeded substrates.

Without a ZnO seeding layer, ZnO nanowires could be
grown on an Au/substrate by introducing a suitable content
of ammonium hydroxide into the precursor solution [76].
Au is used as an “intermediate layer” to assist the growth of
ZnO nanowires [76].

Effect of an Alkaline Reagent. There are some alkaline
reagents that have been used to supply OH− during the
reaction process such as NaOH, hexamethylenetetramine
(HMTA), Na2CO3, ammonia, and ethylenediamine. When
NaOH, KOH, or Na2CO3 is chosen, the synthesis process
usually is carried out at elevated temperatures (>100◦C)
and pressures in a Teflon-sealed stainless autoclave [77–80].
When HMTA, ammonia, or ethylenediamine is chosen, the
synthesis process can be carried out at lower temperatures
(<100◦C) and an atmospheric pressure. However, HMTA is
the most often used due to its advantage in producing high-
quality ZnO nanowires [81]. HMTA plays different signifi-
cant roles during the synthesis process. First, HMTA supplies

the OH− ions to drive the precipitation reaction by thermal
degradation [82]. Second, HMTA acts as a pH buffer by
slowly releasing OH− ions through thermal decomposition
[81]. The hydrolysis rate of HMTA is decreased with an
increase in pH and vice versa. Third, HMTA attaches to the
nonpolar facets of the ZnO nanowires and prevents access of
the Zn2+ ions to them thus leaving only the polar (001) face
for epitaxial growth [68].

Effect of Precursor Concentration. To ascertain the relation-
ship between the precursor concentration and the ZnO
nanowire growth, Wang et al. [83] carried out a series
of experiments by varying the precursor concentration
and different ratios of [Zn(NO3)2]/[C6H12N4]. The effect
of the concentration of the precursor on the growth of
ZnO nanorods is to increase the average diameter of ZnO
nanorods almost linearly from 43 to 70 nm and the average
length from 65 to 320 nm, as the precursor concentration
increases from 0.008 to 0.04M (Figure 4). The corresponding
aspect ratio of the ZnO nanorods increases from 1.8 to 5.8
and then slightly decreases to 4.6 (Figure 4 insert). Changes
in the [Zn(NO3)2]/[C6H12N4] ratio did not have a significant
effect on the diameters of the ZnO nanorods (Figure 5).
The aspect ratio of the ZnO nanorod arrays reached a
maximum value of 7.25 when the [Zn(NO3)2]/[C6H12N4]
ratio was set to unity (Figure 5 insert). Xu et al. [69]
studied the nanowire density by varying the precursor
concentration with equal molar concentrations of the zinc
salt and HMTA. The experimental results showed that the
density of the nanowires is closely related with the precursor
concentration. From 0.1 to 5 mM, the ZnO nanowire density
was increased from 55/100 μm2 to 108/100 μm2. When the
precursor concentration is further increased, the density
of ZnO nanowires remains approximately steady with a
slight decreasing tendency. The authors explained that the
zinc chemical potential inside the body of the solution
increases with zinc concentration. To balance the increased
zinc chemical potential in the solution, more nucleation sites
on the substrate surface will be generated, and, therefore,
the density of the ZnO nanowires will increase. However,
a continuous increase in the solution concentration may
not increase the density of the nanowires when its density
is larger than the saturation density. Kim et al. [84]
reported that the density and diameter of ZnO nanorods
are especially sensitive to the concentration of the reactants.
Furthermore, the structural transition is shown by increasing
the concentration. At the lowest concentration of Zn2+, the
ZnO nanorods grow as single crystals with a low density
and variable orientations. On the other hand, at the highest
concentration, the nanorods grow as polycrystals due to the
supersaturated Zn2+ source.

Effect of Growth Duration Time. Yuan et al. [85] synthe-
sized ZnO nanowires by using equimolar (50 mM) zinc
nitrate and HMTA at 93◦C. The authors reported that
the average diameter of ZnO nanowires is increased with
growth duration time when the growth time is less than
2.5 h (Table 3). However, the average diameter is almost
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Table 2: The diameter, density, and length of ZnO nanorods corresponding to the thickness of the seed layer (reproduced with permission
from [72] ©2011 Elsevier).

Thickness of the seed layer (nm) Diameter of ZnO nanorods (nm) Density of ZnO nanorods (μm−2) Length of ZnO nanorods (nm)

20 30 213 1052

40 36 209 1007

160 51 184 998

320 72 169 967
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Figure 4: Average diameters, lengths, and aspect ratios of ZnO nanorods prepared from various precursor concentrations with a
Zn(NO3)2/C6H12N4 ratio of 5 (reproduced with permission from [83] ©2008 The American Ceramic Society).
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©2008 The American Ceramic Society).

unchanged after that. The authors explained that the growth
rate is slowed down after this period due to depletion of
the precursor. Baruah and Dutta [71] carried out ZnO
nanowire experiments on zinc-acetate-seeded substrates for

Table 3: Average diameter of ZnO nanowires changes with growth
time (data from [85]).

Growth time (hr) Average diameter (nm)

0.5 35

1.0 37

1.5 55

2.0 90

2.5 100

3 100

different growth durations from 5 to 15 h. The SEM images
showed that both length and diameter of the nanowires
were increased with increasing growth duration time but
the aspect ratio was reduced. Although nanowire growth
slowed down after a certain period, the precursor supply for
the ZnO nanowire growth can be replenished by repeatedly
introducing fresh solution into the baths to keep up the
growth rate [18, 86]. However, the diameter of the nanowires
will also continue to increase and eventually connect together
to form a ZnO film.

Effect of Initial Solution pH. Baruah and Dutta [45] studied
the effect of pH variation on the dimension and morphology
of ZnO nanorods grown by the hydrothermal synthesis
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method. ZnO nanorods were grown on preseeded glass
substrates using the same concentration of zinc nitrate and
HTMA as the precursors. The pH of the reaction bath was
found to change gradually from 6.4 to 7.3 in 5 h during the
growth process. When the growth process was initiated in
basic condition (pH 8–12), flower petal like ZnO nanostruc-
tures were obtained. Akhavan et al. [88] studied the effect of
pH change from 7.5 to 11.44 on the growth of ZnO nanorods
by using zinc nitrate and NaOH as precursors. They reported
that the diameters of the nanowires are increased with
increased pH until they formed a ZnO film when the pH
reached a value of 11.44. For a precursor pH value of 11.33,
fast growth of ZnO nanorods was observed on the seed layer.
The fast growth of ZnO nanorods resulted in a reduction of
the optical band gap energy due to the creation of greater
number of defects in the nanorods during this fast growth.

Effect of Growth Substrate. One major advantage of the
hydrothermal synthesis method is that almost any substrate
can be used for the growth of vertical ZnO nanowires by
using ZnO seeding layer. In this way, ZnO nanowires can
grow on flat surface regardless of the substrate (polymer,
glass, semiconductor, metal, and more) by only control-
ling the growth conditions. ZnO nanowires can also be
grown on organic substrates. ZnO nanowires have been
successfully grown on polydimethylsiloxane (PDMS) [89],
polystyrene (PS) [90], polyethylene terephthalate (PET) [91],
polyethylene fibers [92], microfibers [93], polyurethane [94],
polyimide [95], paper [96], and other organic substrates like
lotus leaf [97].

Effect of Growth Temperature. Sugunan et al. [68] carried
out growth of ZnO nanowires at different temperatures
by using equimolar zinc nitrate and HMTA from 60 to
95◦C. They reported that hydrothermal growth carried out
with 1 mM solution of the precursors at 95◦C produced
similar nanowire lengths as those grown at 65◦C in the same
growth period. Thus, the authors suggested that there is no
significant difference in the nanowire growth process for
different chemical bath temperatures.

Effect of Additives. The aspect ratio of ZnO nanowires could
be affected by the addition of additives. Zhou et al. [98]
reported the effect of the addition of polyethyleneimine (PEI)
on ZnO nanorods and showed that the average diameter
of the nanorods was reduced drastically from 300 nm to
40 nm as the PEI amount increased from 0 to 12% (v/v) in
solution. The authors explained that the PEI molecules were
adsorbed on the lateral facets of the ZnO nanorods due to the
electrostatic affinity. Thus, the lateral growth of the nanorods
could be largely limited. Chen et al. [99] studied the influence
of PEI and NH3 on the growth of ZnO nanowires. The
SEM image showed that the diameter and length of ZnO
nanowires decreased with the addition of PEI. With the
addition of NH3, the diameter of the ZnO nanowires was
reduced even further.

Other Factors. Other factors affecting ZnO growth include
the heating source, the Zn2+ source, the external electric
field, and mechanical stirring. The use of microwave heating
instead of conventional heating has recently received great
interest [28, 100, 101]. The hydrolyzed method creates
defective crystallites under microwave irradiation and leads
to a faster growth process as compared to the conventional
process [28, 102]. Zinc salts include acetates, nitrates,
perchlorates, and chlorides. The counter ion of zinc often
affects the crystallite morphology by acting as promoter
or inhibitor in the nucleation and growth processes [80].
An external electric field could also affect the growth rate
and depends on the electric field direction and the applied
voltage. Mechanical stirring could increase the growth rate.

3.2.2. Other Solution Phase Synthesis Methods. Other solu-
tion phase synthesis methods include the microemulsion
and ethanol base methods. Lim et al. [103] reported
the preparation of ZnO nanorods by the microemulsion
synthesis. The surfactant, such as ethyl benzene acid sodium
salt (EBS), dodecyl benzene sulfonic acid sodium salt (DBS),
and zinc acetate dispersed in xylene by stirring until a
homogenous mixture, was obtained. Then the hydrazine
and ethanol mixture solution was added drop by drop to
the well-stirred mixture at room temperature. The resulting
precursor-containing mixture was subsequently heated to
140◦C and refluxed for 5 h. The resultant ZnO nanorods
had an average diameter of 80 nm. In the microemulsion
synthesis, the process is referred to as hydrothermal when it
is carried out in an aqueous solution [104]. Wu et al. [105]
synthesized ZnO nanorods by using a solvothermal base in
an ethanol solution. The synthesis process consisted of a
NaOH ethanol solution added drop by drop in a Zn(NO3)2

ethanol solution and the mixture transferred into a Teflon-
lined stainless autoclave and heated at 160◦C for 12 h.

3.3. Doping of ZnO Nanowires. Doping is the primary
method of controlling semiconductor properties such as
the band gap, electrical conductivity, and ferromagnetism.
Many metals and nonmetals have been successfully used
to dope ZnO nanowires by various synthesis methods.
ZnO nanowire metal doping includes Ni [41], Co [106],
Ga [107], Eu [108], Al [109], and Cu [110], and nonmetal
doping includes C [111], N [112], P [113], and Cl [114].
Two different element codoped nanowires such as Mn +
Co [115], Mn + Li [116], and Li + N [117], have also been
studied by some research groups.

Li et al. [118] have reported doping of ZnO nanowires
with Mn, Cr, and Co by a hydrothermal method from
aqueous solutions of zinc nitrate hydrate, TM (TM=Mn,
Cr, Co) nitrate hydrate, and HTMA. The experiments were
carried out in vials and heated in an oven at 90◦C for
3 h. Marzouki et al. [119] studied nitrogen-doped ZnO
nanowires by using the MOCVD method. The precursors
chosen were dimethylzinc-triethylamine (DMZn-TEN) for
zinc, nitrous oxide (N2O) for oxygen, and diallylamine
for the nitrogen source. The MOCVD reactor operated at
atmospheric pressure and 850◦C. Das et al. [117] synthesized
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Figure 6: XRD of ZnO nanowires on a silicon substrate growth by
the hydrothermal synthesis method (from [123] unpublished).

Li and N co-doped ZnO nanowires on a Si substrate by
using the hydrothermal method. The process was carried
out in three steps First, a thin ZnO seed layer (10 nm)
was predeposited on Si by a sputtering technique. Second,
Li-doped nanowires were synthesized by using Zn(NO3)2,
HTMA, and LiCl for precursor growth at 80◦C for 8 h in an
oven. Finally, the nanowires were treated by rapid thermal
annealing at 500◦C in NH3 environment for 30 min. It has
been reported that Indium doping of ZnO nanowires cannot
be carried out by hydrothermal synthesis due to formation of
the In(OH)3 phase [120]. Nevertheless, it could be realized by
a postdeposition thermal annealing in an inert atmosphere
[120] or by a vapor phase transport process [121].

4. Characterization/Properties

Under general conditions, ZnO is single crystalline and
exhibits a hexagonal wurtzite structure. The structure of
ZnO nanowires could be revealed by X-ray diffraction (XRD)
and scanning electron microscopy (SEM). Figure 6 shows
the XRD pattern of the ZnO nanowire growth on a silicon
substrate by using the hydrothermal synthesis method. A
dominant diffraction peak for (002) indicates a high degree
of orientation with the c-axis vertical to the substrate surface.
Figure 7 shows a top down image of ZnO nanowires [122].
Both XRD and SEM demonstrate the hexagonal wurtzite
structure of the ZnO nanowires.

Further structural characterizations can be carried out
by transmission electron microscopy (TEM) and high-
resolution transmission electron microscopy (HRTEM).
Figure 8(a) shows a low-resolution TEM image of ZnO
nanowires with a homogeneous diameter size that does
not vary significantly along the wire length. The HRTEM
pattern measured for one individual nanowire is shown in
Figure 8(b). The crystal lattice fringes spacing in the HRTEM
image are 0.52 nm and fringes perpendicular to the wire axis
is 0.26 nm. This measured plane spacing is characteristic of
the (002) planes, showing the ZnO nanowire with a perfect
lattice structure and verifing that the nanowires grow along
the c-axis direction [124].

Figure 7: SEM image of the ZnO nanorods array on glass substrate
by hydrothermal method (from [123] unpublished).

The ZnO nanowires obtained at different reaction times
and examined by Raman spectra are presented in Figure 9.
The peaks of the ZnO nanowires at 327, 378, 437, 537, and
1090 cm−1 were observed in all the samples. A narrow strong
band at 437 cm−1 has been assigned to E2 modes involving
mainly a Zn motion corresponding to the band characteristic
of the wurtzite phase. The band at 378 cm−1 (A1T mode)
indicates the presence of some degree of structural order-
disorder in the ZnO lattice. The band bands at 327 cm−1

should be assigned to the second-order Raman spectrum. A
band at 537 cm−1 is the contribution of the E1 (LO) mode
of ZnO associated with oxygen deficiency. The envelope of
bands above 1090 cm−1 can be attributed to overtones and/or
combination bands [125].

Figure 10 shows the UV-Visible absorption spectra of
ZnO nanoparticles, ZnO nanowires, and ZnO/Fe nanowires.
ZnO nanowires showed a larger enhancement absorption in
the visible range as compared to ZnO nanoparticles. The
ZnO/Fe nanowires exhibit even stronger absorption than the
ZnO nanowires and nanoparticles in both the UV and the
visible range implying that ZnO/Fe nanowires could more
fully utilize most of the UV and visible light than the other
two.

Figure 11 shows the FTIR spectrum of ZnO nanorods in
the range of 2000–300 cm−1. There is only one significant
spectroscopic band around 417 cm−1 associated with the
characteristic vibrational mode of Zn–O bonding [126].

The X-ray photoelectron spectroscopy (XPS) result
Zn(2p) of the ZnO nanorods is shown in Figure 12. The
peaks at 1021.4 and 1044.6 eV in the spectrum corresponding
to the doublet of Zn (2p3/2) and (2p1/2), respectively, can be
attributed to the formation of hexagonal ZnO nanorods [9].

Figure 13 shows the photopotential response of a ZnO
nanowire electrode under UV irradiation. When the UV light
is switched on, electron-hole pairs are generated and produce
a photocurrent. The UV irradiation changes the current
abruptly with some variation, and the photo-potential is
sharply reduced when the light is switched off [35].

In addition to the above characterizations, ZnO
nanowires also exhibit many other unique chemical and
physical properties for many applications such as large
surface areas, piezoelectric, piezotronic, and optical.
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Figure 8: (a) TEM of ZnO nanowires on an ITO substrate showing a general view. (b) HRTEM image showing individual nanowires
with [0 0 2] growth direction. Inset shows selected electron diffraction (SAED) patterns (reproduced with permission from [124] ©2010,
Elsevier).
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Figure 9: Raman spectra of the ZnO structures obtained by the
hydrothermal method at 130◦C for (a) 30 min, (b) 60 min, (c)
120 min, and (d) 180 min (reproduced with permission from [125]
©2010 Elsevier).

5. Applications

ZnO nanowires can be used for a number of applications
in different fields due to the unique electrical, optical, and
mechanical properties.

5.1. Sensor

5.1.1. Gas Sensor. ZnO is one of the earliest discovered and
most widely used oxide gas sensing materials. ZnO functions
as a gas sensitive material due to its electrical conduc-
tivity that can be dramatically affected by the adsorption
or desorption of gas molecules on its surface [127]. 1D
nanostructured devices such as nanowires are more sensitive
and selective due to their high aspect ratio giving rise to
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Figure 11: FTIR spectrum of ZnO nanorods prepared at 200◦C for
20 h using NaOH (reproduced with permission from [126] ©2010
Elsevier).
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a large surface area. There are many gasses that can be
detected by ZnO nanowires, such as NO [128], NO2 [129],
CO [130], NH3 [127], H2 [131], O2 [132], and ethanol [133].
A resistor type NO2 gas sensor based on the ZnO nanorod
was reported by Oh et al. [134] using a sonochemical
route. The vertically aligned ZnO nanorods were grown on
a Pt-electrode patterned alumina substrate under ambient
conditions. The ZnO nanorod gas sensor was highly sensitive
to the NO2 gas with a very low detection limit of 10 ppb at
250◦C and short response and recovery time (Figure 14). Wei
et al. [135] reported a room temperature NH3 gas sensor
based on a ZnO nanorod array produced by hydrothermal
decomposition on an Au electrode. Recently, Oh and Jeong
[136] fabricated CO sensors based on aligned ZnO nanorods
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Figure 14: Response curve of a ZnO gas sensor exposed to 10 ppb
NO2 gas at 250◦C (reproduced with permission from [134] ©2009
Elsevier).

on a substrate and exhibited high sensitivity to CO gas with
the low detection limit of 1 ppm at 350◦C.

5.1.2. Biosensor. Recently, ZnO nanostructures have attract-
ed interest in biosensor applications due to many advantages,
including nontoxicity, biosafety, bio-compatibility, high
electron-transfer rates, and combination with immobilized
enzymes [137]. The high isoelectric point (IEP) of ZnO
(IEP 9.5) makes it a good matrix for immobilizing low
IEP acidic proteins or DNA by electrostatic interactions
with high binding stability [138]. In addition, ZnO has
high ionic bonding (60%), and it dissolves very slowly at
normal biological pH environments. Liu et al. [139] have
constructed an ampere-metric glucose biosensor based on
aligned ZnO nanorod films formed directly on the surface
of ITO glass. The biosensor exhibited a linear response
to glucose from 5 μM to 300 μM and a limit of detection
of 3 μM (Figure 15(a)). The biosensor also showed good
selectivity for glucose. In an air-saturated and stirred 0.01 M
PBS containing 5 μM glucose, there was no significant
change of the ampere-metric response by the injection of
10 μM UA and AA, respectively (Figure 15(b)). Ibupoto et
al. [140] have demonstrated the fabrication of a ZnO-
nanorod-based biosensor with good reproducibility and
selectivity for the quick monitoring of penicillin with the
immobilization of the penicillinase enzyme by the simple
physical adsorption method. The authors showed that the
potentiometric response of the sensor configuration revealed
good linearity over a large concentration range from 100 μM
to 100 mM. Choi et al. [141] described a ZnO nanowire field-
effect-transistor- (FET-) based biosensor for the detection
of low level biomolecular interactions. The ZnO nanowire
biosensor could detect as low as 2.5 nM of the streptavidin
with a current increase of 7.5 nA.

5.2. UV Detector. UV detection is another promising optical
application of ZnO nanowires [142–144]. The UV detector
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Figure 15: (a) Typical steady-state response of the biosensor by the successive addition of specific concentrations of glucose to air-saturated
and stirred 0.01 M pH 7.4 PBS solution at −100 mV. (b) Effect of interfering species on the biosensor response (reproduced with permission
from [139] ©2009 Elsevier).

utilizes the electric potential of the ZnO nanowires changed
under UV irradiation. Chen et al. [143] constructed a UV
photodetector by contacting a circular spiral structure ZnO
nanowire with 30 nm IrO2 electrodes. The I-V measurement
showed that the curve corresponded to the Schottky metal-
semiconductor contacts with the photo-generated current
reaching 5.11 × 10−7 A, under a bias voltage of 5 V, and the
photocurrent being 2 orders of magnitude larger than the
dark current (Figure 16). Li et al. [145] proposed a method
of fabricating a ZnO bridging nanowire structure exhibiting
nanowatt UV detection. The electrodes were formed by the
thick ZnO layers covering the Au-catalyst-patterned areas
on the substrate, and the sensing elements consisted of
the ultralong ZnO nanowires bridging the electrodes. The
device exhibited drastic changes (10–105 times) in current
under a wide range of UV irradiance (10−8–10−2 W cm−2).
Moreover, the detector showed fast response (rise and decay
times of the order of 1 s) to UV illumination in air. Yang et
al. [146] synthesized a simple self-assembled lateral growth
ZnO nanowire photodetector with the photocurrent of the
ZnO nanowires under UV illumination being twice as larger
as the dark current with a bias voltage of 5 V. Lin et al.
[147] reported that loading of Ag particles in ZnO nanowires
produces an enhanced photoresponse. Chang et al. [148]
combined the ZnO nanorods with graphene enabling the UV
sensor to reach 22.7 A/W.

5.3. UV Laser. Room temperature of ZnO-nanowire-based
UV lasing has been recently demonstrated [149]. Figure 17
shows a typical room temperature photoluminescence (PL)
spectrum of ZnO nanorods with an excitation wavelength of
325 nm at room temperature [150]. The spectrum exhibits
two bands including a strong ultraviolet emission at 378 nm
(or 3.28 eV) and a weak spectral band in the visible region.
The UV emission was contributed to the near band edge
emission of the wide band gap of ZnO. Visible emission is
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Figure 16: I-V characteristics of a ZnO photodetector in the dark
and under Xe illumination (reproduced with permission from [143]
©2009 Elsevier).

due to the presence of various point defects such as oxygen
vacancies.

5.4. Light-Emitting Diode. The output power of GaN LEDs
with ZnO nanotip arrays can be enhanced by up to 50%
times [151]. A heterojunction LED could be fabricated by
the growth of vertically aligned ZnO nanowires on a p-
GaN substrate and employed indium tin oxide (ITO)/glass
to combine and package [152, 153]. Figure 18 shows the
electroluminescence (EL) spectra of ZnO NWs/p-GaN/ZnO
nanowire heterostructure at a DC current of 20 mA. A
UV-blue electroluminescence (EL) emission was observed
from the nanowire-film heterojunction diodes. Most of the
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Figure 17: Room temperature PL spectra of ZnO nanorods (λexc =
325 nm) (reproduced with permission from [150] ©2009 Elsevier).

currently developed ZnO LEDs are based on heterojunctions.
However, a ZnO rod p-n homojunction LED with an ion-
implanted P-doped p-type ZnO could also be fabricated
[154].

5.5. Dye-Sensitized Solar Cells. Dye-sensitized solar cells
(DSSCs), which are based on oxide semiconductors and
organic dyes or metal organic complex dyes, are one of
the most promising candidate systems to achieve efficient
solar-energy because they are flexible, inexpensive, and easier
to manufacture than silicon solar cells [155]. ZnO-based
DSSC technology alternative to TiO2 is considered as one
of the most promising materials for solar cells due to a
faster electron transport with reduced recombination loss
and its ease of crystallization and anisotropic growth. Ko
et al. [87] compared different fabricated ZnO nanowire
DSSCs that included lengthwise growth (LG) and branched
growth (BG). They showed that the overall light-conversion
efficiency of the branched ZnO nanowire DSSCs was much
higher than the upstanding ZnO nanowires (Figure 19 and
Table 4). The reason for the improvement is the enhanced
surface area for higher dye loading and light harvesting and
the reduction of charge recombination by providing direct
conduction pathways along the crystalline ZnO “nanotree”
multigeneration branches.

Lupan et al. [124] studied the well-aligned arrays of
vertically oriented ZnO nanowires electrodeposited on ITO-
coated glass for dye-sensitized solar cells. The maximum
overall photovoltaic conversion efficiency was 0.66% at
100 mW/cm2. Cheng et al. [156] fabricated branched ZnO
nanowires on conductive glass substrates via a solvothermal
method for dye-sensitized solar cells. The short-circuit
current density and the energy conversion efficiency of the
branched ZnO nanowire DSSCs are 4.27 mA/cm2 and 1.51%,
which are higher than those pf the bare ZnO nanowire.
Sudhagar et al. [13] reported jacks-like ZnO nanorod
architecture as a photoanode in dye-sensitized solar cells
and the result exhibited a higher conversion efficiency of

Wavelength (nm)

N
or

m
al

iz
ed

 in
te

n
si

ty

400300 500 600 700

415 nm

Figure 18: EL spectra of ZnO nanowires/p-GaN/ZnO nanowires
heterostructure at a DC current of 20 mA. The inset is a photograph
of the emission of blue light by the heterojunction LED under
dc bias (reproduced with permission from [152] ©2009 American
Institute of Physics).

η = 1.82% (Voc = 0.59 V, Jsc = 5.52 mA cm−2) than that
of the branch-free ZnO nanorods electrodes (η = 1.08%,
Voc = 0.49 V, Jsc = 4.02 mA cm−2).

5.6. Nanogenerator. Due to the noncentrosymmetric sym-
metry of the wurtzite structure, ZnO exhibits a strong
piezoelectric behavior. Recently, nanogenerators (NGs) have
been developed by utilizing the piezoelectric effect of ZnO
nanowires for scavenging tiny and irregular mechanical
energy such as air flow vibrations and body movements
[159–162]. Zhu et al. [157] reported a flexible high output
nanogenerator (HONG), based on a lateral ZnO nanowire
array for harvesting mechanical energy, for driving a small
commercial electronic component. The electrical output of
a single layer of the HONG structure reached a peak voltage
of 2.03 V and a current of 107 nA with a peak power density
of 11 mW/cm3 (Figure 20). The energy generation efficiency
was 4.6%. The generated electric energy was successfully used
to light up a commercial light-emitting diode (LED). The
authors also predicted that the peak output power density
of 0.44 mW/cm2 and a volume density of 1.1 W/cm3 could
be realized by optimizing the density of the nanowires on the
substrate and using multilayer integration.

Hu et al. [163] integrated a nanogenerator onto a tire
inner surface and scavenged mechanical energy from the
deformation of the tire during its motion. The nanogener-
ator directly powers a liquid crystal display (LCD) screen. Xu
and Wang [164] designed a compact hybrid cell based on the
combination of a piezoelectric nanogenerator and a DSSC
in one compact structure. The compact hybrid cell showed
a significant increase in output power. Cha et al. [165]
fabricated a sound-driven piezoelectric ZnO nanowire-based
nanogenerator and obtained an AC output voltage of about
50 mV.



Journal of Nanomaterials 13

(a)

LG

BG

2

0

0

−2

−4

−6

−8

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

LG (dark)
LG1
LG2
LG3
BG (dark)

BG1
BG2
BG3

Voltage (V)

C
u

rr
en

t 
de

n
si

ty
 (

m
A

/c
m

2
)

(b)

Figure 19: (a) Schematic structure of a solar cell and (b) J-V curve of dye-sensitized solar cells with different fabricated ZnO nanowires
(reproduced with permission from [87] ©2011 American Chemical Society).

Table 4: Characteristics and parameters of the “Nanoforest” DSSC Solar Cells shown in Figure 19 (reproduced with permission from [87]
©2011 American Chemical Society).

Symbol Backbone NW length [μm] Branching times Configuration Efficiency [%] Jsc [mA/cm2] Voc [V] FF

LG1 7

0

0.45 1.52 0.636 0.480

LG2 13 0.71 2.37 0.64 0.486

LG3 18 0.85 2.87 0.645 0.484

BG1 7

1

2.22 7.43 o.681 0.522

BG2

13

2.51 8.44 0.683 0.531

BG3 2
 

2.63 8.78 0.680 0.530

5.7. Field Emission Devices. ZnO nanowires are considered
as candidates of field emitters due to their high melting
point and high stability under an oxygen environment
as compared to CNTs [166, 167]. Hwang et al. [166]
reported vertical ZnO nanowires grown on grapheme/PDMS
substrates for transparent and flexible field emission. The
ZnO nanowires/graphene hybrids showed excellent field
emission properties with the low turn-on field values
of 2.0 V μm−1, 2.4 V μm−1, and 2.8 V μm−1 measured for
convex, flat, and concave deformations, respectively. Kang
et al. [168] presented ZnO nanowire patterned growth for
the field emission device. The optimum patterned ZnO
nanowire field emission device fabricated with the current

approach was found to exhibit a low turn-on electric field
value (1.60 μm V−1) due to the decrease in the field emission
screening effect that results from the radial structures of
the micropatterned ZnO nanowires arrays. Chen et al. [169]
synthesized ZnO nanowires on a ZnO:Ga/glass substrate. UV
illumination increased the ZnO nanowire field emission and
reduced the turn-on electric field from 5.1 to 2.1 V/μm at a
current density of l μA/cm2. Doping by certain metals for
enhancement of the field emission device performance has
also been reported such as Sn [170] and Ga [171].

5.8. Field Effect Transistor. A typical nanowires field effect
transistor (FET) consists of a semiconductor nanowire
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Figure 20: Working principle and output measurement of the HONG. (a) Schematic diagram of the HONG structure without mechanical
deformation, in which gold is used to form Schottky contacts with the ZnO nanowire arrays. (b) Demonstration of the output scaling-
up when mechanical deformation is induced, where the “±” signs indicate the polarity of the local piezoelectric potential created in the
nanowires. (c) Open circuit voltage measurement of the HONG. (d) Short circuit current measurement of the HONG. The measurement
is performed at a strain of 0.1% and strain rate of 5% s−1 with a deformation frequency of 0.33 Hz. The insets are the enlarged view of the
boxed area for one cycle of deformation (reproduced with permission from [157] ©2010 American Chemical Society).

(ZnO, etc.) connected with two electrodes at two ends and
placed on a flat substrate that serves as a gate electrode.
The current flow from the drain to the source along the
nanowire is controlled by the applied gate voltage or the
chemical/biochemical species adsorbed on the surface of
the nanowires. Recently, piezoelectric-FET (PE-FET) has
been demonstrated by coupling the semiconductive and
piezoelectric properties of ZnO, which is defined as the
piezotronics effect [172–174]. The working principle of PE-
FET relies on the piezoelectric potential of the nanowire
under straining and serves as the gate voltage for controlling
the current flow from the drain to source [175].

5.9. Photocatalysis. ZnO nanowires used as photocatalysts
have been recently reported by many research groups [158,
176–178]. Sugunan et al. [158] described a continuous
flow water purification system by the fabrication of ZnO
nanowires grown on flexible poly-L-lactide nanofibers. The
continuous flow photocatalytic decomposition of organic
compounds in water has no need for separation of the
photochemically active material from the reservoir, and
the purified water can be directly collected from the

reservoir (Figure 21). The various organic pollutants that
have been tested and removed under UV light illu-
mination include methylene blue, monocrotophos, and
diphenylamine. The results demonstrated that simultaneous
photocatalytic decomposition of more than one organic
contaminant is possible by using the polymer-ZnO nanos-
tructure. The authors also stated that the fabrication can
be easily scaled up and the whole photocatalytic water
treatment setup can easily be adapted either as a point-
of-use system or centralized large-scale water purification
system. Baruah et al. [92] reported the growth of ZnO
nanowires on woven polyethylene fibers for photocatalytic
applications. Photocatalytic activity testing was carried out
in UV light and degraded 0.01 mM of methylene blue. The
results revealed that ZnO nanowires grown on polyethylene
fibers accelerate the photocatalytic degradation process by
a factor of 3 as compared to just polyethylene fibers. Kuo
et al. [179] synthesized ultralong ZnO nanowires on silicon
substrates by the vapor transport process and used them as
recyclable photocatalysts for the degradation of rhodamine
B and 4-chlorophenol. The results showed only a slight
decrease in the photodecomposition rate after 10 cycles.
SEM images indicated that the nanowire appearance and
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Figure 21: Schematic of a continuous-flow photocatalytic water
treatment system (reproduced with permission from [158] ©2010
The American Ceramic Society).

density did not show noticeable change after 10 experiment
cycles. Baruah et al. [96] synthesized ZnO nanorods on a
paper substrate as photocatalytic paper. The photocatalytic
activity was carried out by the degradation of methylene
blue and methyl orange under 963 W/m2 visible light and
inactivity of Escherichia coli under 11 W/m2 visible light. The
results showed that the photocatalytic paper could degrade
organic dye and also inhibit the growth of Escherichia coli
under room light conditions (11 W/m2). Sapkota et al. [18]
investigated the inactivation of microbes in water by the
visible light photocatalysis of ZnO nanorods. ZnO nanorods
were grown on a glass substrate by the hydrothermal route
and employed in the inactivation of Escherichia coli and
Bacillus subtilis in water. The cell membrane damage and
DNA degradation were observed under the visible light
photocatalytic process. Wang et al. [19] also studied the
photocatalytic degradation of Escherichia coli membrane cell
in the presence of ZnO nanowires. The SEM images showed
that the outer membrane of Escherichia coli was destroyed
completely in the presence of ZnO nanowires under UV
irradiation and the cells became twisted shapes without a
mechanically strong network.

Surface properties such as surface defects and oxygen
vacancies of photocatalysts play a significant role in the
photocatalytic activity. ZnO nanowire crystalline defects
exist primarily due to oxygen vacancies [28]. Nanoparticles
with crystalline defects are capable of exhibiting visible
light photocatalysis even without doping with transition
metals [67]. Baruah et al. [28] reported a fast crystallization
ZnO nanorods synthesis method to increase the surface
defect of the ZnO nanowires. Compared to the conventional
hydrothermal synthesis method, an increase in the density
of vacancies and surface defects in the nanorod crystals
were obtained through accelerated crystallization using
microwave hydrothermal and subsequent fast quenching
reactions. The authors also compared the photocatalytic
activity of conventional and microwave-grown nanorods in
the degradation of methylene blue. The photocatalysis was

carried out under 72 klx of visible light. The microwave
hydrolyzed nanorods showed better photocatalytic activity
as compared to the conventional synthesized nanorods. The
authors also stated that ZnO nanorods grown through fast
crystallization under microwave irradiation not only created
defective crystallites for better photocatalysis but also saved
time and energy during the growth process due to faster
synthesis. Zhang and Zhu [101] reported that ZnO nanos-
tructures have enhanced photocatalytic activity by using
the microwave-assisted solvothermal synthesis method. Zhu
et al. [180] studied the microwave-assisted hydrothermal
synthesis of ZnO nanorod-assembled microspheres for pho-
tocatalysis and demonstrated that the as-prepared ZnO had
excellent optical properties and higher photocatalytic activity
due to surface defects.

To further increase the photoactivity of ZnO nanowires,
our group has synthesized ZnO/Fe nanowires by the growth
of ZnO nanowires on the Fe-doped ZnO seeding layer
using the hydrothermal method. The photocatalytic activity
was evaluated by photodegradation of dichlorobenzene
(DCB) and methyl orange (MO) in water. The experiments
were carried out under white light (60 W/m2 in visible
plus 2 W/m2 in UV) or UV light (30 W/m2) irradiation.
The results showed that the ZnO/Fe nanowires exhibited
enhanced photocatalytic activity as compared with pure
ZnO nanowires under different light irradiation as well as
different contaminants. For the decontamination of DCB
(Figures 22(a) and 22(b)), ZnO/Fe nanowires exhibited
greater photoactivity than pure ZnO nanowires under white
light as well as UV light irradiation. When compared to TiO2

(P25), ZnO/Fe nanowires show better photoactivity than
P25 under white light irradiation. For the decontamination
of MO (Figures 22(c) and 22(d)), ZnO/Fe nanowires also
exhibit an enhanced photocatalytic activity as compared with
pure ZnO nanowires under white light as well as UV light
irradiation. The results demonstrate that ZnO/Fe nanowires
could be a better photocatalyst in sunlight.

Doping transition metal ions is a strategy for improving
the visible light photocatalytic activity, by lowering the band
gap, resulting from the creation of dopant energy levels below
the conduction band [181]. Wu et al. [182] synthesized
3% Cr-doped ZnO nanowires and showed that Cr-doped
ZnO nanowires have better photoactivity for decoloration
of methyl orange as compared to pure ZnO and P25 under
visible light irradiation. Lu et al. [183] reported cobalt-
doped ZnO nanorods as photocatalyst, and revealed that the
Co-doped ZnO samples have an extended light absorption
range and increased photocatalytic activity of alizarin red dye
decomposition under visible light irradiation as compared
with pure ZnO nanorods. Jia et al. [184] studied the
photocatalytic activity of La-doped ZnO nanowires. The
results showed an increase in the photocatalytic activity of
La-doped ZnO nanowires in the degradation of Rhodamine
B (RhB) with the optimal doping content being about
2% in terms of photocatalytic activity efficiency. Wu et
al. [185] reported that the photocatalytic activity of 3%
Sb-doped ZnO nanowires is superior to that of undoped
ZnO nanowires under both UV and visible-light testing.
Mahmood et al. [186] reported enhanced visible light
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Figure 22: Photocatalyst activity testing: (a) degradation of DCB under white light irradiation; (b) degradation of DCB under UV light
irradiation; (c) photodegradation of MO in visible light irradiation; (d) photodegradation of MO in UV light irradiation. The control of
DCB is also reduced due to the volatility of the DCB (from [123] unpublished).

photocatalysis by manganese doping or rapid crystallization
with ZnO nanoparticles. Li et al. [187] investigated the
structural, electronic, and optical properties of Ag-doped
ZnO nanowires using first-principles calculations based on
DFT. The results provide theoretical evidence that Ag-doped
ZnO nanowires could also have potential applications in
photocatalysis due to the increase in visible-photocatalytic
activity. Other dopings of ZnO nanowires, such as Sn [105]
and Na [188], have also been reported and have shown an
enhancement of photocatalytic activity for the degradation

of organic compounds in water. In addition to doping,
Jung and Yong [189] reported the fabrication of CuO–
ZnO nanowires on a stainless steel mesh for highly efficient
photocatalytic applications.

6. Conclusions

This paper provides an overview of the synthesis, character-
ization, and applications of ZnO nanowires. The hydrother-
mal synthesis method is simple and efficient and it has
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received increased attention. A mixture of zinc nitrate
and hexamine as precursor is the most popular. Due to
the unique properties of the material, ZnO nanowires are
attractive for a number of potential applications such as
photocatalysis, solar cells, sensors, and generators. Among
the applications of ZnO nanowires, photocatalysis is being
increasingly used for environmental protection. Further
research is needed to improve the quality of ZnO nanowires
and large-scale produce ZnO nanowires for practical indus-
trial applications. Based on this paper, ZnO nanowires
promise to be one of the most important materials in
photocatalytic as well as others applications.
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Chitin nanofibers were prepared from dry chitin powder by nanofibrillation using a Star Burst instrument employing a high-
pressure water jet system. FE-SEM micrographs showed that the nanofibers became thinner as the number of Star Burst passes
increased. Fibrillation in an acidic condition made the chitin fibers thinner than those in a neutral condition. The transmittance
spectra of chitin nanofiber/acrylic resin composites led us to the same conclusion. In addition, chitin nanofibers prepared by
treatment consisting of five Star Burst passes in the neutral condition were thinner than the previously reported nanofibers.
X-ray diffraction profiles showed that the Star Burst system did not damage the chitin nanofibers and did not reduce their
crystallinity.

1. Introduction

Chitin is the main component of the exoskeletons of
arthropods such as crab and shrimp, as well as of the cell
walls of fungi. It has a complex hierarchical organization
consisting of chitin fibers, proteins, and minerals. These
fibers were composed of fine nanofiber networks [1]. Chitin
nanofibers are considered to have great potential, and
various methods have been employed to prepare them [2–
5]. Recently, we have succeeded in isolating chitin nanofibers
from the exoskeletons of crabs [6, 7] and prawns [8], and
from the cell walls of mushrooms [9]. The nanofibers had a
uniform structure, with widths of 10–20 nm and high aspect
ratios (Figure 1). In those studies, a grinder (Masko Sangyo
Co., Ltd.,) was used to atomize chitin to nanofibers. The
complex organization of the chitin was broken down to nano
size by the shearing forces generated by a specially designed
pair of grinding stones. During this grinding treatment,
an acidic condition is important in order to obtain chitin
nanofibers. The electrostatic repulsion force between chitin
nanofibers, which is caused by the cationization of amino
groups, facilitates chitin atomization [10]. Although most
chitin is thrown away as industrial waste, the nanofibers

will open the door for potential applications as novel green
nanomaterials.

Recently, a new atomizing system developed by Sugino
Machine Co., Ltd., has attracted much attention for the
production of biopolymer-based nanofibers [11, 12]. The
novel system, called Star Burst, applies high-pressure water
jet technology for the wet disintegration of several samples.
Compared to a grinder, the advantages of the Star Burst sys-
tem are as follows. (1) The chitin slurry throughput amount
can be easily arranged to a large extent from 2 to 840 l/h by
changing the scale of the Star Burst equipment from small
to large. (2) In principle, the system can produce the same
nanofibers independent of the scale of the equipment, as long
as the pressure with which a sample is ejected from the nozzle
is constant. (3) This process introduces less contamination
than the grinding process does.

If the Star Burst system efficiently yields chitin nano-
fibers, it will be a strong candidate for use in the mass
production of chitin nanofibers. For this purpose, we expect
that treatment under an acidic condition could be a key
factor. Accordingly, we have studied the fibrillation of chitin
into nanofibers by the Star Burst system under neutral and
acidic conditions and characterized them in detail.
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Figure 1: FE-SEM micrographs of (a) original chitin powder and (b) chitin nanofibers fibrillated by grinder under acidic condition.
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Figure 2: Chemical structures of acrylic monomers: A-600, BPE-100, and DCP.

2. Experimental Sections

2.1. Materials. α-Chitin powder from crab shell and acetic
acid were purchased from Nakalai Tesque and Kanto
Reagent, respectively, and were used as received. Three types
of acrylic monomers, tricyclodecane dimethanol dimeth-
acrylate (DCP), poly(propylene glycol) diacrylate (A-600), and
2,2-bis[4-(methacryloxy polyethoxy)phenyl]propane (BPE-
100) were obtained from the Shin-Nakamura Chemical Co.,
Ltd., (see Figure 2).

2.2. Preparation of Chitin Nanofibers. Dry chitin powder
was dispersed in water at 1 wt.%. Acetic acid was added to
adjust the pH value to 3. The chitin was crushed roughly
with a domestic blender. The slurry was stirred for 1 h
under vacuum to remove air bubbles. The slurry was passed
through the Star Burst system (Star Burst Mini, HJP-25001S,
Sugino Machine Co., Ltd.,) equipped with a ball-collision
chamber (Figure 3). The slurry was ejected from a small
nozzle with a diameter of 100 μm under high pressure

(245 MPa) and collided with ceramic ball with a diameter
of 12.7 mm. The suspension was passed 1, 5, and 10 times.
Chitin nanofibers without acetic acid were also prepared
by same procedure except for mechanical treatment under
neutral condition.

2.3. Preparation of Chitin Nanofiber Composites. Fibrillated
chitin nanofibers were dispersed in water at a fiber content
of 0.1 wt.%. The suspension was vacuum filtered using a
membrane filter. The obtained chitin nanofiber sheets were
dried by hot pressing at 100◦C for 30 min. The dried sheets
were cut into 2 cm × 2 cm squares of approximately 44 μm
thickness and with a weight of 12 mg. The squares were
impregnated with bifunctional acrylic resins with 2 wt.% of
2-hydroxy-2-methylpropiophenone photoinitiator under a
reduced pressure for 24 h. The resin-impregnated sheets were
radically polymerized using UV curing equipment (Spot
Cure SP-7, Ushio Inc.) for 8 min at 40 mWcm−1. The chitin
nanofiber composite films thus obtained were approximately
64 μm thick, and their fiber content was approximately 40%,
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Figure 3: Inner structure of ball-collision chamber of Star Burst
system.

calculated based on the dry weights of the squares and
nanocomposites. Neat acrylic resin films were also prepared
under the same conditions.

2.4. Characterization. Infrared spectra of the samples were
recorded with an FT-IR spectrophotometer (Spectrum 65,
Perkin-Elmer Japan Co., Ltd.,) equipped with an ATR
attachment. For field emission scanning electron microscope
(FE-SEM) observation, the prepared nanofiber slurry was
diluted with the EtOH and dried in an oven to prepare
a chitin nanofiber sheet. The sample was coated with an
approximately 2 nm layer of Pt by an ion sputter coater and
observed by FE-SEM (JSM-6700F; JEOL, Ltd.,) operating
at 2.0 kV. The average diameter of the isolated nanofibers
was estimated by image analysis. X-ray diffraction profiles
of the nanofibers were obtained with Ni-filtered CuKα from
an X-ray generator (Ultima IV, Rigaku) operating at 40 kV
and 30 mA. The diffraction profile was detected using an
X-ray goniometer scanning from 5◦ to 35◦. The crystalline
index (CI) was determined by the following equation: CI =
(I110 − Iam) × 100/I110, where I110 is the maximum intensity
of the 110 plane and Iam is the intensity of the amorphous
diffraction at 16◦ [13]. The light transmittances of chitin
nanofibers/acrylic resin composite films were measured from
190 to 900 nm using a UV-vis spectrophotometer (V550;
JASCO). Degrees of deacetylation of the chitin nanofibers
were calculated from the C and N contents in the elemental
analysis data by using elemental analyzer (Elementar Vario
EL III, Elementar).

3. Results and Discussion

Star Burst is a water jet atomizing system with super-
high pressure. Chitin slurry was compressed by a hydraulic
piston, ejected at high pressure (245 MPa) from a nozzle,
and collide with ceramic ball in a chamber to atomize the
chitin (Figure 3). The chitin powder with a concentration of
1 wt% was passed 1, 5, and 10 times through the Star Burst
system under both neutral and acidic conditions. Figure 4
shows the appearances of chitin suspensions with 1 wt.%
atomized by the Star Burst system. Generally, chitin does not
disperse in water at all, which is known to be a big problem
in its application. On the other hand, after the Star Burst

Chitin

With AcOH Without AcOH

Precipitate

10 pass10 pass 5 pass5 pass 1 pass1 pass

Figure 4: Appearances of chitin slurries treated by Star Burst
system.

Table 1: Fiber thickness of fibrillated nanofibers with and without
AcOH after various number of passes.

Number of passes
Fiber thickness (nm)

Without AcOH With AcOH

1 — 19.0 (4.9)

5 18.2 (3.4) 18.0 (3.2)

10 17.3 (3.2) 16.5 (3.3)

Standard deviations are given in parentheses.

treatment, chitin slurries dispersed well in water and did not
precipitate for one month except for chitin treated one time
without AcOH. Compared with these appearances, the chitin
slurry became more transparent as the number of treatments
increased (compare the visibility of the green bar behind the
slurries in Figure 4). This indicates that the Star Burst system
successfully reduces chitin size, since transparency is strongly
associated with chitin size.

Figure 5 shows FE-SEM micrographs of a chitin after Star
Burst treatments under a neutral aqueous condition. After
one pass, the chitin was not atomized at all (Figure 5(a)).
Thick aggregates of chitin nanofibers were observed. This is
because hydrogen bonding between the nanofibers is strong
in dry chitin powder, thereby preventing nanofibrillation.
On the other hand, there was a significant change in the
morphology of the chitin after the treatment with five passes
(Figures 5(b) and 5(c)). Most of the chitin aggregates were
atomized well into tens-of-nanometers-scale fibers over an
extensive area. These aggregates were similar to nanofibers
atomized by a grinder [7]. They are made up of so-called
chitin microfibril bundles. Thus, the atomization process is
commonly called fibrillation. After 10 passes, the fiber width
decreased further, apparently due to fibrillation of the thicker
fibers (Figures 5(d) and 5(e)). Indeed, the average widths of
the nanofibers fibrillated with 5 and 10 passes were 18.2 and
17.3 nm, respectively, (Table 1).

Next, the chitin powder in water was passed through the
Star Burst system under an acidic condition with AcOH.
Even after only one pass, chitin seems considerably fibrillated
(Figures 6(a) and 6(b)) in comparison to the one-pass treat-
ment under the neutral condition. Networks with nanosized
and submicron fibers were observed. The remarkable differ-
ence between the results obtained with and without AcOH is
obviously due to the repulsive force between the nanofibers.
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Figure 5: FE-SEM micrographs of chitin fibers with (a) 1 pass, ((b) and (c)) 5 passes, and ((d) and (e)) 10 passes through Star Burst system
without acetic acid. The scale bar lengths are ((a), (b), and (d)) 1000 nm and ((c) and (e)) 300 nm.
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Figure 6: FE-SEM micrographs of chitin fibers after ((a) and (b)) 1 pass, ((c) and (d)) 5 passes, and ((e) and (f)) 10 passes through Star
Burst system with acetic acid. The scale bar lengths are ((a), (c), and (e)) 1000 nm and ((b), (e), and (f)) 300 nm.
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Figure 7: FT-IR spectra of chitin fibers after 1, 5, and 10 passes
through Star Burst with and without acetic acid.
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Figure 8: X-ray diffraction profiles of chitin fibers after 1, 5, and 10
passes through Star Burst with and without acetic acid.

Commercial chitin powder and obtained nanofibers have
a small portion of amino groups at the C2 position with
approximately 5% degree of deacetylation, which was caused
by aqueous NaOH treatment to remove proteins from crab
shell. Amino groups on the chitin fiber surface were cation-
ized under an acidic condition, which allowed effective fibril-
lation by electrostatic repulsion. After five passes, the chitin
fibers were further fibrillated. However, thicker fibers with
widths of about 100 nm, which were bundles of nanofibers,
still remained in small numbers (Figures 6(c) and 6(d)). After
10 passes, the chitin was completely fibrillated and had a very
fine nanofiber network (Figures 6(e) and 6(f)). The mor-
phology was highly uniform, with a high-aspect ratio. Over a
wide area, thicker fibers of about 100 nm diameter were not
observed at all. Thus, the Star Burst treatment under both
neutral and acidic conditions yielded fine chitin nanofibers.

Table 1 shows the average thicknesses of chitin nanofibers
fibrillated with and without acetic acid. The thicknesses
were estimated from FE-SEM images of nanofibers including
a platinum-coating layer approximately 2 nm thick. It was
difficult to estimate the thickness after one pass under neutral
condition without acetic acid, since the chitin was not fully
fibrillated. As the number of passes increased to 5 and then

Table 2: Relative degree of chitin nanofiber crystallinity prepared
with and without AcOH at various numbers of passes.

Number of passes
Relative crystallinity (%)

Without AcOH With AcOH

Original chitin 83.7

1 pass 84.7 84.0

5 pass 85.2 84.0

10 pass 85.4 83.7

Figure 9: The appearance of transparent chitin nanofiber compos-
ite film.

to 10, the nanofibers became thinner. In addition, the acidic
condition improved the fibrillation of chitin, resulting in
thinner nanofibers with fewer pass times.

Figure 7 shows the FT-IR spectra of chitin fibers treated
by the Star Burst system after 1, 5, and 10 passes under both
neutral and acidic conditions. All spectra of obtained chitin
nanofibers are in excellent agreement with the spectrum of
commercial chitin. In particular, the OH stretching band at
3424 cm−1, NH stretching band at 3259 cm−1, amide band
I at 1652 and 1621 cm−1, and amide II band at 1554 cm−1

of the chitin nanofibers are observed. These absorption
peaks are especially characteristic of chitin. This suggests that
original chemical structures of chitin were maintained after
Star Burst mechanical treatments.

Figure 8 shows the X-ray diffraction profiles of fibrillated
chitin fibers by the Star Burst system after several passes
under both neutral and acidic conditions. All diffraction
patterns coincide closely with original chitin powder. The
four diffraction peaks of the chitin nanofibers observed at
2θ = 9.2, 19.1, 20.9, and 23.1◦ corresponded to 020, 110,
120, and 130 planes, respectively, [14]. They were typical
antiparallel crystal patterns of α-chitin. Thus, the original
crystalline structure was maintained after the purification
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Figure 10: Regular light transmittances of acrylic resins ((a) A-600, (b) BPE-100, and (c) DCP) reinforced with chitin nanofiber with 1, 5,
and 10 passes through Star Burst with (blue dots) and without acetic acid (red dots). Error bars show standard deviations. Black dots show
transmittance of acrylic resins reinforced with chitin nanofibers with a previously reported procedure (one pass through a grinder with acetic
acid).

process followed by the Star Burst treatments. Table 2 lists the
relative crystalline indices of chitin nanofibers determined
from X-ray diffraction profiles. Original chitin powder has
a comparatively high crystallinity of 83.7%. After the Star
Burst process under both acidic and neutral conditions,
there were no significant differences in the relative degree of
crystallinity after the various numbers of passes. This result
indicates that at least 10 mechanical treatments with the Star
Burst system did not damage the chitin fibrils, even though
the system used a super-high-pressure water jet of 245 MPa.

Since the FE-SEM images focused on small parts of the
fiber networks, they cannot represent the total morphology
of nanofibers. Recently, cellulose nanofiber-reinforced plastic
films were reported [15]. Due to the nanofiber size effect, the
nanocomposite was optically transparent even with a high-
fiber content. We have reported that the study is applicable
to chitin nanofibers to obtain transparent nanocomposites
[16]. Since the transparency depends strongly on fiber
thickness and homogeneity, it can be used to quantify the
relative macroscopic morphology of the nanofibers. Here,
we prepared optically transparent nanocomposites using
fibrillated chitin fibers with three different types of acrylic
resins (Figure 9).

Figure 10 shows the regular light transmittances at
600 nm of acrylic resin films reinforced with chitin nano-
fibers. The refractive indices (RI) of three neat resins A-600,
DCP, and BPE-100 were 1.468, 1.500, and 1.540, and their
light transmittances were approximately 90% at 600 nm.
In a previous study, it was known that the RI of DCP is
the closest to chitin nanofiber, followed by BPE-100 and
A-600, since the RI of resin to obtain a more transparent
nanocomposite is in the range of approximately 1.49–1.53
[16]. The transparency of the nanocomposites indicates that

(1) nanofiber thickness decreased as the number of passes
increased; (2) fibrillation under an acidic condition made
chitin fibers thinner than under a neutral condition. These
results agreed with the results of FE-SEM observation.
Surprisingly, although chitin was not fibrillated at all after
one-pass treatment under a neutral condition, the composite
with DPC resin had a high transparency of 84.6% at
600 nm. This indicates that, when the RIs between chitin and
the matrix were strictly matched, the composite could be
transparent even if the chitin fibers were not nanoscale [17].
This finding is helpful for developing an efficient preparation
method for optically transparent bio-based composites.

In a previous study, we reported that chitin nanofibers
were prepared by one pass through a grinder in aqueous
AcOH and were complexed with acrylic resins [7]. The
regular light transmittances of these nanocomposites with A-
600, BPE-100, and DCP resins were 72.1, 83.6, and 89.9%,
respectively. Compared with these transmittance data, chitin
nanofibers with one-pass grinder treatment with AcOH
were thinner than those with one-pass Star Burst treatment
with and without AcOH, but were thicker than those with
five-pass Star Burst treatment without AcOH, since the
transmittances of their nanocomposites were 73.7 (A-600),
84.7 (BPE-100), and 89.9% (DCP) (Figure 10).

4. Conclusion

We studied the fibrillation of dry chitin powder into nano-
fibers using the Star Burst system. FE-SEM micrographs of
chitin nanofibers and light transmittances of the nanocom-
posites with acrylic resin showed that the morphology of
chitin nanofibers depended strongly on the number of passes
through the Star Burst system. The results also showed that
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treatment under an acidic condition was a key factor in
chitin fibrillation into nanofibers effectively. X-ray diffrac-
tion profiles of the chitin nanofibers showed that the Star
Burst treatment did not reduce their crystallinities, even
though the Star Burst system uses a super-high-pressure
water jet. The Star Burst system has advantages in quality
stability, high-volume production, and low contamination.
I expect that this unique system can play a strong role in the
commercial use of chitin nanofibers.
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Polypropylene (PP) nanofibres have been electrospun from molten PP using a needleless melt-electrospinning setup containing
a rotary metal disc spinneret. The influence of the disc spinneret (e.g., disc material and diameter), operating parameters (e.g.,
applied voltage, spinning distance), and a cationic surfactant on the fibre formation and average fibre diameter were examined. It
was shown that the metal material used for making the disc spinneret had a significant effect on the fibre formation. Although the
applied voltage had little effect on the fibre diameter, the spinning distance affected the fibre diameter considerably, with shorter
spinning distance resulting in finer fibres. When a small amount of cationic surfactant (dodecyl trimethyl ammonium bromide)
was added to the PP melt for melt-electrospinning, the fibre diameter was reduced considerably. The finest fibres produced from
this system were 400± 290 nm. This novel melt-electrospinning setup may provide a continuous and efficient method to produce
PP nanofibres.

1. Introduction

Electrospinning has been a widely used platform technology
for producing polymer nanofibres [1–3]. It allows good con-
trol of fibre diameter, morphology, and functionality [4–
6]. The electrospun nanofibres have a high specific surface
area and excellent pore interconnectivity. This unique porous
structure plus the function from the material itself has made
electrospun nanofibre membranes versatile materials with
applications in diverse areas [7–11].

Electrospun nanofibres are typically produced from poly-
mer solutions, and organic solvents have to be used in most
cases to form homogeneous polymer solutions. Although
the use of organic solvents is not a major concern for lab-
scale nanofibre production, the recovery of solvents for large-
scale nanofibre production would considerably increase the
production cost and cause potential environment pollution.
The residue of organic solvent in nanofibres may lead to cyto-
toxicity in cells, which hinders the application of electrospun
nanofibres in some biomedical areas. In addition, solution
electrospinning is unable to process nonsoluble polymers,
such as polypropylene (PP) and polyethylene (PE).

Electrospinning of molten polymer, also known as melt-
electrospinning, has been considered an ideal solution to

these problems [12]. Since no organic solvents are involved,
melt-electrospinning is more ecofriendly and cost efficient
when compared to solution electrospinning, and the resul-
tant nanofibres are cytotoxically safe as well.

Although melt-electrospinning was proposed about 30
years ago [13–15], its research has been restricted due to
the difficulties in making an effective experimental setup
[16–18] and the lack of theoretical studies [19–21]. Melt-
electrospinning is more complicated in setup than solution
electrospinning because the system needs to operate in an
environment of elevated temperature during the spinning
process. Therefore the electric heater needs to be insulated
from the high voltage DC power to avoid electrical interfer-
ence. In some studies, this has been achieved by applying
the high voltage electrode to the collector instead of the
spinneret [12, 17, 22]. By separating the electric heating
system from the high voltage power source, the interference
can be reduced substantially. In other studies, a CO2 laser
has been used as the heating source [23–25]. This highly
controlled and localised laser heating can also avoid the
thermal degradation of the polymer melt caused by the long-
term exposure to heat.

Physically, a polymer in the melt state is much more
viscous and has a lower charge density than its solution.
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Consequently, melt-electrospun fibres are often coarser than
those electrospun from polymer solutions, typically over 10
microns in diameter [22, 26, 27]. To reduce the viscosity,
polymer blends were employed for melt-electrospinning [28,
29], and additives have been proposed but with limited suc-
cess [30]. Nearly 20 polymers have been subjected to melt-
electrospinning to date [31], and the potential applications
of melt-electrospun fibres in industrial and biomedical areas
have also been demonstrated [32–35].

PP is a thermoplastic polyolefin with excellent mechani-
cal/chemical properties. It has been an important industrial
material for many applications, especially in the textile in-
dustry to make fibres [36]. However, PP is not soluble in
common solvents at room temperature, and conventionally
PP fibres are produced by a melt-extrusion or melt-blown
technique. It remains challenging to prepare PP fibres with
diameters on the nanometre scale.

In our previous work, we have developed a needleless
solution electrospinning setup which used a rotary metal disc
as the spinneret [37]. By loading a polymer solution onto the
disc edge and charging it with a high electric DC voltage, a
large number of solution jets were generated spontaneously
from the disc edge surface. Nanofibres produced in this way
were uniform with a much higher productivity than those
produced by conventional needle solution electrospinning.
This novel setup allowed the mass production of nanofibres
for a wide range of applications.

In addition, surfactants have been used as an additive to
prevent the formation of fibre beads and to reduce the fibre
diameter during solution electrospinning [38]. However, the
influence of an ionic additive on the spinning ability of
polymer melts and the resultant fibre dimension have not
been well studied [30].

In this study, a needleless melt-electrospinning setup
employing a disc spinneret was used to electrospin molten
PP. The influence of disc spinneret, operating parameters, PP
type, and a cationic surfactant on the fibre morphology were
also examined. To our knowledge, this is the first paper on
needleless melt-electrospinning.

2. Experimental

Materials. PP samples (Metocene (Metocene is a trademark
owned and used by LyondellBasell family of companies)
MF650X and Metocene MF650Y) were kindly provided by
Equistar Chemicals, LP (USA) part of the LyondellBasell
family of companies with melt flow rates (MFR) of 1200 and
1800 g/10 min, respectively. Dodecyl trimethyl ammonium
bromide (DTAB) was purchased from Sigma-Aldrich (Syd-
ney, Australia). All materials were used as received.

Melt-Electrospinning. A purpose-made needleless melt-elec-
trospinning setup was used in this research. A rotating metal
disc was used as the fibre generator, which was partially
immersed into a polymer melt bath underneath. To maintain
the working temperature, both the disc and the melt reser-
voir were heated by cartridge heaters (HELIOS), which were

connected to a temperature controlling system (Variac SRV-
5, Powertech). A metal collector above the disc was applied
with a high voltage to avoid any electrical interference. The
fibre generating section of the setup under the collector was
electrically grounded and the whole setup was placed in a
plastic box, which was filled with Argon.

Before electrospinning, PP pellets were loaded into the
preheated melt bath. The disc started to rotate once the
pellets were completely molten. When the entire disc rim was
covered by the polymer melt, a high voltage was applied to
the collector using a power source (Gamma High Voltage,
USA) and fibre spinning was initiated.

Characterisation. The temperature profile of the melt-elec-
trospinning setup was obtained from the thermal images
taken by an infrared thermography video camera (H2640,
NEC, Japan). The morphology of melt-electrospun fibres
was examined using a scanning electron microscopy (SEM,
Jeol Neoscope). All samples were gold coated (Bal-tec SCD50
sputter coater) and the images were taken at an acceleration
voltage of 10 kV. The fibre diameter was calculated using
an image processing software package (Image Pro-Plus 4.5,
Media Cybernetics Co., Santa Clara, CA). The electric fields
were calculated using a finite element method (Comsol Mul-
tiphysics 3.5a), and the electric field intensity was obtained
from the 2D electric field profile using Matlab R2010.
Fourier transform infrared spectra (FTIR) were measured
on an FTIR spectrometer (Bruker Optics) in attenuated total
reflectance (ATR) mode.

3. Results and Discussion

Two PP samples Metocene MF650X and Metocene MF650Y
were used for this melt-electrospinning study. Both are
commercial grades made using metallocene catalysts to
achieve a narrow molecular weight distribution and a high
degree of resin consistency. Both samples have very high
MFR values, giving them low viscosity after melting which
is a critical requirement in melt spinning to obtain very fine
fibres.

The melt-electrospinning setup is shown in Figure 1.
The temperatures of the heaters and disc were controlled
accurately in the range from 280◦C to 360◦C. When the tem-
perature was set at 280◦C, the PP started to melt. Applying
a high voltage led to electrospinning of fibres, however the
spinning process was discontinuous because of the high vis-
cosity of the polymer melt. Only when the temperature was
increased to around 320◦C did the electrospinning process
become continuous.

During melt-electrospinning, the rotating disc rim was
covered uniformly with a thin layer of molten PP, which
could smoothly flow back into the melt bath. When the
temperature was increased to 360◦C, a large amount of fumes
were emitted from the bath and the polymer melt turned a
yellowish colour due to PP degradation.

Two discs were used in the initial experiments, the first
made of iron and the second made of aluminium. Figure 2
shows the SEM images of the as-spun PP fibres made
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Figure 1: Photos of the disc melt-electrospinning setup.
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Figure 2: SEM images of the melt-electrospun PP fibres that were produced using (a) an iron disk and (b) an aluminium disc (MF650Y,
applied voltage = 75 kV and collecting distance = 16 cm).

using these discs. The iron disc generated fibres having a
rough surface and containing some fibre beads, the average
diameter of the fibres based on the SEM images was 8.69 µm.
In comparison, smooth fibres were prepared when the alu-
minium disc was employed and the fibres looked much finer,
with an average diameter of 3.31 µm and a narrower diameter
distribution, (standard deviation of 3.69 µm compared with
13.79 µm for the fibres prepared with the iron disc). This sug-
gests that the metal material used for making the spinneret
strongly influences the fibre diameter and morphology.

Figure 3 shows the temperature profiles of the two
setups taken with an infrared thermography video camera.
Despite the heater temperatures having been set at the
same levels, obvious differences in the temperature profiles
were observed on these two thermal images. Three different
locations (labelled 1, 2, and 3 on Figure 3(a)) were compared
and whilst there was almost no temperature difference at
locations 1 and 3, at location 2 the aluminium disc was nearly
red whilst the iron disc was blue. The temperature measured
on the aluminium disc edge was 150◦C whilst it was only
50◦C at the same point of the iron disc.

It has been established that the heat transfer (q) of
a heated object is affected by several factors which are
described by [39]

q = kAdT

s
, (1)

where k is the thermal conductivity of a material, A is the
heat transfer area, dT is the temperature difference across
the material and s is the transfer distance, which in this case
can be considered the disc radius. Hence more heat will be
transferred if a material has a higher conductivity. For iron,
the thermal conductivity is 31.1 W/mK (at 20◦C), which is
much lower than that of aluminium (236 W/mK) at the same
temperature. Therefore, more heat was transferred to the
edge of the aluminium disc that assisted in compensating for
the heat diffusion losses from the disc to the environment.

Disc diameter is another important factor that affects the
heating process. Two aluminium discs with different diame-
ters (32 and 40 mm) were chosen to investigate this parame-
ter. Before the experiments, the electric field profile was anal-
ysed by a finite element method. As shown in Figures 4(a)
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Figure 3: Temperature profile of the heated iron (a) and aluminium (b) discs.

and 4(b), the highest electric field intensity was concentrated
on the four edges of the collector. The electric field isosurface
profile (Figures 4(c) and 4(d)) shows a slight difference in the
electric field intensity within the spinning space (collecting
distances were same, 16 cm). The electric field intensity
profiles between the top of the discs and the center of the col-
lector (as shown by the red lines in Figures 4(c) and 4(d)) are
presented in Figure 4(e). The intensity was about 5 kV/cm on
the edge of the 32 mm diameter disc. This intensity doubled
when the disc diameter was increased slightly to 40 mm.

The electric field intensity decreased quickly within a
short distance away from the disc edge and then increased
to almost the same levels at the collector center. Electric field
intensities were also different along the disc edges, and the
intensities were highest at the points closest to the collector
(Figure 4(f)). At all angles, the electric field intensities on the
edge of the 40 mm diameter disc were almost twice as high as
those on the 32 mm diameter disc.

The two discs also had a large difference in edge tempera-
ture, with the smaller diameter disc being almost 50◦C hotter
than the larger disc under the same heating conditions. Due
to the lower edge temperature, the larger diameter disc did
not produce finer fibres despite the fact that it experienced
a higher electric field intensity on the surface. Therefore, the
aluminium disc with a diameter of 32 mm was used in all
subsequent experiments.

Two important operating parameters, namely, applied
voltage and collecting distance, were examined. The melt-
spinning process required a very high voltage to produce
enough electric field intensity for generating multiple jets,
very similar to a solution-based needleless electrospinning
process. The minimum voltage required to initiate the spin-
ning process was 50 and 65 kV for the collecting distances
of 11 and 16 cm, respectively (Figure 5). These voltages were
significantly higher than those used in needle electrospinning
for both polymer solutions [40, 41] and melts [12, 27]. The
need for a very high applied voltage was attributed to the
high viscosity of the PP melt, which made it more difficult
to generate melt jets than solution jets.

It was also interesting to note that the voltage could
be increased to 75 and 90 kV at the two different spinning

distances without any electric discharge being observed. Such
high voltages are impossible with needle melt-electrospin-
ning due to the corona discharge. By applying the high
voltage onto the collector and electrically grounding the
spinneret, melt-electrospinning at a very high voltage was
safely achieved whilst keeping the power source and the
electric heating system separate.

Most previous research into melt-electrospinning has
observed a decreased fibre diameter with increasing applied
voltage [22, 29, 33], normally attributed to the higher
stretching force from the increased electric field intensity.
However, in this paper the applied voltage had little influence
on fibre diameter, although the average fibre diameter
appeared to increase slightly when the voltage was higher
than 80 kV (spinning distance = 16 cm). This is possibly due
to fibre drawing without the confinement of a needle, allow-
ing more volume of polymer to be drawn from the molten
polymer surface when the electric field is high. Unlike a
normal solution electrospinning setup where the flow rate is
controlled using a syringe pump, in this melt-electrospinning
setup the spinning speed was completely determined by the
intensity of the electrostatic force. Hence more polymer melt
was stretched out to form fibres at a higher applied voltage,
and this could have offset the fibre thinning enhancement
under a stronger stretching force.

It was also noted that coarser fibres were always produced
at the longer melt-electrospinning distance of 16 cm. One
possible explanation is that since the electric field intensity
was decreased by almost one-third, this resulted in a dra-
matic drop in the electrostatic stretching force, and therefore
reduced the degree of fibre thinning. The diameter of the
finest fibre collected at the melt-electrospinning distance of
11 cm was 1.73 ± 1.50 µm, and this was increased to 3.63 ±
2.77 µm when the distance was widened to 16 cm. Therefore
the finest fibres had an average diameter of 1.73 µm, which
was still much coarser than those usually obtained from a
polymer solution electrospinning process.

Figure 6 shows the relationship between fibre diameter
and the DTAB concentration. Most of the PP/DTAB com-
posite fibres were finer than those prepared using pure PP,
except for a few exceptions when the DTAB concentration
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Figure 4: (a, b) Electric field intensity profile of the needleless melt-electrospinning setup using a disc with the diameter of (a) 32 mm and
(b) 40 mm; (c, d) electric field isosurface of the profiles; (e) electric field intensity profile from the top of the disc to the centre of the collector;
(f) electric field intensity profile along the disc edges (Applied voltage = 60 kV; collecting distance = 16 cm).
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was 0.5%. The effect of DTAB on fibre diameter became
obvious when the DTAB concentration was higher than 2%,
where nearly all fibres had a diameter less than 2 µm. The
applied voltage also had very limited effect on the fibre
diameter. The most significant decrease in fibre diameter
occurred when the DTAB concentration was 3%, because
all fibres collected had a diameter less than 1 µm. Increasing
the DTAB concentration further to 4% did not reduce the
fibre diameter any more. It should be noted that 60 kV was
a critical voltage in most cases (Figure 7). At this voltage, the
coarsest fibres (diameter = 6.86 ± 3.53 µm) were prepared
from a PP melt containing 0.5% DTAB, however the finest
fibres (0.40 ± 0.29 µm) were also achieved from a PP melt
containing 3% DTAB.

Table 1: FTIR peak assignments for polypropylene.

Wave number (cm−1) Vibration type Assignment

808 Stretching C–C

840 Rocking C–H

973
Rocking CH3

Stretching C–C

996 Rocking CH3

1166
Stretching C–C

Wagging C–H

Rocking CH3

1376 Symmetrical bending CH3

1456 Symmetrical bending CH3

2870 Stretching CH3

2920 Asymmetrical stretching CH2

2950 Asymmetrical stretching CH3

The addition of DTAB to molten PP had a significant
effect not only on the fibre diameter, but also on the electro-
spinning process. For the PP melt without DTAB, the spin-
ning process could last for half an hour at most before the PP
started degrading. However, when DTAB was added to the
PP melt, the process was extended to at least an hour longer.

Figure 8 shows the FTIR spectra for PP and its blends
containing 0.5%, 2%, 3% and 4% DTAB by weight. All spec-
tra were very similar with each displaying the characteristic
peaks of PP [42, 43], as listed in Table 1. This suggested that
adding DTAB into molten PP had a negligible effect on the
chemical structure of PP.

It has been reported that DTAB is a cationic surfactant
capable of reducing the entanglement of polymer chains [44,
45], which could be one of the reasons for the enhanced fibre
thinning observed. A similar finding was also reported for di-
(2-ethylhexyl)phthalate (DOTP), which reduced the viscos-
ity of molten poly(methyl methacrylate) (PMMA) to enable
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Figure 7: SEM images of the fibres electrospun from PP melt containing (a) 0.5%, (b) 2%, (c) 3%, and (d) 4% DTAB (applied voltage =
65 kV, collecting distance = 16 cm).
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Figure 8: FTIR spectra of PP and PP/DTAB blends with different DTAB concentrations.

melt-electrospinning of fine PMMA fibres [30]. Another
possible contribution of DTAB to the melt-electrospinning
process was the presence of the extra electrical charges. It
was reported that a small amount of DTAB in polystyrene
solution improved the solution conductivity and reduced the
fibre diameter, as well as increasing the fibre uniformity [38].

4. Conclusions

A novel needleless melt-electrospinning setup was developed
to successfully produce PP nanofibres. By heating the melt
bath and the disc separately, the melt temperature was well
maintained. The metal material used for making the disc
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spinneret and the disc diameter had considerable effects on
heat transfer and resulting fibre formation. Electric inter-
ference between the electric heaters and high voltage power
source was avoided by charging the collector and electrically
grounding the spinneret. The applied voltage was shown
to have little effect on fibre diameter, however finer fibres
were produced at a shorter collecting distance. When a
cationic surfactant DTAB was added into the polymer melt,
much finer fibres were electrospun. This novel setup has the
potential to conquer the challenges in melt-electrospinning
and provide an efficient, continuous, and highly productive
fibre making technique.
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Porous TiO2 nanofibers were prepared via a facile electrospinning method. The carbon nanospheres were mixed with the ethanol
solution containing both poly(vinylpyrrolidone) and titanium tetraisopropoxide for electrospinning; and subsequent calcination
of as-spun nanofibers led to thermal decomposition of carbon nanospheres, leaving behind pores in the TiO2 nanofibers. The
morphology and phase structure of the products were investigated with scanning electron microscopy (SEM), transmission
electron microscopy (TEM), and X-ray diffraction (XRD). Furthermore, the photocatalytic activity of porous TiO2 nanofibers
was evaluated by photodecomposition of methylene blue under UV light. Results showed that the porous TiO2 nanofibers have
higher surface area and enhanced photocatalysis activity, compared to nonporous TiO2 nanofibers.

1. Introduction

TiO2-based photocatalysts have been one of the most active
areas in heterogeneous catalysis due to their great catalytic
abilities for removing environmental pollutants relating to
waste water, polluted air, and spilling water [1, 2]. Over
the past few years, it has been demonstrated that the
photocatalytic activity strongly depends on the specific
surface area of photoactive materials [3–5]. Many strategies
have been developed to fabricate porous and hollow TiO2

nanostructures to enhance their photocatalytic performance
[6–10]. Among these methods for generating porous nanos-
tructures, especially for porous nanofibers, electrospinning is
a well-established top-down approach [11–15]. For instance,
Li et al. synthesized porous TiO2-based nanofibers via a
combined electrospinning and alkali dissolution method;
they firstly prepared TiO2/SiO2 composite nanofibers by
electrospinning and sintering and then leached out silica

with alkaline solution to produce porous TiO2 microstruc-
tures [16]. Mesoporous TiO2 nanofibers were prepared
by electrospinning TiO2-nanoparticle-containing polymeric
spinning solution [17]. Furthermore, in our previous work,
TiO2 fibers with interior hollow channels were fabricated
via multifluidic electrospinning with the obvious improve-
ment of photocatalytic activity [18]. In this paper, porous
TiO2 nanofibers were fabricated through an electrospinning
method with carbon nanospheres as sacrificial template.
Firstly, the spinning solution containing carbon nanospheres
was prepared. Our aim was to retain the carbon nanospheres
in the as-spun nanofibers, followed by calcination leading to
the thermal decomposition of carbon nanospheres, leaving
behind a porous TiO2 nanofiber structure.

2. Experimental

2.1. Preparation of Carbon Nanospheres. Carbon nano-
spheres were synthesized via a hydrothermal method by
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Figure 1: XRD patterns of TiO2 nanofibers (a) and P-TiO2

nanofibers (b).

using glucose as reagents as previously reported [19]. In
brief, 3.5 g glucose (Wako, Japan) was dissolved in 40 mL of
water to form a clear solution, which was placed in a teflon-
sealed autoclave (50 mL) and maintained at 170◦C for 5 h.
The black or puce products were isolated by centrifugation,
washed several times under sonication with water and
ethanol, then oven-dried at 60◦C for characterization and
subsequent application.

2.2. Preparation of Porous TiO2 Nanofibers. In the typical
electrospinning procedure, 0.3 g of carbon nanospheres was
dissolved in 10 mL of ethanol to form a homogeneous
solution, followed by adding 1.0 g of polyvinylpyrrolidone
(PVP, Mw = 130,000, Aldrich) and 3 mL of acetic acid
(Wako, Japan). After stirring for one hour, this solution was
added to 1.0 mL of titanium tetraisopropoxide (Ti(OiPr)4,
Aldrich) (Wako, Japan) and stirred for another hour. The
mixed solution was fed through a nozzle at a feeding rate
of 4 mL min−1. The applied voltage was 22 kV and the
working distance was 15 cm. After electrospinning process,
the obtained fibers were calcined in air at 500◦C for 2 h at a
heating rate of 5◦C min−1 to form porous TiO2 nanofibers,
which were denoted as P-TiO2 nanofibers. For comparison,
we have prepared TiO2 nanofibers in the absence of carbon
nanospheres, and the rest of the synthesis conditions were
kept the same as those described above in the typical
experiment.

2.3. Characterization. The morphology of the nanofibers
was examined using scanning electron microscopy (JSM-
5400, JEOL, Japan). X-ray diffraction (XRD) patterns were
recorded using a Rigaku RINT 1500 diffractometer with the
use of Cu Kα radiation. Nitrogen adsorption isotherms were
measured at −196◦C using a Micromeritics system (Gemini
V, Shimadzu, Japan). UV-vis absorption was performed on
UV-1700 (Shimadzu, Japan) spectrophotometer.
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Figure 2: SEM image (a) and the corresponding histogram of the
diameters (b) of carbon nanospheres.

2.4. Photocatalysis Measurement. The photocatalytic activ-
ity of these nanofibers was evaluated as their ability to
decompose the aqueous suspension of methylene blue (MB)
under UV-light at room temperature. Prior to the light
irradiation, 20 mL of MB solution (20 mg mL−1) was mixed
with the catalyst (20 mg) and kept in the dark for 200
minutes to establish an adsorption-desorption equilibrium.
The concentration of dye solution was measured with UV
irradiation time by using a UV-vis spectrometer. To monitor
the change in concentration of MB, the absorbance spectra
of MB were recorded at its maximum absorption.

3. Results and Discussion

The crystalline structure and phase composition of the
products were characterized by XRD. As shown in Figure 1,
all of the obtained products matched well with the standard
pattern of anatase (JCPDS no. 21-1272), with four reflections
at 25.3, 37.9, 48.1, and 54.2, corresponding to (101),
(004), (200), and (105), respectively. More importantly, no
impurity peaks were observed in the XRD patterns of P-TiO2
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Figure 3: SEM image of nanofibers prepared without (a, b) and with carbon nanospheres (c, d); SEM images of nanofibers before (a, c) and
after (b, d) calcination.
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Figure 4: Pore size distributions of the TiO2 nanofibers (a) and P-
TiO2 nanofibers (b).

nanofibers, suggesting that the crystal phase is not changed
during the process of generating pores.

Carbon nanospheres were investigated by SEM analyses.
Figure 2 represents SEM image and the corresponding
histogram of the diameters of carbon nanospheres. The
nanospheres are monodispersed and uniform on a large

Figure 5: HRTEM image of P-TiO2 nanofibers.

scale. A statistical analysis yields an average size of 320 nm
in diameter. In this paper, carbon nanospheres could be
removed by calcination simultaneously during the process
of removing PVP, without needing an additional removing
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Figure 6: Liquid-phase photocatalytic degradation (a) and photocatalytic degradation reaction kinetics (b) of MB against TiO2 nanofibers,
TiO2 P25, and P-TiO2 nanofibers.

step. Moreover, during the calcination carbon nanospheres
only release nontoxic CO2 and H2O but not toxic gases.

Figure 3 shows SEM images of TiO2 nanofibers and P-
TiO2 nanofibers before and after calcination. It was observed
that the surface of nanofibers without carbon nanospheres
was smooth (Figure 3(a)) while the surface of nanofibers
with carbon nanospheres was lumpy at places where the
nanospheres were present (Figure 3(c)). After calcination,
the average diameters of the nanofibers decreased slightly
(Figures 3(b) and 3(d)). This is because the organic com-
ponents (PVP or carbon nanospheres) were removed by
combustion and the inorganic component had crystallized.
The carbon nanospheres were removed via calcination
leaving behind pores in the nanofibers. The diameters of
nonporous TiO2 nanofibers and P-TiO2 nanofibers were
statistically determined to be 230 and 330 nm, respectively.

The porous structure within the P-TiO2 nanofibers
was further confirmed by the N2 physisorption experi-
ments. Despite its larger diameter, P-TiO2 nanofibers have
larger specific surface area (33 m2/g) than TiO2 nanofibers
(9 m2/g). As shown in Figure 4, the pores volume of P-
TiO2 nanofibers was larger than that of nonporous TiO2

nanofibers. However, the P-TiO2 nanofibers possess wide
pore size distributions from several nanometers to tens of
nanometers because of the complex interplay between the
shrink of the nanofibers and the decomposition of organics
during calcination.

More evidence on crystallinity of P-TiO2 nanofibers was
obtained from the TEM analysis. As shown in Figure 5,
the distinct contrast derived from the difference of electron
density in TEM image further confirms the porous structure
of the nanofibers. The crystal lattice fringes indicates that

the nanofibers are formed by geometrically random TiO2

nanograins, which exhibit high crystallinity after calcination.
To determine the photocatalytic activity of P-TiO2

nanofibers, the degradation experiments of MB against
P-TiO2 nanofibers, TiO2 P25 (AEROXIDE), and TiO2

nanofibers were carried out. In the dark (−200∼0 min),
the relative concentration of MB in the solution is slightly
decreased owing to the adsorption of MB on the catalysts;
the concentration decrease is slightly greater for P-TiO2

nanofibers than for TiO2 nanofibers, which reflects that the
surface area is greater for P-TiO2 nanofibers. As shown in
Figure 6(a), 90% of MB could be decomposed by P-TiO2

nanofibers within 60 min and was degraded completely after
110 min. Although the most of MB was also decomposed
in the presence of the P25 after the same period, the
photocatalytic activity was lower than P-TiO2 nanofibers. In
contrast, the photocatalytic activity of TiO2 nanofibers was
lowest; about 50% MB remained after 60 min irradiation.
The reaction rate constant of the MB degradation against P-
TiO2 nanofibers (0.035 min−1) is three times higher than that
of TiO2 nanofibers (0.011 min−1) (Figure 6(b)). The results
indicate that P-TiO2 nanofibers have greater photocatalytic
activity than nonporous TiO2 nanofibers, suggesting that
the surface area is an important factor for adsorption and
catalysis.

4. Conclusion

In conclusion, porous TiO2 nanofibers were prepared via an
efficient and simple electrospinning method by using carbon
nanospheres as sacrificial template. Carbon nanospheres
together with PVP could be removed at the same time
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during calcination. Microstructural analysis and properties
evaluation revealed that porous TiO2 nanofibers have higher
surface area and enhanced photocatalytic activity compared
to nonporous TiO2 nanofibers. In addition, the method
for synthesis of porous TiO2 nanofibers presented here can
be extended to synthesize other one-dimensional porous
nanostructures.
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In this paper, the development of efficient protective clothing against nanoparticulate aerosols is presented. Nanofibrous mats
of polyamide 6 (PA6) were deposited onto a nonwoven viscose substrate by electrospinning technique. The influence of
electrospinning parameters, including solution concentration, viscosity, and conductivity, was studied for the production of
nonwovens with controlled fiber diameter showing a size distribution ranging from 66 to 195 nm. By varying several process
parameters, textiles with different thickness of the nanofiber layer and thus air permeability were obtained. A hot-press lamination
process using a thermoplastic resin as glue was applied to improve the adhesion of the nanofiber layer onto the textile support.
After 1500 cycles of repeated compression and torsion, the nanofiber layer was still firmly attached to the support, while mechanical
damage is visible in some areas. The penetration of NaCl particles with diameter ranging from 15 to 300 nm through the
electrospun textiles was found to be strongly dependent on nanofiber layer thickness. A really thin nanofiber coating provides
up to 80% retention of 20 nm size particles and over 50% retention of 200 nm size nanoparticles. Increasing the thickness of
the nanofiber mat, the filtration efficiency was increased to over 99% along the whole nanoparticle range. The results obtained
highlight the potential of nanofibers in the development of efficient personal protective equipments against nanoparticles.

1. Introduction

Nanotechnology is having a large impact on manufactured
products in most major industry sectors, including elec-
tronic, cosmetic, automotive, and healthcare. According to a
recent survey [1], over 1,300 nanotechnology-related prod-
ucts are currently on the market. Nanomaterials currently
raise many questions and generate concerns, due to the
fragmentary scientific knowledge of their health and safety
risks. Nonetheless, toxicological studies have shown that
some nanoparticles can potentially have an effect on human
health [2, 3].

Considering that the number of workers exposed to na-
noparticles may increase in the future, the occupational envi-
ronment is the place with the highest potential risk for hu-
man exposure. Therefore, the development and implementa-
tion of new barrier materials and efficient personal protective
equipments against engineered nanoparticles is needed in
order to maintain the exposure as low as possible [4].

Nanofiber webs produced by electrospinning, due to
their very large specific area, very small pore size, and high
porosity, have shown to improve the efficiency of con-
ventional materials used for the filtration and separation
of particulate materials [5, 6]. Electrospinning is a well-
established and versatile process that has been used to
produce ultrafine fibers including microfibers (>1 µm) or
nanofibers (<1000 nm) [7]. In electrospinning, a high volt-
age is applied to a polymer solution or melt, which over-
comes the surface tension to form a charged jet. The ejected
charged polymeric chains repel each other during the travel
to the grounded collector and solidify in the form of thin
fibers after solvent evaporation. By controlling the spinning
conditions, the resulting fibers can range from about 20 nm
to a few micrometers.

The main advantage of electrospinning process is the
relative quick and simple way to fabricate a variety of materi-
als into nanofibrous structure. In order to provide strength
and durability, nanofiber webs must be used in a layered
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Figure 1: Schematic representation of the nanofiber-based protec-
tive textile developed in this work.

structure, with some support material [8, 9]. The nanofiber
layer has to be flexible and have a good adherence without
breaking or delaminating from the substrate. For instance,
efficient barrier materials like clothing, masks, and filters
against nanoparticulate aerosols, pesticides, or chemical
warfare agents have been successfully fabricated by coating
woven and nonwoven textiles with electrospinning technique
[10, 11]. Nevertheless, apart from assessing the barrier per-
formances, there is still a need to investigate durability and
wear comfort of nanofiber-based protective clothing.

In this study, new garments were developed by hot-melt
lamination of nanofibers onto a viscose nonwoven textile
using a thermoplastic adhesive powder (Figure 1). Polyamide
6 (PA6) was selected as the material for electrospinning due
to its good mechanical properties such as its toughness,
resilience, and easy processability. Moreover, PA6 is exten-
sively used in membrane and textile technologies.

The fiber diameter and size distribution of the electro-
spun PA nanofibers were studied as a function of solution
concentration, viscosity, and conductivity. The effect of
electrospun web density on air permeability was assessed as
an indication of comfort and breathability. To determine the
wear resistance, the air permeability of each developed textile
was measured before and after Gelbo Flex test (1500 cycles of
repeated compression and torsion). Finally, the nanoparticle
penetration was evaluated as a function of the nanofiber layer
thickness using a polydisperse NaCl aerosol.

2. Experimental Procedure

2.1. Electrospinning. PA6, acetic acid, and formic acid were
purchased from Sigma Aldrich without further purification.
PA6 was dissolved in a 1 : 1 mixture in volume of formic acid
and acetic acid at 50◦C, and the solution was stirred for a
sufficiently long time until it became homogeneous and was
left to cool at RT before electrospinning process. Polymer
solutions at several different concentrations were prepared,
ranging from 10 to 20 wt.%. The solution viscosity and the
electric conductivity were determined by a digital viscometer
(DV-E, Brookfield Co.) and an electric conductivity meter

Powder coating by
screen printing IR bonding Electrospinning

Thermal 
lamination

Viscose non
woven textile

PA thermoplastic
adhesive powder

Nylon 6,6 nanofibers

Figure 2: Fabrication process of nanofiber-coated textiles.

(CRISON EC-meter BASIC) at 25◦C, respectively. The PA6
solutions were electrospun by using a commercially available
electrospinning setup (MECC Co., LTD., model NF-103)
equipped with a rotary drum collector. Typical operating
conditions were flow rates of 0.5–1.0 mL/h, applied voltages
between 20 and 30 kV, and working distance of 10–15 cm.

The nanofibrous mats were characterized using a scan-
ning electron microscope (SEM, Hitachi H-4100FE) after
coating with carbon to minimize the charging effect. Images
taken by the SEM were analyzed to obtain the fiber diameter
by the ImageJ software. At least four pictures were used to
calculate the mean values of the diameter of the fibers.

2.2. Fabrication of the Protective Textiles. A single layer of
nanofibers, due to its micrometer-scale thickness, is not
mechanically strong enough to withstand its use as a cloth.
Therefore, nanofiber webs need to be laminated onto a sup-
port able to provide sufficient reinforcement to the compos-
ite textile structure. In this work, PA6 nanofibers were hot-
melt laminated onto a viscose nonwoven textile (28 g/m2)
using a thermoplastic copolyamide powder (UNEX PA T5
form Dakota Coatings, Belgium) with melting range of 80–
90◦C, and melt flow index of 150 g/10 min. The fabrication
process is depicted in Figure 2. Dots of adhesive powder
were deposited onto the textile support by screen printing at
distances going from 5 to 20 mm and bonded to the substrate
using an IR lamp. The resulting textiles were coated with
PA6 nanofibers by electrospinning using different coating
times (going from 5 to 60 min). Finally, electrospun webs
were laminated onto the viscose substrate using a hot press
at 110◦C for 5 s.

2.3. Air Permeability and Mechanical Testing. The air perme-
ability of the obtained layered fabric system was measured
according to ASTM D737-96 (standard test method for
air permeability of textile fabrics), using a Frazier Air
Permeability Tester. For each sample, the air permeability
was measured before and after 1500 cycles of repeated
compression and torsion. All tests were conducted using a
commercial Gelbo Flex tester instrument (Figure 3), while
the ambient conditions were kept at constant temperature
and relative humidity, 20◦C and 65% RH, respectively.
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Figure 3: Compression and torsion movement during Gelbo Flex
tests.

Aerosol 
generator

Filter holder

SMPS

HEPA

Figure 4: System used for the measurement of nanoparticle
penetration through nanofibrous textiles.

2.4. Aerosol Filtration. The experimental system used to
determine the penetration of nanoparticles through nanofi-
brous textiles is shown in Figure 4. It consists of a polydis-
perse aerosol generator system, a filter holder containing the
fiber material and the measurement equipment. Polydisperse
aerosols have been used by several authors [12] after
Japuntich et al. [13] demonstrated that it produces similar
results to the slower method of using monodisperse aerosols.
The challenge polydisperse aerosol (NaCl) is generated from
a 0.3% NaCl solution using a collision atomizer (TSI 3076)
and then dried by passing it through a diffusion drier (TSI
3062). The textile media is mounted and clamped in a
4 cm diameter filter holder, corresponding to a filter face
velocity of 1.7 cm/s. The number concentration of particles
is measured upstream and downstream the sample using
first an Electrostatic Classifier (TSI series 3080) with a long
DMA (TSI 3081) to classify the particles followed by a
Condensation Particle Counter (TSI CPC 3775) to measure
them. The penetration of particles is calculated as a ratio
among the concentration downstream (cd) and upstream
(cu) (P% = cd ∗ 100/cu).

A charge neutralized aerosol was achieved by passing the
dried aerosol through a Kr-85 radioactive source.
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Figure 5: Solution viscosity and electrical conductivity as function
of the polymer solution concentration.

3. Results and Discussion

3.1. Electrospinning. It is well known that the morphology of
electrospun fibers depends on various processing parameters
and environmental conditions. In order to gain control over
the properties of the obtained nanofibers such as diameter
and morphology, the viscosity and the electrical conductivity
were measured as function of the PA6 concentration in a
mixture of formic acid : acetic acid 1 : 1 in volume. Formic
acid is the most commonly used solvent for preparing
PA6 nanofibers by electrospinning. However, due to the
high dielectric constant (58.5 at 15◦C) and dipole moment
(1.41 Debye) of formic acid [14], the resulting solutions
possess high electrical conductivities, of between 4000 and
5000 µS/cm depending on the concentration, making the
electrospinning unstable over time [15]. In this work, a
continuous and defect-free nanofiber production process
was achieved by using a mixture of formic acid : acetic acid
1 : 1 in volume as solvent. By doing so, the conductivity values
were lowered by almost one order of magnitude compared
with solutions at the same PA6 concentration in formic acid.
Figure 5 shows that the conductivity increases with polymer
concentration going from 10 to 20 wt.% going from 665 and
740 µS/cm.

The SEM images of PA6 nanofibers as function of
polymer concentration are shown in Figure 6. In general, the
fibers are long and uniform, even at the lowest concentration
of 10 wt.%, where some beads formation is visible. The
average fiber diameter increases from 66 to 195 nm going
from 10 to 20 wt.% PA6 in formic acid : acetic acid. Moreover,
the viscosity increases steadily with polymer concentration
going from 110 cP at 10 wt.% to 656 cP at 20 wt.%. The
morphology of the resulting nanofiber greatly depends on
viscosity which is directly related to polymer concentration.
The graph in Figure 7(d) clearly shows that the nanofiber
average diameter grows linearly as function of the viscosity.
In fact, at higher viscosity there is more chain entanglement
and less chain mobility, resulting in less extension during
spinning, and therefore producing thicker fibers.
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Figure 6: SEM images of electrospun PA6 nanofiber mats at different concentrations. (a) 10, (b) 15, (c) 20 wt. %, and (d) magnification of
nanowebs formation at 20 wt%.

Interestingly, the formation of a spider net within nanofi-
bers (nanowebs) appears at 15 wt.% concentration or above.
These structures, which have a fiber diameter of 30–40 nm,
although being widely present among fibers, are heteroge-
neously distributed over the whole nanofiber mat, as can
be seen in Figure 8. The formation of such nanowebs has
been investigated by Barakat et al. [16] by the addition of
ionic salts to polymer solutions. The authors concluded that
nanowebs formation depends upon the concentration and
the ionization of the used salt. In our case, the formation of
spider-net structures seems to increase with polymer concen-
tration. Nanowebs can improve the mechanical properties of
the PA6 nanofibers and may have a beneficial effect on the
filtration efficiency. Therefore, more research is needed to
clarify the mechanism governing the generation of nanowebs
and to find a reliable process for producing homogeneously
distributed structures in a controlled manner.

3.2. Fabrication of the Protective Textiles. For the mass
production of nanofiber layered materials, the optimal con-
ditions for steady state electrospinning have to be found. In
our case, a stable jet over a long period of time (several hours)
was obtained using 15 wt.% of PA6 in formic acid/acetic
acid, flow rate of 1 mL/h, applied voltage of 30 kV, and
tip-to-collector distance of 10 cm. By varying the nanofiber
collection time, they were fabricated textiles with different
thickness of the nanofiber layer. This allowed a fine tuning of

the pore size, the air permeability, and therefore the filtration
efficiency. To study the effect of nanofiber coating on air
permeability and nanoparticle retention, viscose nonwoven
supports were coated with PA6 nanofibers using 5 different
coating times 5, 10, 20, 30, and 60 min, resulting in samples
V-5, V-10, V-20, V-30, and V-60, respectively. In Figure 9,
it is shown that for shorter coating times the fibers and
the structure of the viscose substrate can be clearly seen
through the nanofiber mat due to the small coverage and
its larger pore size, while for longer coating times a thick
nanofiber layer is formed, and the viscose fibers are almost
undetectable. The nanofibers mats were then thermally
bonded by a hotpress onto the viscose substrate at 110◦C
for 5 s. This temperature was found to be the optimal to
only melt PA6 nanofibers of the superficial viscose fibers
(as clearly visible in Figure 9(f)), obtaining a good adhesion
between the layers.

The air permeability of the different nanofiber-coated
textiles was measured as function of the nanofiber coating
time. Figure 10 shows that the permeability rapidly drops
as the thickness of the nanofiber coating increases. The
nonwoven viscose textile used as support is really light-
weight and highly breathable, being normally employed for
disposable face masks, surgical gowns, and caps. Therefore,
even a light coating with nanofibers causes a huge drop in air
permeability. In fact, after only 5 min of nanofiber coating
the permeability is reduced by more than half with respect
to the original textile, going from 314 to 107 cm3/cm2/s.
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Figure 7: Fiber diameter distribution of electrospun PA6 fibers at different concentrations. (a) 10 wt.%, (b) 15 wt.%, (c) 20 wt.%, and (d)
graph of average fiber diameter as function of solution viscosity.

5 μm

Figure 8: Distribution of nanowebs over the whole nanofiber mat.

Therefore, the breathability of the textiles can be adapted
to the requirement of the desired application by tuning the
nanofiber coating time.

A nanofiber layer has to be adaptable to the movements
of the substrate without breaking or delaminating from it.
A hot-melt lamination process (Figure 2) was developed
to study the adhesion and the durability of the nanofiber
layer onto the textile support. Dots of adhesive powder were
deposited onto the nonwoven viscose by screen printing at

distances going from 5 to 20 mm and bonded to the substrate
using an IR lamp. The resulting textiles were coated with PA6
nanofibers by electrospinning using a coating time of 15 min.
Finally, electrospun webs and substrate were laminated using
a hot press at 110◦C for 5 s, obtaining samples V-15-5, V-15-
10, V-15-15, and V-15-20. Moreover, for comparison sample
V-15-0 was fabricated by hot-pressing nanofibers directly
onto the support without the use of adhesive powder.

The air permeability of these samples was measured
before and after Gelbo Flex tests, and the results are shown
in Table 1. In general the lamination only causes a slight air
permeability decrease with all samples having a pre-Gelbo
value around 30 cm3/cm2/s. After 1500 cycles of repeated
compression and torsion, the nanofiber layer is still firmly
attached to the support, although it appears damaged in
some areas. The mechanical damage is clearly visible in
the SEM picture in Figure 11(a), showing holes having
diameters ranging for tens to hundreds of micrometers. A
closer SEM observation also revealed microbreaches in the
nanofiber structure with loose-end fibers floating around
(Figure 11(b)).

For all textile samples, the air permeability is significantly
higher after the Gelbo test, due to the breaches in the
nanofiber layer. The sample V15-0, which was only hot-
pressed without using adhesive powder, shows the smallest
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Figure 9: SEM images of the PA6 electrospun membranes with different coating times. (a) 5 min, V-5; (b) 10 min, V-10; (c) 20 min, V-20;
(d) 30 min, V-30; (e) 60 min, V-60; (f) detail of nanofibers thermally bonded onto the viscose non-woven.

Table 1

Sample Distance between resin dots Air permeability (cm3/cm2/s)

(mm) Pre-Gelbo Post-Gelbo Increment %

V-15-0 No resin 30.7 37.2 21,2

V-15-20 20 30.4 40.1 31,9

V-15-15 15 28.4 39.7 39,8

V-15-10 10 29.9 43.7 46,2

V-15-5 5 28.8 42.6 47,9
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Figure 11: Mechanical damage in the nanofiber web after Gelbo
Flex test at different magnifications.

increase in air flow, being 21%, indicating a smaller damage
in the nanofiber layer after the test. Interestingly, the use of
thermoplastic glue clearly causes a raise in the post-Gelbo air
flow. Moreover, the higher the density of resin dots (higher
density) the higher the permeability, which increases from
31.9% to 47.9% along the series V-15-20, V-15-15, V-15-10,
and V-15-5 (Figure 12). This behaviour might be explained
by the local stress on the nanofiber layer glued to the
melted resin dots generated when the textile is subjected to
a movement simulating wear. In these points, the nanofiber
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Figure 12: Air permeability increment after Gelbo Flex tests.

mat possesses a lower flexibility, and the harsh mechanical
forces might generate tensions causing the rupture of the
fibers. Therefore, it may be concluded that using dots of
thermoplastic resin as glue has a detrimental effect on the
structural integrity of the nanofiber mat. A simple hot-press
lamination is sufficient to provide good adhesion between
layers.

3.3. Nanoparticle Penetration Measurements. Figure 13(a)
shows the results obtained for the penetration of nanopar-
ticles (size range of 15–300 nm) through the layered sam-
ples V-5, V-10, V-20, V-30, and V-60. The results in
Figure 13(a) show that the penetration of nanoparticles
through nanofiber-coated textiles followed the classical fil-
tration model, decreasing the penetration when reducing the
particle size, due to Brownian diffusion [17]. In general, with
our experimental condition, the most penetrating particles
were found to have a size between 120 and 150 nm. The
sample V-5, with the lightest coating time of 5 min and an
air permeability of 107 cm3/cm2/s, is able to retain more
than 50% of 200 nm nanoparticle, while only about 20%
of 20 nm size particles penetrate through the textile. This
result clearly demonstrates the potential of nanofibers in
the development of barrier materials against nanoparticulate
aerosols. Figure 13(a) also shows that particle penetration
is strongly dependent of the thickness of the nanofiber
layer (which is proportional to nanofiber deposition time)
as predicted by other authors [18]. In fact, by doubling
the coating time to 10 min (sample V-10), the nanoparticle
penetration drops drastically to below 20% for 200 nm
particles and only about 5% for 20 nm ones. For sample
V-60, with the thickest nanofiber layer, the penetration
keeps well below 1% along the whole nanoparticle range,
specifically being 0.05% and 0.67% for 20 nm and 200 nm
particles, respectively.

In order to ensure that the particle collection was not
enhanced by electrostatic forces, the effect of particle charge
state was studied by comparing the penetration of charged
particles versus neutralized particles (charge neutralized
particles and equilibrium distribution) for some of the
textile media. To achieve this, the penetration of charged
particles (coming directly from the aerosol drier) and
charge-neutralized particles (equilibrium distribution) were
compared. The charge-neutralized aerosol was achieved by
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Figure 13: Penetration of nanoparticles through electrospun PA6 textiles as a function of nanofiber coating time for a face velocity of
1.7 cm/s.

passing the dried aerosol through a Kr-85 radioactive source.
The results in Figure 13(b) confirmed that particle penetra-
tion is independent of particle charge, which suggests that
electrostatic interactions present between particles and fibers
did not lead to enhancement of particle collection. Hence,
this indicates that, for electrospun textiles, the filtration by
diffusion mechanism is predominant over the electrostatic
mechanism. These results, however, have to be considered
preliminary, and more research is ongoing using nanofibrous
media made of different materials and using different test
conditions.

4. Conclusions

Efficient protective clothing based on electrospun nanofibers
for the protection of workers against nanoparticles was
developed in this study. The layered textiles were produced
by electrospinning PA6 nanofibers onto a nonwoven viscose
substrate. A continuous and defect-free nanofiber produc-
tion process was achieved by using a mixture of formic
acid : acetic acid 1 : 1 in volume as solvent. The diameter
of the resulting nanofibers grows linearly between 66 and
195 nm as function of solution viscosity.

By varying the nanofiber collection time, textiles with
different thickness of the PA6 nanofiber layer and thus air
permeability were obtained. To provide reinforcement and
improve adherence, the nanofiber mats were laminated onto
the viscose substrate by using a thermoplastic resin as glue,
followed by hot-press lamination. This resulted in having a
detrimental effect on the structural integrity of the nanofiber
mat after a mechanical test simulating wear, suggesting that

a simple hot-press lamination is sufficient to provide good
adhesion between layers.

Particle penetration through the electrospun textiles was
strongly dependent on nanofiber layer thickness, while the
electrostatic forces did not enhance particle collection which
mostly depends on diffusion mechanism. Sample V-5, with
the lightest coating and air permeability of 107 cm3/cm2/s,
is able to retain about 80% of 20 nm size particles and
over 50% of 200 nm nanoparticle. On the other hand, for
sample V-60, over 99% retention is observed along the
whole nanoparticle range. These results clearly highlight
the potential of nanofibers in the development of barrier
materials like protective clothing, masks, and filters against
nanoparticulate aerosols.

Acknowledgments

The financial support of this work was provided by MICINN
(Spanish Ministry of Science and Innovation) and ERDF
(European Regional Development Fund) (ref.: PSE-420000-
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[11] P. Heikkilä, A. Sipilä, M. Peltola, A. Harlin, and A. Taipale,
“Electrospun PA-66 coating on textile surfaces,” Textile Re-
search Journal, vol. 77, no. 11, pp. 864–870, 2007.

[12] L. Golanski, A. Guiot, and F. Tardif, “Experimental evaluation
of individual protection devices against different types of
nanoaerosols: graphite, TiO2, and Pt,” Journal of Nanoparticle
Research, vol. 12, no. 1, pp. 83–89, 2010.

[13] D. A. Japuntich, L. M. Franklin, D. Y. Pui, T. H. Kuehn, S.
C. Kim, and A. S. Viner, “A comparison of two nano-sized
particle air filtration tests in the diameter range of 10 to 400
nanometers,” Journal of Nanoparticle Research, vol. 9, no. 1,
pp. 93–107, 2007.

[14] Y. J. Ryu, H. Y. Kim, K. H. Lee, H. C. Park, and D. R. Lee,
“Transport properties of electrospun nylon 6 nonwoven mats,”
European Polymer Journal, vol. 39, no. 9, pp. 1883–1889, 2003.

[15] M. Faccini, D. Amantia, S. Vázquez-Campos, C. Vaquero, J. M.
L. de Ipiña, and L. Aubouy, “Nanofiber-based filters as novel
barrier systems for nanomaterial exposure scenarios,” Journal
of Physics, vol. 304, no. 1, Article ID 012067, 2011.

[16] N. A. M. Barakat, M. A. Kanjwal, F. A. Sheikh, and H. Y. Kim,
“Spider-net within the N6, PVA and PU electrospun nanofiber
mats using salt addition: novel strategy in the electrospinning
process,” Polymer, vol. 50, no. 18, pp. 4389–4396, 2009.

[17] W. C. Hinds, Aerosol Technology, John Wiley & Sons, New
York, NY, USA, 1999.

[18] K. M. Yun, C. J. Hogan, Y. Matsubayashi, M. Kawabe,
F. Iskandar, and K. Okuyama, “Nanoparticle filtration by
electrospun polymer fibers,” Chemical Engineering Science, vol.
62, no. 17, pp. 4751–4759, 2007.



Hindawi Publishing Corporation
Journal of Nanomaterials
Volume 2012, Article ID 158503, 8 pages
doi:10.1155/2012/158503

Research Article

Particle Board and Oriented Strand Board Prepared with
Nanocellulose-Reinforced Adhesive

Stefan Veigel,1 Jörn Rathke,2 Martin Weigl,2 and Wolfgang Gindl-Altmutter1

1 Department of Material Sciences and Process Engineering, Institute of Wood Science and Technology,
BOKU-University of Natural Resources and Life Sciences, University Research Center Tulln (UFT), Konrad Lorenz Straße 24,
3430 Tulln, Austria

2 Wood K plus, Competence Center for Wood Composites and Wood Chemistry, Altenberger Straße 69, 4040 Linz, Austria

Correspondence should be addressed to Stefan Veigel, stefan.veigel@boku.ac.at

Received 16 January 2012; Accepted 9 April 2012

Academic Editor: Tong Lin

Copyright © 2012 Stefan Veigel et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Adhesives on the basis of urea-formaldehyde (UF) and melamine-urea-formaldehyde (MUF) are extensively used in the produc-
tion of wood-based panels. In the present study, the attempt was made to improve the mechanical board properties by reinforcing
these adhesives with cellulose nanofibers (CNFs). The latter were produced from dissolving grade beech pulp by a mechanical
homogenization process. Adhesive mixtures with a CNF content of 0, 1, and 3 wt% based on solid resin were prepared by mixing an
aqueous CNF suspension with UF and MUF adhesives. Laboratory-scale particle boards and oriented strand boards (OSBs) were
produced, and the mechanical and fracture mechanical properties were investigated. Particle boards prepared with UF containing
1 wt% CNF showed a reduced thickness swelling and better internal bond and bending strength than boards produced with pure
UF. The reinforcing effect of CNF was even more obvious for OSB where a significant improvement of strength properties of 16%
was found. For both, particle board and OSB, mode I fracture energy and fracture toughness were the parameters with the greatest
improvement indicating that the adhesive bonds were markedly toughened by the CNF addition.

1. Introduction

Almost 80 years after its invention, particle board still repre-
sents the by far most important group of wood-based panels
in Europe. In 2010, the share of particle board in the overall
wood-based panel production was around 63% [1]. Apart
from particle board, oriented strand board (OSB) is becom-
ing increasingly important in both decorative and structural
applications. For use as a construction material, mechanical
board properties are of vital importance. In this regard,
the quality of connections between wood particles is a key
factor, which in turn is determined by the amount and type
of adhesive used. In wood-based panel production, amino-
plastic adhesives on the basis of urea-formaldehyde (UF) and
melamine-urea-formaldehyde (MUF) are prevalent. These
adhesives offer a number of advantages for industrial
application; however, the mechanical performance of UF
and MUF wood adhesive bonds is limited. Since the elastic
modulus of cured aminoplastic bond lines is high, the

deformation of the adhesive layer under mechanical loading
is usually small. As a result, stress concentrations along the
bond line of a wood adhesive joint are generated [2–4] that
reduce the overall strength of the joint.

In the past, various attempts have been made to reduce
the brittleness of UF and thus enhance its strength properties.
The approaches range from chemical modification of the UF
polymer or blending with other polymers (e.g., [5–11]) to
the reinforcement with different kinds of fibers. Since UF
resins are known to have a strong adhesion to most cellulose-
containing materials, cellulose-based fibers seem well suited
for reinforcing UF. This was confirmed experimentally by a
number of studies (e.g., [12–17]). Since, in particle board
production, the adhesive is atomized into fine droplets about
40–60 µm in diameter prior to the binding of wood particles,
reinforcing elements need to be micro- or nano sized [18].
Consequently, the application of cellulose nanofibers (CNFs)
for adhesive reinforcement seems promising.
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Table 1: Composition and properties of adhesive mixtures.

Adhesive mixture
Quantity (g/100 g adhesive mixture) Hardener Solid resin Cellulose Gel time Viscosity

Resin Cellulose Water (g solid) (%) (% of solid resin) (s) (Pa·s)

UF 66.00 — 34.00 1.65 66.0 — 49 0.48

MUF 45.00 — 55.00 — 45.0 — 75 1.62

UF-1% CNF 45.55 0.46 53.99 1.14 45.6 1.01 67 0.93

MUF-1% CNF 45.00 0.45 54.55 — 45.2 1.00 67 8.51

UF-3% CNF 26.14 0.79 73.07 0.65 26.3 3.02 119 1.41

While a considerable number of publications regarding
the reinforcement of polymers with nanofibers from cellu-
lose can be found, literature on cellulose-reinforced adhe-
sives suitable for wood bonding is quite scarce. Richter et al.
[19] discussed the application of CNF for reinforcing one-
component polyurethane and water-based polyvinyl acetate
(PVAc) latex wood adhesives. Although both cellulose-con-
taining adhesives performed well in mechanical tests, no
significant and consistent improvement of bond line perfor-
mance compared to reference products could be achieved.
The authors identified a similar polarity of fibers and
polymer, a quality controlled fiber morphology, and a
carefully balanced fiber loading in the range from 1 to 5 wt%
as the critical parameters determining the mechanical prop-
erties of CNF reinforced adhesives. In another study [20] per-
formed by the same research group, the suitability of using
CNF to formulate PVAc-adhesive mixtures yielding bond
lines with improved heat resistance was studied. A signif-
icantly increased storage modulus was found for CNF
reinforced PVAc-latex films by dynamic mechanical anal-
ysis. Furthermore, lap joint test specimens prepared with
cellulose-reinforced adhesive showed significantly enhanced
heat resistance. In a very recent study, Atta-Obeng [18]
reinforced phenol-formaldehyde (PF) adhesive with micro-
crystalline cellulose at different loading rates from 0 to
10 wt%. Lap shear tests revealed an increase in strength with
the addition of cellulose. On the other hand, particle boards
produced with cellulose-filled PF showed inferior mechan-
ical properties in static bending tests and higher thickness
swelling than boards bonded with pure PF. This was attrib-
uted to a less pronounced spring back effect during hot-
pressing. The cellulose reinforcement seems to restrict the
spring back of the board after the compression stress
imposed by the hot-press is released. The author concluded
that this leads to a debonding of wood particles and adhesive
resulting in a decreased board performance.

Own investigations [21] revealed that the addition of
5 wt% of CNF to a commercially used UF adhesive enables
the preparation of solid wood adhesive joints with signifi-
cantly increased lap shear strength according to EN 302-1
[22]. Since the deformation to failure was significantly higher
for the CNF reinforced specimens, it was concluded that
the UF adhesive was possibly toughened by the addition
of fibrillated cellulose. In a follow-up study [23], the effect
of CNF addition on the specific fracture energy of solid wood
adhesive bonds was examined. Fracture energy was deter-
mined from flat double cantilever beam (DCB) specimens as

250

25

19

F

F

Figure 1: Test setup for the determination of fracture mechanical
properties. Two T-shaped steel sections were bonded to the notched
test specimen to ensure a uniform introduction of forces. A tensile
load was applied after the bolts of the test grips had been inserted
into the holes at the front end of the steel section.

described by Gagliano and Frazier [24]. Since fracture energy
of UF bonds filled with 2 wt% of CNF was up to 45% higher
compared to pure UF bonds, this study proved the feasibility
of toughening UF by the addition of CNF.

The aim of the present study was to investigate whether
the addition of CNF to formaldehyde-based wood adhesives
results in improved mechanical properties of wood-based
panels produced with these. Lab-scale particle boards and
OSB were prepared with commercially available UF and
MUF adhesives which were reinforced by adding small
amounts of CNF. The rheological behavior of adhesive
mixtures and the mechanical properties of the final boards
were investigated.

2. Material and Methods

2.1. Preparation of Cellulose Nanofibers. The starting material
used to prepare CNF was never-dried dissolving grade beech
pulp (Lenzing AG, Lenzing, Austria) with a dry content of
about 50 wt%. The pulp was initially soaked in distilled water
for 2 hours. Thereafter, larger fiber aggregates were disinte-
grated using an Ultra-Turrax mixer operated at 21500 min−1

for 3 min. The dry content of the fiber suspension was set to
0.5 wt%. To obtain nanofibers, the suspension was fibrillated
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Figure 2: AFM micrograph of cellulose nanofibers obtained by high-pressure homogenization of never-dried beech pulp. Mean fiber
diameter is 35 nm.

by 30 passes through a high-pressure laboratory homoge-
nizer (APV 1000, APV Manufacturing Sp. z o.o., Bydgoszcz,
Poland) operated at a pressure of 700–800 bar. The homog-
enized suspension was air-dried at 70–80◦C until a cellulose
content of 1.5 ± 0.1 wt% was reached. The suspension was
subsequently used for the preparation of cellulose-filled
adhesive mixtures.

Nanofibers were characterized using Atomic Force
Microscopy (AFM). A single drop of a 0.002% CNF suspen-
sion was spread on a mica disk and left to dry at room tem-
perature until the water was evaporated. AFM imaging was
performed on a Dimension Icon AFM (Bruker Corp., Santa
Barbara, USA). Images were taken in tapping mode with a
scan rate of 0.5-0.6 lines per second using a standard silicon
cantilever (TESPA, Bruker Corp., Santa Barbara, USA).

2.2. Preparation and Characterization of Adhesive Mixtures.
For the preparation of lab-scale particle boards, a UF
adhesive used in particle board industry (Prefere 10F102,
Dynea Austria GmbH, Krems, Austria) was applied. Adhesive
mixtures with a cellulose content of 1 and 3% by weight of
solid resin were prepared by adding the respective amount
of the 1.5% CNF suspension to the adhesive. The cellulose-
filled adhesive was mixed with a hand blender for 3 min to
achieve a proper distribution of CNF in the UF matrix. A
solution of 10 wt% ammonium nitrate in water was used as a
hardener for the UF resin. OSB panels were prepared with a
powdery MUF adhesive (Prefere 4681, Dynea AS, Lillestrøm,
Norway) without any additional hardener. The cellulose
content was 1% by weight of solid resin. The composition
of the individual adhesive mixtures is given in Table 1.

For further characterization, the gel time and viscosity of
the adhesive mixtures were determined. For measuring the
gel time, about 2.6 g adhesive were poured in a test tube and
properly mixed with solid ammonium nitrate (2.3% by
weight of solid resin) as a hardener. The test tube was
immersed in a boiling water bath, and the time from immer-
sion to adhesive gelation was determined. Three measure-
ments were taken for each adhesive mixture. Viscosity meas-
urements were performed on a Bohlin CVO Rheometer

(Bohlin Instruments, Pforzheim, Germany). A cone/plate
measuring system with a gap size of 0.15 mm was used for all
measurements. A quantity of 1.2–1.3 mL of liquid adhesive
was spread on the plate, and the viscosity was averaged over
a 30 s time span. This procedure was repeated 5 times for
each mixture. All adhesives were measured without hardener
addition at 20◦C and a constant shear rate of 10 s−1.

2.3. Board Preparation. For particle board preparation,
industrial wood particles (Fritz Egger GmbH, Unterradlberg,
Austria) with a particle size between 0.63 and 14 mm were air
dried to a moisture content of 4.2%. The dried particles were
coated with adhesive in a rotating drum by spray application
of the UF adhesive mixture. To remove excessive water, the
glued particles were dried by blowing cold air into the
rotating gluing drum. After a drying time of 2 h and 12 h for
UF containing 1 and 3 wt% CNF, respectively, the moisture
content of the particles was reduced to about 8%. Only after
that, the hardener solution was sprayed onto the glued parti-
cles which again caused an increase in moisture content to a
target value of 10± 1%. After spraying the hardener solution,
the particles were rotated for another 2 min to ensure a
uniform distribution of hardener across the particles. The
glued particles were formed to a mat and hot-pressed at a
temperature of 200◦C and a pressure of 4.5 MPa. Pressing
time was 150 s for all boards. In total, 9 particle boards (500×
430× 14 mm3) were prepared, that is, three boards each with
pure UF, UF-1%CNF, and UF-3%CNF. The adhesive content
of all particle boards was 10% of solid resin based on oven-
dry wood.

OSB panels were prepared from two different fractions
of lab-manufactured Pine strands (Pinus sylvestris L.). The
strands for the core and surface layer were initially dried to
a moisture content of 4.9 and 3.3%, respectively. The two
fractions were coated with adhesive separately using the same
application procedure as for particle boards. The coated
strands were dried to a moisture content of 10 ± 1% and
formed to a mat with a three-layered structure (0◦/90◦/0◦).
Parameters used for hot-pressing were the same than for par-
ticle boards with the exception that the pressing time was
increased to 220 s. Three OSB panels (500 × 430 × 19 mm3)
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Figure 3: Incident-light micrographs showing the cross-section of particle board (a + c) and OSB (b + d). While wood particles have no
preferred orientation in particle board (a), particles are oriented in a crosswise way in case of OSB, yielding a 3-layered structure (b).

with an adhesive content of 8% were produced with pure
MUF and MUF-1%CNF. All boards were stored in a climate
chamber at 20◦C and 65% relative humidity until equilib-
rium moisture content was reached.

2.4. Determination of Board Properties. The density and 24 h
thickness swelling of the boards were determined according
to the European standards EN 323 [25] and EN 317 [26], res-
pectively. For this purpose, 18 particle boards and 15 OSB
specimens were cut for each adhesive mixture. Density and
thickness swelling were subsequently determined from the
same specimens.

Mechanical testing included the determination of inter-
nal bond, bending strength, fracture energy, and fracture
toughness. Internal bond and bending strength were deter-
mined in accordance with EN 319 [27] and EN 310 [28].
Internal bond strength was tested on a Zwick/Roell Z100
universal testing machine equipped with a 5 kN load cell,
whereas bending tests were performed on a Zwick/Roell
Z020. For the fracture mechanical tests, specimens with a
length of 250 mm and a width of 25 mm were cut from the
boards and a 20 mm long notch was cut at one end of each
specimen. The notched specimens were bonded to T-shaped
steel sections with a cyanoacrylate adhesive (Loctite 431,
Henkel Central Eastern Europe GmbH, Vienna, Austria) in
order to attach the specimens to the test grips (Figure 1).
Fracture mechanical tests were performed on a Zwick/Roell
Z100 testing machine equipped with a 2.5 kN load cell. The

particle board specimens were initially loaded with a speed
of 1 mm·min−1, and, after a 30% drop in load, the speed was
gradually increased to 100 mm·min−1. The criterion used to
define the end of the test was the achievement of a lower
force limit of 5 N or a maximum displacement of 50 mm, res-
pectively. For testing of OSB, parameters have been slightly
modified, that is, a 5 kN load cell was used, the testing speed
was increased from 1 to 10 mm·min−1 after a 50% drop in
load, and a maximum displacement of 20 mm was used as a
cancellation criterion. Fracture energy of each sample was
calculated by integration of the load-displacement curve
recorded during testing. The results reflect the fracture work
Wf (J) needed to separate the specimen into two parts under
mode I loading. The fracture toughness, that is, the critical
stress intensity factor KIc (MPa·m1/2), was calculated accord-
ing to (1) which was derived from finite element (FEM)
simulations performed by Rathke et al. [29]:

KIc = Fmax

[
6.568 · 10−5 + 2.082 · 10−7 kinit

b

− 1.498 · 10−10
(
kinit

b

)2

+5.253 · 10−14
(
kinit

b

)3
]

,

(1)

where Fmax reflects the maximum applied load, kinit is
the initial slope of the load-displacement curve, and b is
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Figure 4: Mechanical properties of lab-scale particle boards: density and 24 h thickness swelling (a), internal bond and bending strength
(b), as well as fracture mechanical properties (c). The number of specimens tested for each group is given by N .

the specimen width. For all of the tested parameters, mean
values were calculated for each group of specimens and com-
pared by one-way analysis of variance (ANOVA, P ≤ 0.05)
followed by a Scheffé test.

3. Results and Discussion

3.1. Properties of Adhesive Mixtures. As shown in Figure 2,
the CNF used to prepare cellulose-reinforced adhesive mix-
tures had diameters ranging from 20 to 65 nm with an

average of 35 nm. The addition of the CNF suspension had
a significant effect on the rheological behavior and curing
properties of the adhesives. Regarding UF, the viscosity
increased steadily with increasing cellulose content although
the solid resin content of the mixtures decreased substantially
due to the amount of extra water from the suspension. The
much lower solid resin content may also be responsible for
the slower curing of cellulose-filled UF reflected by the longer
gel times (Table 1). In the case of MUF, the increase in vis-
cosity is even more obvious since the solid resin content was
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Figure 5: Mechanical properties of lab-scale OSB: density and 24 h thickness swelling (a), internal bond and bending strength, (b) as well as
fracture mechanical properties (c). The number of specimens tested for each group is given by N .

the same for the pure and the CNF filled adhesive. Thus, it
can be deduced that, at a given solid resin content, the addi-
tion of only a few percent of CNF causes a substantial vis-
cosity increase. This was to be expected and agrees well with
previous findings [18, 21, 23]. Since the viscosity must be low
enough to keep the adhesive applicable to the wood surface,
the rapidly increasing viscosity limits the amount of CNF
that can be added to a small percentage.

3.2. Mechanical Board Properties. Due to the structural
differences between particle board and OSB (Figure 3), the

results are discussed separately. The mean density of all par-
ticle boards produced in this study was 0.67 ± 0.03 g·cm−3.
While boards with CNF filled and pure UF resin showed
a similar density, clear differences between the individual
groups were found in thickness swelling (Figure 4). Boards
prepared with UF-1% CNF demonstrated a reduced swelling
compared to the nonreinforced reference. Regarding the
internal bond, this group delivered about 10% higher
values (0.68 ± 0.10 MPa) than the reference boards (0.62 ±
0.10 MPa). Also, the bending strength was enhanced from
18.4 ± 2.0 MPa to 19.5 ± 2.7 MPa. The most obvious
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improvements were achieved in the fracture mechanical
properties. The fracture energy increased by 20% and the
fracture toughness even by 28% due to the addition of 1 wt%
cellulose. In the latter case, the improvement is also signifi-
cant in a statistical sense (ANOVA, P ≤ 0.05). Contrary to
a previous study [23] where a higher variability of fracture
energy values was found for CNF reinforced wood adhesive
bonds, this is not the case in the present work. Overall, the
cellulose addition did not really affect the variation of mecha-
nical board properties. Whereas particle boards with UF-
1% CNF generally outperformed the reference boards, the
inverse effect was observed for boards with UF-3% CNF. This
group showed significantly worse mechanical and fracture
mechanical properties. It is assumed that this deterioration
is not directly induced by the higher CNF content but can be
explained by the long drying time of the glued wood particles
prior to hot-pressing. Since most of the water originally con-
tained in the adhesive mixture was removed during drying,
the particle surface dried off almost completely leading to a
perceptible reduction of cold tacking and probably a reduced
cohesion of wood particles in the final board. In addition,
a nonnegligible precuring of the adhesive may have occurred
during the 12 h of drying. Hence, it is concluded that
although a CNF content of 1% worked best in this study, this
is not necessarily a general optimum. Mechanical board pro-
perties might be further improved by using a higher CNF
percentage. As outlined above, the continuously increasing
viscosity is the limiting factor in this regard. In the present
work, the adhesive mixtures contained considerable amounts
of water to keep them sprayable, which in turn generated
problems associated with particle drying.

Just like for particle boards, the cellulose reinforcement
did not affect the density of OSB specimens but had a sta-
tistically significant impact on their swelling behavior and
mechanical properties as displayed in Figure 5. The overall
thickness swelling of both, the reinforced and nonreinforced
OSB specimens, exceeds 40% and is therefore on a very high
level especially when the threshold values according to EN
300 [30], that is, 25% for OSB 1 and 12% for OSB 4, are
taken into account. To some extent, this can be explained by
the comparatively high board density of 0.77 ± 0.03 g·cm−3

since thickness swelling of wood-based panels is generally
considered to be positively correlated to the board density
[31–33]. However, the addition of 1 wt% cellulose results in
a decreased swelling. The ANOVA (P ≤ 0.05) revealed signif-
icant performance improvements for all of the mechanical
and fracture mechanical parameters tested. Internal bond
strength increased from 0.51 ± 0.09 MPa to 0.60 ± 0.10 MPa
and bending strength from 50.8± 5.7 MPa to 59.0± 6.1 MPa
which is equal to a 16% improvement in both cases. Fracture
energy and fracture toughness increased by 25 and 28%,
respectively.

4. Conclusions

At a given solid resin content, CNF filled adhesives generally
demonstrate a substantially higher viscosity than the cor-
responding adhesives without cellulose thus limiting the
addition level of CNF. The mechanical performance of

lab-manufactured particle boards and OSB panels could be
significantly enhanced, whereas a CNF content of 1 wt%
delivered the best results. The addition of cellulose primarily
improved the fracture energy and fracture toughness of the
boards, indicating that wood-based panels can be substan-
tially toughened by using a CNF filled adhesive. Regarding
the panel type, CNF reinforcement worked better for OSB
than for particle boards. Obviously, the combination of
powdery MUF adhesive and larger-sized wood particles is
best suited for achieving the optimum reinforcement effect.

Acknowledgments

The authors gratefully acknowledge financial support by the
Austrian Science Fund (FWF) under Grant P22516-N22.
Many thanks go to Alexander Klingler and Eva-Marieke
Lems for their support in the production of wood-based
panels and Michael Obersriebnig for taking the AFM pic-
tures. They would also like to thank Johann Moser (Dynea
Austria GmbH) for providing wood particles and adhesives.

References

[1] UNECE/FAO, “Geneva Timber and Forest Study Paper 27:
Forest products annual market review 2010-2011,” 2011,
http://www.unece.org/fileadmin/DAM/publications/timber/
FPAMR 2010-2011 HQ.pdf.

[2] E. Serrano and P. J. Gustafsson, “Influence of bondline brit-
tleness and defects on the strength of timber finger-joints,”
International Journal of Adhesion and Adhesives, vol. 19, no. 1,
pp. 9–17, 1999.

[3] E. Serrano, “A numerical study of the shear-strength-pre-
dicting capabilities of test specimens for wood-adhesive
bonds,” International Journal of Adhesion and Adhesives, vol.
24, no. 1, pp. 23–35, 2004.

[4] U. Müller, A. Sretenovic, A. Vincenti, and W. Gindl, “Direct
measurement of strain distribution along a wood bond line—
part 1: shear strain concentration in a lap joint specimen
by means of electronic speckle pattern interferometry,” Holz-
forschung, vol. 59, no. 3, pp. 300–306, 2005.

[5] R. O. Ebewele, B. H. River, G. E. Myers, and J. A. Koutsky,
“Polyamine-modified urea-formaldehyde resins—II. Resis-
tance to stress induced by moisture cycling of solid wood joints
and particleboard,” Journal of Applied Polymer Science, vol. 43,
no. 8, pp. 1483–1490, 1991.

[6] R. O. Ebewele, B. H. River, and G. E. Myers, “Polyamine-
modified urea-formaldehyde-bonded wood joints—III. Frac-
ture toughness and cyclic stress and hydrolysis resistance,”
Journal of Applied Polymer Science, vol. 49, no. 2, pp. 229–245,
1993.

[7] R. O. Ebewele, B. H. River, and G. E. Myers, “Behavior of
amine-modified urea-formaldehyde-bonded wood joints at
low formaldehyde/urea molar ratios,” Journal of Applied Poly-
mer Science, vol. 52, no. 5, pp. 689–700, 1994.

[8] C. Simon, B. George, and A. Pizzi, “UF/pMDI wood adhesives:
networks blend versus copolymerization,” Holzforschung, vol.
56, no. 3, pp. 327–334, 2002.

[9] S. Das, L. M. Matuana, and P. Heiden, “Thermoplastic poly-
mers as modifiers for urea-formaldehyde wood adhesives. III.
In situ thermoplastic-modified wood composites,” Journal of
Applied Polymer Science, vol. 107, no. 5, pp. 3200–3211, 2008.



8 Journal of Nanomaterials

[10] D. Dziurka and R. Mirski, “UF-pMDI hybrid resin for water-
proof particleboards manufactured at a shortened pressing
time,” Drvna Industrija, vol. 61, no. 4, pp. 245–249, 2010.

[11] Y. Zhang, J. Gu, Y. Zuo, M. Di, H. Tan, and L. Zhu, “Mecha-
nical properties of wheat straw particleboard using composite
adhesives,” Advanced Materials Research, vol. 113-116, pp.
2096–2099, 2010.

[12] I. Kaur, B. N. Misra, A. Sarkar, G. S. Chauhan, and B. Singh,
“Preparation and characterization of forest waste pine cellu-
losic fiber—UF resin based polymer composites,” Science and
Engineering of Composite Materials, vol. 10, no. 6, pp. 437–451,
2002.

[13] A. S. Singha and V. K. Thakur, “Effect of fibre loading on
urea-formaldehyde matrix based green composites,” Iranian
Polymer Journal, vol. 17, no. 11, pp. 861–873, 2008.

[14] A. S. Singha and V. K. Thakur, “Mechanical properties of nat-
ural fibre reinforced polymer composites,” Bulletin of Mater-
ials Science, vol. 31, no. 5, pp. 791–799, 2008.

[15] A. S. Singha and V. K. Thakur, “Fabrication and charac-
terization of H. sabdariffa fiber-reinforced green polymer
composites,” Polymer, vol. 48, no. 4, pp. 482–487, 2009.

[16] A. S. Singha, T. K. Vijay, and B. N. Mishra, “Study of Grewia
Optiva fiber reinforced Urea-Formaldehyde composites,” Jour-
nal of Polymer Materials, vol. 26, no. 1, pp. 81–90, 2009.

[17] V. K. Thakur and A. S. Singha, “Natural fibres-based poly-
mers—part i—mechanical analysis of pine needles reinforced
biocomposites,” Bulletin of Materials Science, vol. 33, no. 3, pp.
257–264, 2010.

[18] E. Atta-Obeng, Characterization of phenol formaldehyde adhe-
sive and adhesive-wood particle composites reinforced with
microcrystalline cellulose, M.S. thesis, Auburn University, 2011.

[19] K. Richter, N. Bordeanu, F. López-Suevos, and T. Zim-
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We have demonstrated that polystyrene (PS) nanofibers having an ordered surface line texture can be produced on a large scale
from a PS solution of acetone and N,N′-dimethylformamide (2/1, vol/vol) by a needleless electrospinning technique using a disc
as fiber generator. The formation of the unusual surface feature was investigated and attributed to the voids formed on the surface
of jets due to the fast evaporation of acetone at the early stage of electrospinning, and subsequent elongation and solidification
turning the voids into ordered lines on fiber surface. In comparison with the nanofibers electrospun by a conventional needle
electrospinning using the same solution, the disc electrospun fibers were finer with similar diameter distribution. The fiber
production rate for the disc electrospinning was 62 times higher than that of the conventional electrospinning. Fourier transform
infrared spectroscopy and X-ray diffraction measurements indicated that the PS nanofibers produced from the two electrospinning
techniques showed no significant difference in chemical component, albeit slightly higher crystallinity in the disc spun nanofibers.

1. Introduction

Electrospinning is a simple but effective way to produce pol-
ymeric nanofibers [1]. It involves stretching a polymer fluid
under a strong electric field into fine filaments, and subse-
quently solidifying them to form dry or semidry fibers, which
finally deposit on the electrode collector forming a nonwoven
fiber mat in the most cases. Electrospun fibers have shown
large specific-surface-area and ease of functionalization
through electrospinning process. They have emerged as
exciting candidates for wide applications in areas as diverse as
tissue engineering, filtration, energy conversion and storage,
reinforcement, sensor and many others [1–5].

Normally, electrospun fibers have a smooth surface with
a circle cross-section. Depending on the spinneret structure,
collecting mode and operating parameters, they can have
aligned fibrous structures [6], bicomponent cross-sectional
configurations [7, 8], ribbon shapes [9] or porous surfaces
[10]. In our previous study, we have found that nanofibers
with a parallel line surface texture can be electrospun from

a polymer solution when a mixed solvent system consisting
of a highly volatile solvent (e.g., acetone) and a high boiling
point organic solvent are employed [11]. The highly-ordered
surface texture on the fibers was found to be beneficial to the
growth of nerve cells regardless of the fiber orientation. How-
ever, the use of a needle electrospinning technique leads to
low nanofiber production rate, which has restricted their
practical applications.

Recently, needleless electrospinning, in which nanofibers
are electrospun from an open liquid surface without using
any needle nozzle, has emerged as a promising solution for
improving the nanofiber productivity [12–14]. Needleless
electrospinning can produce multiple jets from a small liquid
surface, and the formation of polymer jets has been explained
as that the waves of an electrically conductive liquid self-
organize on a mesoscopic scale and finally form jets when
the applied electric field intensity is above a critical value.
Previously, we have developed a needleless electrospinning
setup using disc or coil as spinneret, and proved the consid-
erable improvement in fiber production rate [13]. However,
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Figure 1: Apparatus for needleless electrospinning and a photo of the electrospinning process.

it remains unclear whether this needleless electrospinning
technique can be used to produce nanofibers having the
above-mentioned line surface texture on a large scale.

In this study, we for the first time report on needleless
electrospinning of ultrafine polystyrene (PS) fibers having a
parallel line surface texture. The formation mechanism of the
unusual surface parallel lines was elucidated, and attributed
to the formation of voids on jet surface due to the fast evap-
oration of high volatile solvent, and subsequent elongation
of the pores under the strong electric field. Also, the disc
electrospun fibers were compared with those produced by a
conventional needle electrospinning technique.

2. Experimental

2.1. Materials. Polystyrene (PS, Mw ≈ 100, 000) was pur-
chased from BDH Chemicals. Acetone (Chem-Supply) and
N, N′-dimethylformamide (DMF, Chem-Supply) are both of
reagent grades. All chemicals were used as received.

2.2. Electrospinning. PS was dissolved in a solvent mixture
of acetone and DMF (2/1, vol/vol) at the concentration of
10 wt%. The needleless electrospinning setup is illustrated in
Figure 1, which consists of a rotary aluminium disc spin-
neret, a Teflon solution vessel, a high-voltage DC power
supply (ES50P-20W/DAM, Gamma High Voltage Research,
USA), and a grounded drum collector. The disc was 2 mm
in thickness and 8 cm in diameter with a beveled edge, and
the radius of the beveled curve was about 0.5 mm. During
electrospinning, the vessel was filled with the PS solution
so that nearly half of the spinneret was immersed in the
polymer solution, and the unimmersed part of the spinneret
was covered with a thin layer of the PS solution via rotation.
With the rotation of the spinneret, the polymer solution was
constantly loaded onto the spinneret surface, which led to the
continuous generation of polymer jets/filaments. To facilitate
the removal of solvent residues from nanofibers, two electric
heaters were fixed beside the drum collector with the surface

temperature controlled at 120◦C. During electrospinning,
unless specifying the applied voltage, the electrospinning
distance and the rotating speed of the disc were set at 50 kV,
16 cm, and 40 rpm, respectively. The as-spun fibers were kept
in vacuum at 80◦C overnight to remove the solvent residues.

For comparison, the same PS solution was also electro-
spun using a conventional needle electrospinning technique
[15]. The applied voltage, flow rate, and electrospinning
distance were controlled at 20 kV, 1.2 mL/h, and 20 cm,
respectively.

2.3. Spin Coating. The PS solution was spin-coated on a glass
slide by dropping 10% PS solution in acetone/DMF (2/1,
vol/vol) on the glass slide. After rotating the slide at 500 rpm
for 10 min, a dry PS film was formed.

2.4. Physical Characterizations. Fiber morphology was
observed under a field emission scanning electron micro-
scope (SEM, Zeiss SUPRA 55VP). Both the electrospun
fibers and the spin-coated membrane were immersed into
liquid nitrogen and rapidly cut with a scalpel for cross-
sectional observation under SEM. The fiber diameter was
measured based on the SEM images using image analysis
software ImageJ (National Institutes of Health, USA).
Mechanical measurements were conducted on a universal
materials tester (H5 K-S, Hounsfield, UK) with a 50 N load
cell at ambient temperature. All samples were of uniform
size (30 × 5 mm), and a cross-head speed of 10 mm/min was
used for all the tests. Electrospun nanofibrous scaffolds were
cut into 3 × 3 cm squares for porometry measurement and
a CFP-1100-AI capillary flow porometer (Porous Materials
Int.) was used to measure pore size and pore size distribution.
Calwick with a surface tension of 20.1 dynes/cm (PMI) was
used as the wetting agent for porometry measurements.
Confocal microscopy (Zeiss, LSM 700) was employed to
observe nanofibrous structure. Fourier transform infrared
spectroscopy (FTIR) studies were carried out on an Avatar
380 FTIR spectrometer (USA) and wide-angle X-ray



Journal of Nanomaterials 3

400 600 800 1000 1200 1400 1600 1800
0

5

10

15

20

25

30

35

C
ou

n
ts

Diameter (nm)

AD = 915.78 ± 320.72

(a)

800 1200 1600 2000 2400 2800
0

5

10

15

20

25

30
C

ou
n

ts

Diameter (nm)

AD = 1910.12 ± 370.28

(b)

Figure 2: SEM images and histograms of fiber diameter distribution acquired from (a) needleless and (b) needle electrospinning (scale bar =
2μm).

diffraction curves were obtained on an X-ray diffractometer
(Riga Ku, Japan) within the scanning region of 5◦ ∼ 60◦

(2θ), with CuKα radiation (λ = 1.5418 Å) at 40 kV and
40 mA.

3. Results and Discussion

In the electrospinning process, the polymer solution played
an important role in determining fiber morphology, diame-
ter, and diameter distribution [16]. At the polymer concen-
tration of 10%, both needle and needleless electrospinning
generated bead-free, continuous PS fibers with a secondary
surface structure. As shown in Figure 2, all the fibers have a
parallel line texture on the surface, and all the lines are along
the direction of fiber axis, regardless of the electrospinning
method. The average diameter of disc electrospun fibers
was 915.8 nm, which is much finer than that of the needle
electrospun ones (average diameter, 1910.1 nm). The disc

electrospun fibers had a slightly narrower diameter distri-
bution as well. This is probably because that in needleless
electrospinning a much higher applied voltage (50 kV) was
applied. Larger stretching forces could lead to finer PS fibers
with narrower diameter distribution.

Table 1 lists the nanofiber productivity and the pore
diameter of the PS fiber mats. Disc electrospinning has a
much higher productivity (6.85 g/h), while the production
rate for needle electrospinning was 0.11 g/h. The produc-
tivity could be further characterized by the polymer solution
consumed. For needleless electrospinning, 72 mL of solution
was electrospun into fibers per hour, such a large consump-
tion led to a high productivity. To match such a production
rate, around 62 needles have to be used. The 60 times higher
production rate for needleless electrospinning is because
numerous jets were formed simultaneously at the edge of the
disc nozzle, while in the needle electrospinning, only one jet
was formed at one time.
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Figure 3: Confocal microscopy images of (a) needle electrospun nanofibers and (b) needleless electrospun nanofibers (scale bar = 50μm).

Table 1: Fiber productivity and pore diameter of PS fiber mats.

Technique Mean pore diameter ± SD (μm) Largest pore diameter (μm) Smallest pore diameter (μm) Productivity (g/hr)

Needleless 3.36± 2.34 19.19 0.40 6.85

Needle 0.95± 0.30 3.25 0.21 0.11
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Figure 4: Stress-strain curves of PS fiber mats prepared from needle
and needleless electrospinning.

Nanofiber mats produced by the electrospinning tech-
niques had a porous structure. For the disc electrospun
fibers, the average pore diameter was 3.36 μm, while the pore
within the needle electrospun fiber mat was much smaller,
about 0.954 μm in average diameter. Table 1 also gives the
largest and smallest pore sizes. Noticeable difference was
found on the maximum pore. The maximum pore in the disc
electrospun fiber mats was 5 times larger in diameter than
that of the needle electrospun mats. This suggests that the
former has a much looser fibrous structure.

Confocal microscopy was used to further observe the
fibrous structure. As shown in Figure 3, nanofibers from
needleless electrospinning look less dense than those from
needle electrospinning. Clear images could be taken to a
depth of 90 μm from the disc electrospun fiber mat, while

the needle electrospun fiber mat only allowed a view up to
the depth of 70 μm.

This loose fibrous structure caused needleless electro-
spun PS fibers to have small mechanical strength. The tensile
stress-strain curves of these electrospun fiber mats are shown
in Figure 4. Needle electrospun PS fibers had higher breaking
strength, while needleless electrospun PS fibers exhibited
larger breaking strain. This is because that, during the
mechanical test, needleless electrospun fibers are very easy
to slide in the mat, leading to a much smaller stress when
compared to that of needle electrospun mats.

To explore the formation mechanism of the unusual
parallel line surface morphology, the same PS solution was
spin-cast into a film. Figure 5(a) illustrates the way to spin-
cast the film. When the PS solution was spin-cast from the
central part of spinner, a surface line structure was formed
just on the edge part of the film (Figure 5(b)), and there was
no ordered line observed in the central area (Figure 5(d)).
This suggests that the polymer solution under a weak cen-
trifugal force can also develop a line texture on the surface.
It was also noted that the line surface texture on the spin-
cast PS film (edge part) was very similar in shape to that on
the electrospun fibers, except for a minor difference in size,
indicating that they were formed by a similar mechanism.

Figure 5(b) also shows a part of internal morphology in
the film edge, which looks porous and contains many tiny
pores, although no voids are found on the film surface. This
is similar to the internal morphology of the electrospun PS
fibers, which also contains pores as shown in the fracture of
PS fibers (Figure 6). Such a phenomenon has been widely
studied and explained as the rapid evaporation of a low
volatile solvent (acetone here) from the polymer fluid [10,
17].

Based on the electrospinning results and the morpho-
logical observation of spin-cast PS films, the formation
mechanism of ordered surface line structure is proposed and
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Figure 5: (a) Schematic diagram of spin-casting apparatus (not in scale), (b, c) SEM and schematic images of PS membrane at the edge, (d,
e) SEM and schematic images of PS membrane in the central area (scale bar = 5μm).

Figure 6: Fracture of an electrospun PS fiber (scale bar = 1μm).

schematically illustrated in Figure 7. The polymer solution
experienced four stages during electrospinning. Initially, the
solution on the disc surface was extruded to form Taylor
cones and polymer jets. The movement of jets led to rapid
evaporation of acetone from the jet surface, and as a result
voids were formed in acetone-rich areas. With sufficient
stretch, the voids on the filament surface were elongated into
oriented lines, while a wrinkled structure would be formed if
the stretch was insufficient. The complete evaporation of the
solvent at the final stage of electrospinning resulted in solid
fibers with the secondary surface texture being secured.

Figure 8(a) shows the Fourier transform infrared spec-
troscopy (FTIR) spectra of PS fibers prepared by needle and
needleless electrospinning. As expected, the characteristic
bands of PS can be clearly observed from both samples: C–
H stretching of benzene rings and C–H groups on the PS
side chain at 3000 to 3100 cm−1, C–H stretching vibration of
the CH2 and CH groups on the main PS chain at 2930 cm−1

and 2850 cm−1, aromatic C–C stretch at around 1500 cm−1,

1
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4. Solidification

Figure 7: Schematic illustration of the formation mechanism of
ordered surface line during disc electrospinning.

vibrations of the benzene ring at around 1100 cm−1, C–
H out-of-plane bend at 765 cm−1, and CH2 rocking mode
at 700 cm−1 [18–21]. There is almost no difference found
between the two FTIR spectra. Therefore, electrospinning
methods should have little impact on the chemical structure
of polymer within the fibers.

X-ray diffraction (XRD) curves are shown in Figure 8(b).
For needle electrospun PS fibers, the broad diffraction peak
was at around 21.0◦, suggesting that the sample was largely
in an amorphous state. For the disc electrospun fibers, the
corresponding peak was at 19.8◦, and an additional peak
appeared at 9.8◦, which was assigned to 210 of the mon-
oclinic structure [22]. Such differences could be further
quantified by the calculation of crystallinity. For the disc
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Figure 8: (a) FTIR spectra and (b) XRD patterns of the PS fibers
from needle and needleless electrospinning.

electrospun sample, the crystallinity was 39.19%, which was
higher than that of needle electrospun sample (34.50%).
Combining the results from XRD and SEM, it was reasonable
to conclude that fibers experienced stronger stretching in disc
electrospinning than that in needle electrospinning [23].

4. Conclusions

Polystyrene fibers having a novel parallel line surface texture
have been electrospun separately from a needle and a
needleless electrospinning setup. The needleless electrospun
fibers had smaller diameter with slightly narrower diameter
distribution compared to the needle electrospun fibers. The
productivity of needleless electrospinning was more than 60
times higher than that of the needle electrospinning. FTIR

spectra showed no difference between the fibers while the X-
ray diffraction measurement indicated that needleless elec-
trospinning produced fibers with slightly higher crystallinity.
Needleless electrospinning may form a useful technique to
produce PS nanofibers with a special line surface texture on
a large scale.
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This study examined the formation of nanofiber hydrogels at neutral pH for 16 types of peptides with different net charges,
hydrophobicities, and degrees of polymerization. The peptides formed various hydrogels depending on the arrangement of charged
amino acids in the antiparallel β-sheet structure. Circular dichroism (CD) measurement, atomic force microscopy (AFM), visible
light spectroscopy, and dynamic viscoelasticity measurement showed that the formation of transparent nanofiber hydrogels in
peptides requires at least 2 additional positively or negatively charged amino acids per peptide. When designing the amino acid
sequence, it is important to consider both the net charge and position of the charged amino acids, and it should be ensured that
basic amino acids do not face other basic ones in the antiparallel β-sheet structure. Peptides that had charged amino acids clustered
at the center of the nanofiber formed rigid gels.

1. Introduction

Molecular self-assembly [1–10] is a useful approach for fabri-
cating nanofibers. In this process, molecules, once designed,
are dissolved in a solvent, following which they proceed
to self-assemble into nanofibers without any equipment
or complicated procedures being required. A key point
in this process is the positioning of functional groups
in the molecule; this is important from the viewpoint
of enabling suitable interactions among molecules, such
as electrostatic interaction, hydrophobic interaction, and
hydrogen bonding. Therefore, molecules need to be designed
skillfully, and advanced techniques are required for their
synthesis. Peptides are commonly used as a building block
to design self-assembling molecules. Peptides are synthesized
by combining two or more amino acids from among the
20 naturally occurring ones. Peptides form well-defined
secondary structures, such as an α-helix or β-sheet, and
therefore, they are used as nanoscale building blocks to
construct well-defined structures. In addition, peptides can

be modified to exhibit novel functionalities, such as cell
adhesion or antimicrobial ability, simply by changing the
sequence of their constituent amino acids. Furthermore,
because peptides are biocompatible and biodegradable, they
hold great promise for medical applications. One of the
advantages of using peptides is that methods have already
been established for their synthesis [11]. In fact, an automatic
peptide synthesizer based on the solid-phase peptide synthe-
sis method is commercially available. A desired peptide can
also be obtained from custom peptide suppliers.

Thus far, various self-assembling peptide nanofibers have
been investigated [12–23]. Zhang et al.’s pioneering study
[24] focused on a part of the amino acid sequence of
Zuotin, a Z-DNA binding protein in yeast [25], and they
synthesized various peptides that have alternating charged
and uncharged amino acids—for example, the 16-residue
peptide RADA16 (CH3CO-RADARADARADARADA-NH2)
that consists of hydrophobic alanine (Ala, A), negatively
charged aspartic acids (Asp, D), and positively charged argi-
nine (Arg, R). In this peptide, an equal number of acidic and
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basic amino acids were arranged in a regular pattern. They
discovered that this peptide self-assembled into nanofibers
that had a β-sheet structure through weak interactions such
as electrostatic interaction, hydrogen bonding, van der Waals
force, and hydrophobic interaction. The nanofibers were
physically cross-linked through the electrostatic interaction
among them to form a three-dimensional (3D) network.
This self-assembly yielded a peptide aqueous solution gel
with water content of 99.5 wt%. The 3D network of peptide
nanofibers was easily broken into smaller fragments by
mechanical stimuli, such as stirring or sonication. However,
these fragments quickly reassembled into a nanofiber scaffold
that was indistinguishable from the original material [26].
This nonanimal-derived material can potentially be used as
an injectable drug delivery system (DDS) device [27, 28], an
instant hemostat [29], and a cell culture scaffold [30, 31].

Various aspects of peptide self-assembly, such as the
hydrophobicity of amino acids [32, 33], electrostatic inter-
action [34, 35], temperature [36], and ion strength [37],
have been investigated previously. In this study, we aim to
derive the parameters necessary to form a gel with high
transparency at neutral pH by customizing Zhang’s peptide,
which has a regular sequence of amino acids and various
types of applicable amino acids. Zhang’s peptide is not
completely transparent, making it unsuitable for applications
in the optical and ophthalmological fields; it does, however,
have sufficient transparency for observing cultured cells in a
gel. Some previous reports [38–42] have described peptides
that form a transparent nanofiber hydrogel at neutral pH.
However, these reports cover few examples, and they do not
elaborate on the design strategy in adequate detail. To realize
the widespread use of self-assembling peptides, they must be
easily customizable to be applicable to various applications.
As such, a guiding principle for designing self-assembling
peptides would be most beneficial. Herein, we investigate
the design of peptides that form a transparent hydrogel at
neutral pH by characterizing various peptides with different
net charge, degree of polymerization, and hydrophobicity.

2. Materials and Methods

2.1. Peptide. All the peptides in this study were man-
ually synthesized by the standard solid-phase method,
using 9-fluorenylmethoxycarbonyl (Fmoc) chemistry. In this
synthesis, 400 mg of 4-(2,4-Dimethoxyphenyl-Fmoc-ami-
nomethyl) phenoxyacetyl-norleucyl-cross-linked ethoxylate
acrylate resin (Peptides Institute Inc.) was placed in a flask
of solid organic synthesizer CCS-150 M (EYELA). To
the activated group of resin, three equivalents of Fmoc
-protected amino acid, 1-hydroxybenzotriazole hydrate
(HOBt·H2O) or 1-hydroxy-7-azabenzotriazole (HOAt),
and N,N′-diisopropylcarbodiimide (DIPCI) as a coupling
reagent, were dissolved in 5 mL of dimethylformamide
(DMF) and stirred for 2 h. Deprotection of the Fmoc group
was carried out by stirring the resin in a 20% piperidine
in DMF. Amino acids were polymerized by repeating this
process. To protect the N-terminal of the peptide with an
acetyl group, 10 molar equivalents of acetic anhydride was

reacted for 2 h in 5 mL of DMF. After washing the resin
with dichloromethane, it was dried. To cleave the peptide
from the resin, it was treated in a cleavage cocktail of
trifluoroacetic acids (TFAs), 1,2-ethanedithiol, thioanisole,
and water-mixed solution (17 : 1.7 : 1 : 1 in volume fraction)
or TFA, triisopropylsilane (TIPS), and water-mixed solution
(38 : 1 : 1 in volume fraction) for 3 h. At this time, the C-
terminal of the peptide was amidated, that is, both the N-
and C-termini remained uncharged. After filtration of the
solution, the peptide was precipitated by adding an excess
amount of cold diethylether. After repeatedly stirring the
peptide in diethylether and removing the supernatant by
centrifuging (3500 rpm, 10 min), the peptide was vacuum
dried. After dissolving the peptide in Milli-Q water, the
solution was filtered using a filtration paper (Advantec) and
then freeze-dried. Further purification was not performed.
The molecular weight of these crude peptides was mea-
sured by matrix-assisted laser desorption/ionization time-
of-flight mass spectroscopy (MALDI-TOF-MS) (Voyager RN
BioSpectrometry Workstation, Perceptive Biosystems Co.,
Ltd.).

A peptide aqueous solution of 0.5 wt% was prepared by
adding peptide powder in a 0.1 M Tris-HCl buffer (pH 7.5)
and sonicating for 30 s using a homogenizer.

2.2. Circular Dichroism Spectroscopy. A secondary structure
of peptide in an aqueous solution was evaluated by CD
spectroscopy. An aqueous solution with a concentration of
ca. 3× 10−3 M was prepared by diluting the 0.5% (w/v) stock
solution with Tris-HCl buffer. When it was difficult to dis-
solve the peptide in water at neutral pH, it was first dissolved
in water at an acidic pH, and then the pH was adjusted to
neutral by adding Tris-HCl buffer. A quartz cuvette with a
0.5 mm path length was used for measurement. The molar
ellipticity from 195 to 260 nm was measured with a CD
spectrometer, J-820 K Spectropolarimeter (JASCO), at room
temperature.

2.3. Atomic Force Microscopy. The morphology of peptide
assemblies was observed with an atomic force microscope
(AFM). First, peptides were dissolved in 0.1 M Tris-HCl
buffer at a concentration of 0.5 w/v%. The pH of the peptide
solution was around 7. Then, the solution was diluted 20-
fold using 0.1 M Tris-HCl buffer, which adjusted the pH to
7.5, and 1 μl of the solution was placed on a mica substrate.
After a couple of seconds, to remove excess peptide, the
mica substrate was rinsed by dropping 100 μl of Milli-Q
water gradually onto it and air-drying it. The surface of
the mica substrate was observed with a Nano ScopeIIIa
(Digital Instruments) AFM operated in Tapping mode at
room temperature. An NCH-10 silicon nitride tip (Nano-
Device) was used for Tapping Mode. The cantilever length
was 125 μm, and the tip radius was ca. 5 nm.

2.4. Visible Light Spectroscopy. The transparency of the pep-
tide gel was measured using a V-550UV/VIS spectrometer
(JASCO). The peptide solution of 0.5 wt% (0.1 M Tris-
HCl, pH ∼7) was placed in a glass cuvette with a 10 mm
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Figure 1: Molecular model of peptides (Carbon atoms: green,
oxygen atoms: red, nitrogen atoms: blue, and hydrogen atoms:
white).

path length, and a transparency from 380 to 780 nm was
measured.

2.5. Dynamic Viscoelasticity Measurement. The viscoelastic
property of the peptide solution was measured using an
AR1000 (TA Instruments) rotational rheometer by the
parallel plate method with 600 μm gap distance. For this,
750 μL of peptide solution was placed on the lower plate,
and a 40 mm-diameter parallel steel plate was used as the
upper plate. The upper plate was covered by a solvent
trap to prevent solvent evaporation. A frequency sweep
measurement was performed from 0.1 to 100 rad/s. The
temperature of the lower plate was 25◦C, and 1 μN·m of
torque was applied.

3. Results and Discussion

3.1. Design of Peptides and Their Molecular Models. In this
study, we designed sixteen types of peptides with different
net charge, degree of polymerization, and hydrophobicity.
The amino acid sequence of RADA16, the starting material
used to design peptides in this study, and those of the
designed peptides are listed in Figure 10 . Molecular models
of the peptides were built using Biomer ver. 1.0 alpha [43]
and visualized using VMD [44] (Figure 1). The net charge
of the peptide molecules at pH 7.0 is listed in Figure 10.
The number of acidic and basic amino acids in the peptide
molecule was changed by substituting some of the acidic
amino acids of RADA16 with basic ones or by substituting
a charged amino acid with an uncharged one. We avoided
substituting the charged amino acid with a bulky one in
consideration of its tendency [45] to form an α-helix.
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−2+2

+3 −3

+2+2

+2+2

12 residues

16 residues
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9SA(+3)
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12SA(−3)

15SA(+1)

1SA(+1) 7SL(+2) 10SA(−1)

K(+), E(−) R(+), D(−)

R(+), D(−)

Figure 2: Schematic illustrations of the hydrophilic surface of the
antiparallel β-sheet structure (red circle: acidic amino acid, blue
circle: basic amino acid). Each β-sheet structure has AABA lanes
perpendicular to the molecular axis, and each has its own pattern of
charged amino acids.

When a peptide with alternating hydrophilic and
hydrophobic amino acids forms an antiparallel β-sheet
structure, the corresponding amino acid residues are located
on opposite sides. It was assumed that each peptide formed
an antiparallel β-sheet structure. Figure 2 shows schematic
illustrations of the hydrophilic surface. In all peptides except
8RA(+2), the amino acids were arranged such that basic
(acidic) amino acids did not face other basic (acidic) ones in
the antiparallel β-sheet structure; this prevented electrostatic
repulsion in the antiparallel β-sheet structure, in turn
preventing self-assembly from being disturbed. A lane was
formed in which acidic and basic amino acids were lined
up alternately, vertical to the peptide main chain axis in the
β-sheet structure. This lane of charged amino acids, called
the alternating acidic and basic amino acid (AABA) lane in
this study, causes electrostatic attraction. Each peptide has a
different number and position of AABA lanes.

3.2. Secondary Structure of Peptides. The secondary structure
of peptides was investigated by circular dichroism (CD)
spectroscopy to examine how the changes in the net charge,
degree of polymerization, and hydrophobicity of a peptide
affect its β-sheet formation (Figure 3). The negative peak
at around 215 nm is attributed to the β-sheet structure of
peptides, with the peak intensity being dependent on the β-
sheet content in the secondary structure of peptides [46].
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Figure 3: CD spectra of peptides. The peptide concentration is ca.
3× 10−3 M in 0.1 M Tris-HCl buffer (pH 7.5). The minimum molar
ellipticity at 215 nm is based on the β-sheet structure of the peptide.

1SA(+1) and 10SA(−1) were poorly soluble in aqueous
solutions at neutral pH; therefore, their solutions for CD
measurement were first prepared at an acidic pH and then
adjusted to neutral. Their CD spectra showed a minimum
value at 218 nm, which is slightly redshifted compared with
the other spectra. This might be caused by both peptides
forming aggregates in an aqueous solution.

Spectra based on the β-sheet structure were observed for
all peptides except for 12SA(−3). The molar ellipticity of
each peptide at 215 nm is shown in Figure 4.

Between 4SA(+2) and 9SA(+3), the former was found
to have higher β-sheet content. This result is related to
the number of AABA lanes, that is, the strong electrostatic
interaction among peptide molecules led to the formation of
the β-sheet structure.

Negatively charged peptides 11SA(−2) and 12SA(−3)
showed slightly different behavior. The former formed a β-
sheet structure, whereas the latter did not. The molecular
model of the latter suggests that it might fold via intramolec-
ular interaction among Arg residues at the N-terminal of the
peptide and Asp residues near the C-terminal.

Interestingly, 15SA(+1) and 16SA(+2) had comparable
molar ellipticities, although the former has more AABA
lanes than does the latter. The poor solubility of the former
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Figure 4: Molar ellipticity of peptides at 215 nm in the CD spectra.
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Figure 5: AFM images of peptide assembly on a mica substrate in
air. Scale bar: 500 nm.

suggests that aggregation may have decreased from its peak
intensity.

4SA(+2), 5SA(+2), and 6SA(+2) differ only in terms of
the position of the AABA lane (with those of 5SA(+2) being
located at the center of the nanofibers), and the β-sheet
content decreases in the following order: 5SA(+2) > 4SA(+2)
> 6SA(+2).

Among 2AA(+2), 3NA(+2), and 4SA(+2), the β-sheet
content decreases in the following order: 3NA(+2) >
4SA(+2) > 2AA(+2). This might be attributable to hydrogen
bonds among the –CONH2 group of asparagine (Asn)
residues and the Arg residues. The sequence of alternat-
ing hydrophilic and hydrophobic amino acids has a high
tendency to form a β-sheet structure. However, it is not
necessary to arrange hydrophilic and hydrophobic amino
acids alternately to form the β-sheet structure.
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Figure 6: Appearance of the peptide aqueous solution. The peptide
concentration is 0.5 wt/v% in 0.1 M Tris-HCl buffer (pH 7.5).
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Figure 8: Dynamic viscoelasticity of peptide hydrogels. The storage
modulus (squares) G′ and loss modulus (triangles) G′′ are plotted
against the oscillatory frequency on log-log scales. The peptide
concentration is 0.5 wt/v% in 0.1 M Tris-HCl buffer (pH 7.5).

The 16-residue peptide 4SA(+2) had higher β-sheet con-
tent than the 12-residue peptide 16SA(+2). This correlated
with the number of hydrogen bonds and AABA lanes, which
provide electrostatic attraction among molecules.

To evaluate the influence of hydrophobicity on the β-
sheet content, 7SL(+2) was designed by replacing all the Ala
residues of 4SA(+2) with highly hydrophobic leucine (Leu)
residues. 7SL(+2) is not soluble in a neutral aqueous solution
at a concentration of 0.5 wt/v%. Therefore, its solution for
CD measurement was first prepared at an acidic pH and
then adjusted to neutral. The β-sheet content of 7SL(+2) is
slightly greater than that of 4SA(+2). Zhang reported that
8-residue peptide ELK8-II (LELELKLK) formed a β-sheet
structure, although EAK8-II (AEAEAKAK) did not [47]. It
seemed that the strong hydrophobicity of Leu residues led to
an increase in the β-sheet content.

3.3. Observation of Nanofibers. The morphology of a peptide
assembly on a mica substrate was observed by atomic force
microscopy (AFM) (Figure 5). All the β-sheet structures
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Figure 9: Rigidity of peptide hydrogels. The storage modulus G′ at
0.1 rad/s for peptides.

forming peptides self-assembled into nanofibers with a width
of around 10 nm. Considering that the radius curvature of
the AFM tip is ca. 5 nm, the nanofiber width corresponds to
the molecular length of peptides.

The position and type of uncharged amino acid, type
of basic amino acid, and degree of polymerization strongly
influenced the nanofiber morphology.

Many nanofiber aggregates were observed for 1SA(+1),
10SA(−1), and 15SA(+1). These nanofibers were relatively
short. This might be attributable to the electrostatic inter-
action among the nanofibers being too strong, that is, short
nanofibers aggregated before the peptide molecules self-
assembled to grow longer nanofibers.

Between 9SA(+3) and 12SA(−3), the latter, which
assumed a random coil structure at neutral pH, had
fewer nanofibers. β-sheet formation is necessary to form a
nanofiber.

8RA(+2) which has a net charge of +2 at neutral
pH formed shorter nanofibers and many aggregates. It
is considered that the electrostatic interaction among the
nanofibers of 8RA(+2) is too strong to form long nanofiber
because it has 6 AABA lanes. Apart from the net charge,
the number of AABA lanes is also an important factor to be
considered in order to avoid the aggregation of nanofibers.

Between 4SA(+2) and 7SL(+2), the latter, which is poorly
soluble in an aqueous solution at neutral pH, has shorter
fibers. It is considered that 7SL(+2) aggregated before its
nanofibers grew because of strong hydrophobic interaction.

3.4. Transparency of Peptide Gel. Aqueous solutions of
each peptide (0.5 wt/v%) were prepared in 0.1 M Tris-HCl
buffer with a pH of around 7 (Figure 6). To examine the
influence of differences in various characteristics of peptides
on the transparency of the peptide solution, visible light
spectroscopy was performed (Figure 7). Only peptides that
formed a viscous solution were investigated. Aggregates,
which scatter visible light, were responsible for decreasing
the visible light transmittance in the solution. Therefore,
it is considered that transparency strongly depends on the
solubility of the peptide in the aqueous solution and the
strength of the interaction among nanofibers.

Between 4SA(+2) and 9SA(+3), the latter has higher
transparency. It is considered that a stronger electrostatic
repulsive force acts among the nanofibers of 9SA(+3) than
among those of 4SA(+2), because the net charge of the
former is greater than that of the latter. This inhibited
aggregate formation and led to the higher transparency of
9SA(+3).

Once 8RA(+2) solution was stirred using a vortex mixer,
its transparency decreased and the peptide was precipitated.
It is considered that the electrostatic attraction among the
nanofibers of 8RA(+2) is too strong. This caused aggregation
of the 8RA(+2) nanofibers. However, 8RA(+2) has better
solubility compared with 1SA(+1) and 10SA(−1) that have
6 AABA lanes. It is obvious that the net charge influences the
solubility of the peptide. Aggeli et al. reported that at least
one additional charged amino acid per molecule stabilizes
nanofibers against aggregation [34].

Among 4SA(+2), 5SA(+2), and 6SA(+2), the order of
transparency is as follows: 4SA(+2) > 5SA(+2) > 6SA(+2).
6SA(+2) tends to aggregate the most. It may be difficult for
6SA(+2) nanofibers to form cross-linkages via electrostatic
interaction because their AABA lane is located at the side of
the nanofibers. If the nanofibers do not form a 3D network,
they may entangle and lead to aggregation.

Among 2AA(+2), 3NA(+2), and 4SA(+2), the order of
transparency is as follows: 4SA(+2) > 2AA(+2) > 3NA(+2).
The transparency of 3NA(+2) containing hydrophilic Asn
residue is lower than that of 2AA(+2) containing hydropho-
bic Ala residue. This means that 3NA(+2) tends to aggregate
more than 2AA(+2). This may be related to hydrogen bonds
and side-chain size. Hydrogen bonds among nanofibers
may accelerate aggregation. As Zhang pointed out [48,
49], structural compatibility may affect both nanofiber and
hydrogel formation because an Asn residue is similar in size
to an Asp residue.

The transparency of the 12-residue peptide 16SA(+2) is
higher than that of the 16-residue peptide 4SA(+2). This
is because the electrostatic interaction among nanofibers of
the former, which has fewer AABA lines, is weaker than that
among nanofibers of the latter.

3.5. Dynamic Viscoelasticity of Peptide Gel. The viscoelastic-
ity of the peptide solution was investigated using a rotational
rheometer (Figure 8 and Supporting Information Figure S2,
see Figure S2 in Supplementary Material available online at
doi:10.1155/2012/537262). Only those peptides that formed
viscous solutions were investigated. The values of the storage
modulus G′ and loss modulus G′′ at 1 rad/s for each solution
are summarized in Figure 9. For gels, G′ and G′′ are relatively
constant with the oscillatory frequency, and G′ is much
greater than zero [37, 50]. Figure 9 indicates that all the tested
peptides formed gels.

Between 4SA(+2) and 9SA(+3), the former has a higher
G′ value. It is considered that a stronger electrostatic
repulsive force acts among 9SA(+3) nanofibers than among
4SA(+2) nanofibers because of their net charges. Therefore,
weaker electrostatic attraction at the cross-linking points of
9SA(+3) provides a lower G′ value than that of 4SA(+2).
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13SA(+2) +2 CH3CO-KASAKAEAKASAKAEA-NH2

14SA(−2) −2 CH3CO-SAEAKAEASAEAKAEA-NH2

12 residues 

R(+), D(−)

15SA(+1) +1 CH3CO-RASARADARADA-NH2

16SA(+2) +2 CH3CO-RASARADARASA-NH2

Figure 10: List of peptides.

8RA(+2) formed a hydrogel in 0.1 M Tris-HCl aqueous
solution. However, when the solution was stirred using a
vortex mixer, its viscosity decreased. Therefore, the solution
was placed on the rheometer immediately after being
sonicated using a homogenizer. 8RA(+2) showed a relatively
low G′ value. This suggested that the nanofibers of 8RA(+2)
aggregated and did not form a homogenous 3D network.
This correlated with the AFM observations.

The viscoelasticity varied according to the position of
the AABA lane. Among 4SA(+2), 5SA(+2), and 6SA(+2),
5SA(+2), which has AABA lanes at the center of the
nanofibers, showed the highest G′ value. This correlated with
its β-sheet structure content. 6SA(+2) tends to aggregate, and
it is considered that the G′ value of its solution reflected the
rigidity of its aggregated particles.

3NA(+2) showed a higher G′ value than did 2AA(+2) and
4SA(+2). This correlated with its β-sheet structure content.
It seemed that the hydrogen bond among the –CONH2

group of Asn residues and the Arg residues on nanofibers
strengthened the physical cross-linkage among nanofibers.

The G′ value of the 16-residue peptide 4SA(+2) is higher
than that of the 12-residue peptide 16SA(+2). This correlated
with their β-sheet structure content. This is related to the
observation that the electrostatic interaction among 4SA(+2)
nanofibers is stronger than that among 16SA(+2) nanofibers
because the former has more AABA lanes.

Both 4SA(+2) with Arg/Asp amino acids and 13SA(+2)
with Lys/Glu amino acids showed similar viscoelastic prop-
erty profiles. On the other hand, between 11SA(−2) with
Arg/Asp amino acids and 14SA(−2) with Lys/Glu amino
acids, stirring the former using a vortex mixer made the
solution opaque, although this did not occur with the
latter. 11SA(−2) did not form a transparent hydrogel,
although it formed nanofibers. It may be difficult for
11SA(−2) nanofibers to form cross-linkages via electrostatic
interaction. Molecular models in Figure 1 may help us
understand these differences. Zhang pointed out that struc-
turally compatible constituents were key factors for molec-
ular self-assembly [48, 49]. 4SA(+2) and 13SA(+2) have
similar molecular structure. On the other hand, 11SA(−2)
forms bigger bulges on a nanofiber surface comparing with
14SA(−2). A difference between the side chain lengths
of positively and negatively charged amino acid residues
might affect the interaction among nanofibers. Negatively
charged peptides formed a transparent nanofiber hydrogel
via the arrangement of appropriate types of charged amino
acids. This might be related to the molecular structure of
the peptide, although this has not yet been determined.
Further research on negatively charged peptides containing
a combination of Arg and Glu as well as Lys and Asp is
necessary to determine the parameters necessary for forming
a hydrogel.
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4. Conclusions

We conducted a detailed investigation of the parameters
necessary for preparing transparent nanofiber hydrogels at
neutral pH. At least two additional charged amino acids
(per peptide) are necessary to form such hydrogels. When
designing an amino acid sequence, it is important to consider
the net charge and position of the charged amino acids, and
to not allow basic amino acids to face other basic ones in the
antiparallel β-sheet structure.

CD measurement indicated that the β-sheet content was
high when the AABA lanes were located at the center of the
nanofiber. According to the AFM observation, all peptides
except 12SA(−3) formed nanofibers at neutral pH, although
there were differences in the nanofiber lengths. A peptide
with a net charge of +1 or−1 and highly hydrophobic amino
acids formed short nanofibers or it aggregated. RA(+2),
which has 6 AABA lanes on a nanofiber, formed short
nanofibers and their aggregates, although it has +2 net
charge. Considering that it did not form a transparent
hydrogel, adding additional charged amino acids is not
sufficient to form a transparent nanofiber hydrogel. Visible
light spectroscopy revealed that peptides with a higher net
charge formed a more transparent gel. Using a large amount
of Leu residue, which has high hydrophobicity, decreases
the solubility of the peptide, although it serves to increase
the β-sheet content. A rheometric assay showed that a 16-
residue peptide with AABA lanes located at the center of
its nanofibers had the highest storage modulus. Hydrogen
bonding among nanofibers served to increase the mechanical
strength of the hydrogels. These results can serve as useful
guidelines for designing peptides to form a transparent
nanofiber hydrogel.

The properties of self-assembling peptide hydrogels can
be controlled by arranging the amino acids appropriately.
Because a charged amino acid can be placed precisely on
nanofibers, the interaction among nanofibers and chemicals
or cells can be controlled more precisely than that among
conventional nanofibers. Thus, the peptide library created
in this study may be useful for preparing 3D cell culture
scaffolds and DDS devices.
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The conventional electrospinning often uses a needle-like nozzle to produce nanofibers with a very low production rate. Despite
the enormous application potential, needle electrospun nanofibers meet difficulties in broad applications in practice, due to the
lack of an economic and efficient way to scale up the electrospinning process. Recently, needleless electrospinning has emerged as a
new electrospinning mode and shown ability to produce nanofibers on large-scales. It has been established that the fiber generator,
also referred to as “spinneret” in this paper, in needleless electrospinning plays a key role in scaling up the nanofiber production.
This paper summarizes the recent advances in the development of needleless spinnerets and their influences on electrospinning
process, nanofiber quality, and productivity.

1. Introduction

The central image in Figure 1 shows a basic needle electro-
spinning setup, which comprises a high voltage power
supply, a syringe container, a needle nozzle, and a coun-
terelectrode collector. Polymer solutions are often used as
spinning materials. During electrospinning, the solution
droplet at the needle tip is electrified by the high electric field
formed between the needle and the opposite electrode, and
this deforms the droplet into a cone shape, that is, “Taylor
cone” [1, 2]. When the electric force exceeds a critical value,
the solution is ejected from the tip of “Taylor cone” forming
a jet. This charged jet is subsequently stretched into a long
filament because of the intensive interaction with the electric
field and the repulsion of the same type of charges inside. Sol-
vent evaporation leads to the solidification of the filaments
into fibers, which are finally deposited on the collector form-
ing a randomly oriented fiber web in most cases. Such a setup
has been widely used in hundreds of laboratories around
the world for various research and development purposes.

Electrospinning is mainly suitable for processing ther-
moplastic polymers, and electrospun fibers are typical in the
range from several nanometers to a few microns in diameter,
but the diameter is controllable. Most of the electrospun
nanofibers have a round cross-section with a smooth surface.

However, nanofibers with different morphologies can also
be produced depending on the polymer used, polymer solu-
tion properties, nozzle structure, and operating conditions.
Figure 1 also summarizes nanofibers having various mor-
phologies prepared by needle electrospinning. Beaded fibers
or beads-on-string structures can be electrospun from
almost all spinnable polymers [3], but they are normally
treated as fiber defects. For some polymers or polymer solu-
tions using special solvents, grooved fibers [6], fibers with
a porous surface [5, 14], ribbon fibers [7], or helical fibers
[11] could also be prepared from a electrospinning process
directly. When a special nozzle, which contains two or more
channels, is employed for feeding different polymer solu-
tions, depending on the nozzle structure, nanofibers having a
bicomponent cross-sectional configuration, such as side-by-
side [9], core/sheath [13], hollow [12], or crimped structure
[9], can be produced. Islands-in-a-sea nanofibers can also be
prepared in a similar way. However, even with a conventional
needle nozzle, islands-in-a-sea [15], core-sheath [16], or
hollow nanofibers [17] could also be electrospun from a
specific solution.

Electrospun nanofibers have many unique characteris-
tics, such as high surface-to-mass (or volume) ratio, ability to
form a highly porous fibrous membrane with excellent pore
interconnectivity, controllability in fiber diameter, surface
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Figure 1: (Central) a typical apparatus for needle electrospinning and (outer) images of electrospun nanofibers with various morphologies,
(a) beaded fiber [3], (b) round fiber [4], (c) fiber with a porous surface [5], (d) grooved fiber [6], (e) ribbon [7], (f) multichannel fiber [8],
(g) side-by-side fiber [9, 10], (h) crimped fiber [9, 11], (i) hollow fiber [12], and (j) core-sheath fiber [13]. (a–f) are prepared by conventional
needle electrospinning, and (g–j) are electrospun mainly by a special needle spinneret.

morphology and fibrous structure, and easiness of being
functionalized by using functional polymers or adding func-
tional chemicals into polymer solutions for electrospinning.
These unique features have provided electrospun nanofibers
with enormous opportunities to be used in various fields.
Figure 2 presents the important applications of electrospun
nanofibers, including tissue engineering scaffolds [18], fil-
tration [19], catalyst and enzyme carriers [20, 21], release
control [22], sensors [23], energy storage [24], affinity mem-
branes [25], and recovery of metal ions [26–28].

In spite of the enormous application potential, electro-
spun nanofibers have not been widely used in practice. The
main reason is that needle electrospinning has a very low
nanofiber production rate, typically less than 0.3 g/hr. For
needle electrospinning, each needle nozzle normally gener-
ates one jet each time. As a result, the fiber production rate
is far lower than the requirement for commercial usage. A
straightforward way to increase the electrospinning produc-
tivity is to increase needle number [29, 30], the setup of
which is also called “multineedle electrospinning.” However,
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Figure 2: Application map of electrospun nanofibers.

the issues related to multi-needle electrospinning are that a
large working space has to be used so that the strong inter-
ferences between adjacent solution jets can be avoided and a
regular cleaning system has to be set for each needle nozzle
so that no solution blockage happens during the fiber pro-
duction. Porous tubes, sometimes with drilled large holes,
were reported as alternative fiber generators to improve
the electrospinning productivity. The pores/holes conveyed
polymer solutions to the tube surface, where the solution
drops under the action of a high electric field were drawn into
jets and then fine filaments. Compared with the multi-needle
electrospinning, the tube electrospinning occupies a smaller
space and it is easy to operate. However, it is still difficult to
manage the jet interferences efficiently.

Recently, needleless electrospinning appeared as an alter-
native electrospinning technology with the aim of producing
nanofibers on a large scale from a compact space. Needleless
electrospinning is featured as electrospinning of nanofibers
directly from an open liquid surface. Numerous jets are
formed simultaneously from the needleless fiber generator
without the influence of capillary effect that is normally asso-
ciated with needle-like nozzles. Because the jet initiation in
needleless electrospinning is a self-organized process which
happens on a free liquid surface, the spinning process is
hard to control. Spinnerets in needleless electrospinning play

essential roles in determining the electrospinning process,
fiber quality, and productivity, which is the main focus of this
paper.

2. Brief History of Needleless Electrospinning

Although the electrospinning technique was invented as early
as 1934 by Anton [31], it took 45 years when a needleless
electrospinning system using a ring spinneret was patented
for the electrostatic production of fiber fleece [32]. However,
it took another 25 years when needleless electrospinning
technique began to exhibit its potential in the mass produc-
tion of nanofibers.

In 2004, a magnetic-field-assisted needleless electrospin-
ning was reported [33], which used a magnetic field to induce
the formation of spikes on the solution surface and then
initiated an electrospinning process. In 2005, a rotating roller
was invented as a fiber generator for the mass electrospinning
of nanofibers [34], and this technique was rapidly com-
mercialized by Elmarco Co. with the brand name “Nanospi-
der.” In 2007, air bubbles were employed to initiate electro-
spinning [35]. A conical wire coil was used as a fiber genera-
tor to prepare nanofibers in 2009. In this setup, the polymer
solution was conveyed to the spinning sites under the action
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Figure 3: Schematic summary of needleless rotating spinnerets (electrospinning direction along the red arrow).

of gravity and guided by the coil structure. This system can
produce high-quality nanofibers with a significantly in-
creased production rate compared with needle electrospin-
ning [36]. Later on, a few fiber generators, for example,
metal plate [37], splashing spinneret [38], rotary cone [39],
cylinder [40], and bowel edge [41], were reported.

The influences of spinneret geometry on electrospinning
process and fiber quality were examined by Niu et al. [42]
who also proved the crucial role of spinneret shape on need-
leless electrospinning. They found that a disc spinneret
formed higher intensity electric field thus exhibiting a better
electrospinning performance when compared to a cylinder
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spinneret. Inspired by these results, the same group also
invented a spiral coil setup and proved that spiral coil had
higher fiber production rate and better control toward the
fiber morphology compared to disc and cylinder electrospin-
ning [43]. More recently, a moving bead chain has been used
as a spinneret to electrospin nanofibers needlelessly [44].

According to the working states, spinnerets for needleless
electrospinning can be classified into two categories: rotating
or stationary spinnerets. Rotating spinnerets can introduce
mechanical vibration to the polymer solution, which assists
in initiating jets. Rotating spinnerets mostly work continu-
ously. For electrospinning using a stationary spinneret, an
auxiliary force (e.g., magnetic field, gravity, and gas bubble)
is often applied to initiate electrospinning process.

3. Needleless Electrospinning Using
Rotating Spinnerets

Figure 3 lists the rotating spinnerets that have been reported
for needleless electrospinning. These spinnerets are all con-
nected with a high voltage power supply and a spinning
solution. For cylinder, ball, disc, coil, and beaded chain elec-
trospinning, spinnerets are immersed in the spinning solu-
tions. Nanofibers are electrospun upward, which effectively
prevents the polymer fluid from dropping onto the fiber
mats collected, warranting the production of high-quality
nanofibers. The rotation of spinnerets conveys polymer solu-
tions to the electrospinning sites, ensuring the production
continuously. For roller and cone electrospinning, the spin-
ning solutions are fed from separated solution containers.

Although rings were first invented as a needleless elec-
trospinning spinneret [32], needleless electrospinning began
to attract attentions since Jirsak et al.’s invention on using a
metal roller as spinneret [34]. The main advantage of this
technology is that the jets are initiated naturally in the
optimal positions. The jet formation in needleless electro-
spinning has been proposed to follow four steps: (1) a thin
layer of polymer solution is formed on the spinneret surface
as a result of its partially immersion in the solution and rota-
tion; (2) the rotation also causes perturbations on the solu-
tion layer thus inducing the formation of conical spikes on
the solution surface; (3) when a high voltage is applied, the
spikes concentrate electric forces thus intensifying the per-
turbations to form “Taylor cones”; (4) jets are stretched out
from the “Taylor cones” and finally result in fibers (Figure 4).
Nanospider has shown the capability of producing nano-
fibers from both polymer solutions and polymer melts.

Rotating cylinder, ball, and disc spinnerets have been
compared by Niu et al. [45] using polyvinyl alcohol (PVA) as
the model polymer (Figure 5). In their setup, the high voltage
was connected with the system by inserting a metal wire
inside the solution vessel. When the electric force was high
enough, numerous jets were generated from the spinneret
surface and fibers electrospun were finally deposited onto the
grounded drum collector (Figure 5). In comparison with the
needle electrospinning, these spinnerets had much higher
productivities (cylinder 8.6 g/hr, disc 6.2 g/hr, and ball 3.1 g/
hr). Under the same working conditions, the disc produced
finer nanofibers (257 ± 77 nm) with a narrower diameter

Nanofibre

Rotating roller

Figure 4: Spinneret of nanospider [34].

distribution compared to the ball (344 ± 105 nm) and the
cylinder (357 ± 127 nm) spinnerets. In this work, electric
field was analyzed by a finite element method, and high
electric field was found to be narrowly distributed on the
disc top, which led to a high stretching rate to the solution
jets. The cylinder spinneret had a large surface area, but
the electric field distributed unevenly on the fiber-generating
surface. The ball formed an electric field with low intensity
thus generating fewer jets when compared to the disc and
the cylinder spinnerets. These experimental results and
theoretical analysis provided a new insight into the design
of fiber generators for needleless electrospinning.

Lin et al. [43] recently patented a new needleless electro-
spinning setup using a spiral coil as a spinneret. Figure 6
shows the coil spinneret and the electrospinning process.
Numerous polymer jets are generated from the wire surface.
The nanofibers produced from the coil spinneret were much
thinner with a narrower fiber diameter distribution when
compared with those from needle electrospinning. However,
for disc, ball, and cylinder spinnerets, they normally pro-
duced coarser nanofibers than the needle electrospinning.
The spiral coil had a higher fiber production rate than the
cylinder spinneret of the same dimension. For a coil with a
diameter of 8 cm and a length of 16 cm (6 turns), the produc-
tivity of PVA nanofibers changed from 2.94 g/hr to 9.42 g/hr
when the applied voltage increased from 45 kV to 60 kV.

Rotating needleless electrospinning has been used to
process different polymers, such as poly(vinyl alcohol) [36,
42], polyacrylonitrile [46], polyurethane [47], carbon nano-
tube/poly(vinyl alcohol) [48], and polyamic acid [49]. It was
reported that the solution concentration played a vital role
in the electrospinning process [50]. When the polymer con-
centration was low, the chain entanglement was insufficient,
which resulted in beads or beaded fibers instead of uniform
fibers. However, if the polymer concentration was too high,
the high viscosity restricted stretching of polymer fluid into
fine filaments. In the range that a polymer solution could be
successfully electrospun into uniform nanofibers, the varia-
tion of polymer concentration had a small effect on the fiber
diameter [42].

Molecular weight is another important factor that affects
the electrospinning process. It was found that when the
molecular weight of PVA was lower than 67,000, no fibers
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Figure 5: Photographs of cylinder, disc and ball electrospinning processes (Cylinder diameter 80 mm, rim radius 5 mm; ball diameter
80 mm; disc diameter 80 mm, thickness 2 mm) [45].
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Figure 6: (a) Photograph of the spiral coil spinneret and electrospinning process, (b) photograph of polyacrylonitrile (PAN) nanofiber mat
produced by coil electrospinning, and (c) SEM image of coil electrospun PAN nanofibers (scale bar: 10 µm).

could be electrospun. Fibers were electrospun from the PVA
with a molecular weight in the range of 80,000–150,000 [51].
In addition, needleless electrospinning can also be affected
by other factors, including solution conductivity and surface
tension, applied voltage, collecting distance, and ambient
environment (e.g., temperature, gas environment, and hu-
midity).

The flow rate in needleless electrospinning cannot be
controlled precisely but could be adjusted just in a very
limited range through changing the rotating speed of the
spinneret. The rotating speed of a spinneret can be varied in
large range from few rpm up to 200 rpm [42, 46], depending
on the spinning solution, spinneret dimension, and oper-
ating parameters. When the rotating speed was low, a thin
solution layer was formed on the spinneret surface. Elec-
trospinning exhausted the solution layer until it reached a
state of which the solution was too thin to be electrospun
[40]. Increasing the rotating speed leads to a thicker solution
layer, and solution processing can be thus increased. When
the rotating speed is too high, the solution could be thrown
out from the fiber generator surface. On the other hand,
increasing the spinneret rotating speed also decreases the life
span of “Taylor cones,” resulting in a reduced productivity.
In addition, the increase in the rotating speed of cylinder
spinneret was reported to decrease the fiber diameter [46].

More recently, a horizontal bead chain was used to
produce nanofibers in an upward fashion [44]. In this setup,
the rotating bead chain comprised two parallel parts. The

lower part was dipped in a polymer solution, while the higher
part functioned to produce fibers. When a high voltage was
applied, the beads on the top part of the chain generated fine
fibers. The small beads can generate high strength electric
field thus improving the electrospinning performance.

In addition, rotating spinnerets were also used for elec-
trospinning nanofibers in other fashions. In this case, the
solution was conveyed to the electrospinning sites through
the action of both the spinneret rotation and the gravity.
Tang et al. [38] reported an electrospinning setup using a
rotating roller as a fiber generator. During electrospinning,
the spinning solution was dropped to the roller from a
solution distributor. When the solution droplets attached to
the electrically charged metal roller, jets were ejected and
nanofibers were thus produced (Figure 7). The solution
concentration, applied voltage, distance between the roller
spinneret and the collector, and rotational speed of roller
spinneret are the key factors to the electrospinning process
and the fiber diameter. This setup had a 24–45 times higher
fiber productivity than a conventional needle electrospinning
system.

Lu et al. [39] reported a needleless electrospinning sys-
tem using a rotary cone as a spinneret. The rotating cone
spinneret and electric field were reported to be the crucial
parameters affecting the nanofiber production. Polyvinyl-
pyrrolidone (PVP) solution was supplied to the cone by a
glass pipe to ensure electrospin continuously (Figure 8(a)).
The PVP solution flowed down to the fiber generating sites
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Figure 7: Schematic illustration of the downward needleless electrospinning setup using a rotating roller spinneret [38].

(cone edge) along the cone surface under the gravity. When a
high voltage was applied and cone rotating speed was over
50 rpm, solution jets were generated from the cone edge
and stable electrospinning was performed. Compared to the
conventional needle system, this system produced fibers of
a similar quality with 1000 times larger production rate
(Figures 8(b) and 8(c)). When a higher applied voltage was
employed, more uniform nanofibers with smaller diameter
were obtained.

When the polymer solution is conveyed under the action
of gravity, the downward electrospinning becomes more
dependent on the solution properties (e.g., viscoelasticity
and surface tension) than that in the upward rotating elec-
trospinning.

4. Needleless Electrospinning Using
Stationary Spinnerets

Needleless electrospinning is heavily relied on the initiation
of jets from an open liquid surface. How to concentrate
electric forces on the solution surface where jets are expected
to generate is the key to a successful electrospinning process.
When stationary spinnerets are employed, conical spikes
are often created with the aid of an external force, such as
magnetic force, high pressure gas flow, and gravity. Figure 9
lists the stationary spinnerets reported.

In 2004, Yarin and Zussman [33] reported a needleless
electrospinning system that used a magnetic field to initiate

the jet formation. The setup comprised a bottom layer of
ferromagnetic fluid and an upper layer of polymer solution
(Figure 10(a)). When an external magnetic field was applied
to the fluid system and an electric field was added simul-
taneously to the polymer solution layer, the ferromagnetic
fluid triggered the formation of steady vertical spikes, which
perturbed at the interlayer interface. Under the action of
a strong electric field, these spikes were drawn into fine
solution jets (Figure 10(b)). Compared with the multineedle
electrospinning, the production rate of poly(ethylene oxide)
(PEO) nanofibers was 12 times higher. Nevertheless, the
electrospinning setup is complicated to build and nanofibers
electrospun are relatively coarse with a large diameter dis-
tribution.

Blowing gas into a polymer solution was also used to ini-
tiate jet formation from a flat open solution surface. Such an
electrospinning mode is also called “bubble electrospinning.”
During bubble electrospinning, when gas was introduced
into a solution reservoir and at the same time a high voltage
was applied, bubbles were then generated on the solution
surface. The gas bubbles made electric forces concentrate on
the bubble surface, where initiated the formation of multiple
jets [35]. The gas pressure, solution properties, and applied
voltage should have a considerable influence on the fiber
production rate. However, no details on the fiber properties
and productivity were provided.

Unlike the above-mentioned needleless electrospinning
systems that fibers are electrospun upward, some setups
produced nanofibers downward and in these cases the gravity
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Figure 8: (a) Schematic illustration of the rotary cone electrospinning setup (inset: SEM image of collected PVP nanofibers, rotational speed
of cone = 100 rpm, applied voltage = 30 kV, collecting distance = 20 cm, and solution throughput = 10 g/min), (b) diameter distribution of
needle electrospun fibers, and (c) diameter distribution of rotary cone electrospun fibers [39].

is utilized to assist in conveying the solution to the spinning
sites. Wang et al. [36] reported a conical coil spinneret that
functioned as both the solution container and fiber generator
(Figures 11(a) and 11(b)). When a high voltage was applied
to the wire coil, solution was stretched out from both the wire
surface and the gap between wires to form solution jets
(Figure 11(c)). This setup was able to work at up to 70 kV
without causing corona discharges. It can improve the elec-
trospinning productivity by 13 times and produce finer
nanofibers compared with the conventional needle electro-
spinning (Figure 11(d)). The only drawback of this electro-
spinning technique is the discontinuous fiber production.

In another setup reported by Thoppey et al. [37], a plate
with a certain horizontal angle was used for retaining the
spinning solution, and nanofibers were generated from the
plate edge (Figure 12(a)). In this work, the jet initiation was
observed. An electrically insulated reservoir connected with
one or more plastic pipettes was used to provide polymer
solution to the plate, wherein each pipette formed a solution
stream as a jet initiation site. Because of the high vis-
coelasticity, the polymer solution maintained its fluid shape
(Figure 12(b)). When it reached the plate edge, it formed
a neck (Figure 12(c)) and became elongated (Figure 12(d)).

Under the influence of strong applied electric field at the
plate edge, jet initiation happened (Figure 12(e)). The pro-
duction rate of this electrospinning was over 5 times higher
than that of the conventional needle electrospinning, even
using a single spinning site (one pipette). Nanofibers pro-
duced by this method had the same quality as those produced
by the conventional needle electrospinning at the same work-
ing conditions.

The utilization of gravity simplifies the needleless elec-
trospinning setups and this makes the devices easy to im-
plement. Because viscosity and surface tension are both im-
portant properties affecting the solution flow under the
gravity, they should have considerable influences on electro-
spinning process and fiber morphology.

Wu et al. [40] reported an upward needleless electrospin-
ning system using a stationary cylinder spinneret. It works in
a similar way to rotating spinnerets, except that the process
is performed discontinuously. PEO nanofibers produced by
this setup were reported to be more than 260 times larger in
the production rate than that of the conventional needle elec-
trospinning (0.02 g/h). It was proposed that “Taylor cones”
in this setup were formed on the surface of an open solution
surface by sucking up the solution from around. Since no
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polymer solution was further supplied to the generator, the
solution layer on the spinneret surface declined in thickness
gradually. As a consequence, the jet diameter reduced from
1.2 mm to 0.3 mm throughout the electrospinning process.

More recently, an aluminum bowl was used as a spinneret
to electrospin nanofibers (Figure 13(a)) [41]. The jet initi-
ation on the bowl surface was quite similar to that on the
needle electrospinning. Nanofibers generated from the edge
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Figure 10: (a) Magnetic-field-assisted needleless electrospinning setup and (b) multiple jets ejected toward the counterelectrode [33].
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[41].

of the bowel were deposited on a concentric cylindrical col-
lector (Figure 13(b)). When a high voltage was applied, the
solution on the bowel surface deformed immediately, form-
ing conelike protrusions at the bowel edge. A few seconds
later, solution jets were ejected from these protrusions.
Nanofibers produced by this electrospinning system exhib-
ited the same quality as those produced by conventional
needle electrospinning, but the production rate was about 40
times higher. Again, it is a discontinuous spinning process
and the fiber production stops once the solution level is
below the bowel edge.

5. Concluding Remarks

This paper introduces the recent development in needle-
less electrospinning spinnerets and the influences of spin-
nerets on fiber properties and the production rate. Indeed,
needleless spinnerets show great potential in electrospinning
nanofibers on large scales. Although diversely different spin-
nerets could be chosen for the mass production, they may
not be ideal and some of them still need further experimental
verification in terms of the ability to control the fiber quality
and electrospinning process. It still lacks an extensive under-
standing on how the polymer types and solution properties,
especially for those using organic solvent systems, affect the
electrospinning process and productivity.

Needleless electrospinning is still in infant stage. It still
remains a challenge to electrospin bicomponent nanofibers
using a needleless electrospinning spinneret. The control of
fiber morphology through using specific polymer, polymer
solution using a specific solvent, or the solution in a specific
state has not been demonstrated in needleless electrospin-
ning. It is expected that further development of needleless
electrospinning technology will make these happen. High-
quality, low-cost nanofibers will be electrospun needlelessly
on large scale and widely used in our daily life in the not far
future.
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We describe here the preparation of poly(caprolactone) (PCL)-chitin nanofibrous mats by electrospinning from a blended
solution of PCL and chitin dissolved in a cosolvent, 1,1,1,3,3,3-hexafluoro-2-propanol and trifluoroacetic acid. Scanning electron
microscopy showed that the neutralized PCL-chitin nanofibrous mats were morphologically stable, with a mean diameter of
340.5 ± 2.6 nm, compared with a diameter of 524.2 ± 12.1 nm for PCL mats. The nanofibrous mats showed decreased water
contact angles as the proportion of chitin increased. However, the tensile properties of nanofibrous mats containing 30 ∼ 50%
(wt/wt) chitin were enhanced compared with PCL-only mats. In vitro studies showed that the viability of human dermal fibroblasts
(HDFs) for up to 7 days in culture was higher on composite (OD value: 1.42± 0.09) than on PCL-only (0.51± 0.14) nanofibrous
mats, with viability correlated with chitin concentration. Together, our results suggest that PCL-chitin nanofibrous mats can be
used as an implantable substrate to modulate HDF viability in tissue engineering.

1. Introduction

Scaffold development is critical for the success of tissue
regeneration. Specifically, scaffolds should be composed
of biocompatible and biodegradable materials and exhibit
mechanical properties similar to those of target tissue [1, 2].
Moreover, the scaffold should have structural and chemical
properties closely mimicking those of the extracellular
matrix (ECM), allowing them to modulate appropriate
cellular behavior such as adhesion, migration, proliferation,
and differentiation [3–5].

Among existing methods for the fabrication of scaffolds,
electrospinning techniques provide unique benefits that sat-
isfy these crucial requirements, including simplicity in imi-
tating nanofibrous mats with three-dimensional nanoscaled
structures of native ECM and versatility in the choice of
biocompatible polymers [6–8]. In particular, various types of
nanofibrous mats can be fabricated from blends of synthetic
and natural polymers by a choice of suitable solvents.
As synthetic polymer, for examples, poly(caprolactone)
(PCL) can be modulated with respect to molecular weight,
degradation rate, and mechanical properties; however, they
lack specific recognition sites for cell, and therefore PCL

scaffolds often exhibit poor cell adhesion, migration, and
proliferation [9–13]. In contrast, the nanofibrous mats made
of natural polymers such as chitin offer several advan-
tages, including being nonimmunogenic, biocompatible, and
biodegradable, and possessing hemostatic properties. These
mats, however, have poor mechanical properties. In addition,
it is difficult to prepare nanofibrous forms of chitin, due
to its poor solubility in common organic solvents [14–
17]. Therefore, chitin/poly(glycolic acid) (PGA) nanofibrous
mats, prepared by blending in 1,1,1,3,3,3-hexafluoro-2-
propanol (HFP), have been investigated in the fabrication of
biodegradable, nanofibrous scaffolds for tissue engineering
[18]. Since native chitin is not readily dissolved in HFP,
nanofibrous forms are frequently prepared by high-dose
gamma irradiation for over 10 days to enhance its solubility
(to reduce its molar mass) [19]. This method, however, is
time consuming and expensive, indicating the need for an
easier, less-expensive, and energy-saving method to prepare
chitin solutions in the fabrication of a broad range of chitin
based nanofibers.

To solve these problems, we prepared a solution of
PCL and chitin dissolved in a solvent composed of HFP
and trifluoroacetic acid (TFA) within 2 days. And then
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PCL-chitin blended nanofibrous mats were fabricated using
electrospinning process. However, chitosan-based nanofibers
from TFA-based solvents lost their fibrous structure in
aqueous conditions and required neutralized process for
elimination of trifluoroacetate salts in nanofibers [15]. We
especially investigated morphological stability of nanofi-
brous mats in aqueous conditions before and after neutral-
ized process using sodium carbonate solution. And then,
we investigated the effect of chitin concentration on the
morphology, hydrophilicity, and mechanical properties of
the nanofibrous mats. We also evaluated the effect of chitin
content on the adhesion and proliferation of human dermal
fibroblasts (HDFs) on PCL-chitin nanofibrous mats.

2. Materials and Methods

2.1. Materials. PCL (molecular weight = 80,000), sodium
carbonate, and TFA were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Chitin (β-form, average molecular
weight = 612 kDa, deacetylation degree = 32.4%) was kindly
provided by ARABIO (Seoul, Korea). HFP (HPLC grade) was
from Tokyo Chemical Industry (Kita-Ku, Tokyo, Japan), and
ethanol (absolute for analysis) was from Merck (Darmstadt,
Germany). Dulbecco’s modified Eagle’s medium (DMEM)
with low glucose, Dulbecco’s phosphate-buffered saline
(DPBS), and 0.05% trypsin-EDTA were purchased from
Gibco BRL (Carlsbad, CA, USA), and fetal bovine serum
(FBS) and penicillin-streptomycin (PS) were from WelGene
Inc. (Daegu, Korea). Cell counting kit-8 (CCK-8) was
purchased from Dojindo Laboratories (Kumamoto, Japan),
and albumin Fraction V (from bovine blood, BSA) was from
Amersham/USB (Arlington Heights, IL, USA).

2.2. Viscosity of Polymeric Solutions. PCL 5% (wt/v) was
dissolved in HFP, and chitin 5% (wt/v) was dissolved in
HFP : TFA (volume ratio = 9 : 1) for 1 day. A series of
PCL : chitin blends with volume ration of 100 : 0, 70 : 30,
50 : 50, 30 : 70, and 0 : 100 (PCL, P7C3, P5C5, P3C7, and
chitin, resp.) were prepared by thorough stirring for 1 day.
The viscosity of each solution was determined using an AR
2000 EX rheometer (TA instrument, New Castle, DE, USA)
using a cone and plate geometry of 4 cm diameter and 1◦

cone angle. Each solution was injected into a rotational cone
and plate at a controlled shear rates, and the viscosity of each
was measured at 10◦C for 3 minutes with a constant shear
stress of 1 Pa.

2.3. Preparation of Nanofibrous Mats. Following the con-
ventional electrospinning procedure, each polymer solution
was injected from a syringe through a stainless-steel needle
using a syringe pump (KD Scientific, Holliston, MA, USA)
at 1 mL/hr. Using a high-voltage power supply (Wookyung
Tech, Incheon, Korea), 15 kV was applied between the
syringe needle and a grounded collector, with the latter
placed 15 cm below the tip of the needle to collect the na-
nofibers. The resulting nanofibrous mats were dried over-
night at room temperature.

2.4. Neutralized Treatments of Nanofibrous Mats. Chitin-
contained nanofibrous mats were neutralized to elimi-
nate trifluoroacetate salts for morphological stability of
nanofibers. After drying at room temperature, the P7C3,
P5C5, and P3C7 samples were soaked in 99.9% ethanol
for 30 minutes, neutralized by immersion in 0.1 M sodium
carbonate dissolved in 70% ethanol for 30 minutes, rinsed
sequentially with 50% ethanol and deionized water, and
lyophilized at −80◦C under vacuum (5 mTorr) for 1 day.
Without neutralized treatments, PCL samples were soaked
in 70% ethanol for 30 minutes, rinsed sequentially deionized
water, and lyophilized. Finally, the resulting all nanofibrous
mats were dried in vacuum at room temperature prior to
further characterization.

2.5. Morphological Characterization. To investigate of the
morphological stability nanofibers, nonneutralized and neu-
tralized P5C5 samples were incubated in 37◦C PBS buffer
solution for 3 hours, rinsed deionized water, and lyophilized.
The resulting samples were mounted onto stubs and coated
with gold using a sputter coater (Eiko IB3; Tokyo, Japan). The
morphology of the nanofibers was investigated using a MIRA
II field emission-scanning electron microscope (FE-SEM,
Tescan, Libusinatr, Czech Republic). Moreover, the neutral-
ized nanofibrous mats were compared with nonneutralized
samples to investigate morphological change of nanofibers
after neutralization process using the FE-SEM. And ten fields
from each image were selected, and the fiber diameters
were manually measured using a ruler generated within the
image analyzer (Image Pro-Plus; Media Cybernetics, Inc.,
MD, USA) and averaged.

2.6. Fourier Transform-Infrared Analysis. The chemical in-
tegrity of the nanofibrous mats was investigated by Fourier
transform-infrared (FTIR) spectroscopy (Tensor 27; Bruker
Optics, Ettlingen, Germany). About 5 mg of each sample was
cut into small pieces to prepare KBr discs, and FTIR spectra
from 4000 to 500 cm−1 were recorded.

2.7. Water Contact Angle. The hydrophilicity of the nanofi-
brous mats was assessed by a contact angle goniometer
(Phoenix 150; SEO, Seoul, Korea). Deionized water (5 μL)
was dropped onto the flat surface of mats, and the water
contact angle was calculated after stabilization for 5 seconds.

2.8. Tensile Properties of Nanofibrous Mats. The tensile prop-
erties of the nanofibrous mats were characterized using a
tabletop uniaxial testing machine (Instron 5567; Canton,
MA, USA) with a 10-N load cell under a crosshead speed of
1 mm/min and ambient conditions. All samples were fixed in
the form of a rectangle of dimensions 40 × 10 mm.

2.9. In Vitro Evaluation of Nanofibrous Mats. To study cellu-
lar responses to the nanofibrous mats, HDFs (MCTT, Seoul,
Korea) were cultured in DMEM supplemented with 10%
FBS and 1% PS under standard culture conditions (37◦C,
5% CO2). Circular nanofibrous mats (diameter: 15 mm)
prepared by punchingout were sterilized with 70% ethanol
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Figure 1: (a) Viscosity of 5% (wt/v) PCL, chitin and their blends with volume ratios of PCL : chitin of 100 : 0, 70 : 30, 50 : 50, and 30 : 70
(PCL, P7C3, P5C5, and P3C7 solutions, resp.). The viscosity of polymeric solutions was determined at 10◦C with constant shear stress of
1 Pa. SEM images of (b) nonneutralized and (c) neutralized P5G5 nanofibrous mats immersing in PBS at 37◦C for 3 hours. Scale bar is
10 μm.

and UV irradiation. HDFs (passage = 9) at approximately
70% confluency were enzymatically lifted using trypsin-
EDTA and seeded onto the mats at a density of 5 ×
103 cells/cm2. The viability of these HDFs was evaluated at 1,
4, and 7 days using CCK-8 assays. Cell-seeded nanofibrous
mats (n = 4) were rinsed with DPBS, and 100 μL CCK-8
solution was added to each sample. The optical density (OD)
of each sample was measured at 450 nm using a plate reader
(Spectra Max M2e; Molecular Devices, Sunnyvale, CA, USA).

At 1 and 7 days after seeding, HDFs cultured on
nanofibrous mats were incubated with Alexa Fluor 488
phalloidin (Invitrogen) and 4′,6-diamidino-2-phenylindole
(DAPI, Invitrogen) to stain for actin filaments and nuclei,
respectively. The cells were examined by confocal laser
scanning microscopy (CLSM, C1; Nikon Corp., Chiyoda-ku,
Japan).

2.10. Statistical Analysis. Quantitative data were obtained in
triplicate and are reported as means ± standard deviations,
where indicated. Statistical analyses were performed using a
one-way analysis of variation (ANOVA), followed by Tukey
HSD for multiple comparisons. A P value < 0.05 was
considered statistically significant.

3. Results and Discussion

In electrospinning process, viscosity of the polymer solutions
was critical in generating nanofibers with uniform diameter,
with lower viscosity associated with decreased fiber diam-
eter [20–22]. As preliminary experiment, we investigated
the viscosity of PCL, chitin, and their blended solutions
using a rheometer. We found that the viscosity of PCL
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Figure 2: Representative SEM images of (a) PCL nanofibrous mats, and neutralized PCL-chitin nanofibrous mats; (b) P7C3, (c) P5C5, and
(d) P3C7, respectively. Inset SEM images in smaller boxes show corresponding nonneutralized samples. Scale bar is 5 μm.

solution was 1267.27 ± 6.68 mPa·s, and the viscosity of
chitin solution was 163.83 ± 6.51 mPa·s, with the viscosity
of blended PCL-chitin solutions decreasing as the ratio
of chitin increased, with P7C3, P5C5 and P3C7 solutions
having viscosities of 661.72 ± 7.34, 531.88 ± 6.22, and
460.44 ± 9.43 mPa·s, respectively (Figure 1(a)). From these
preliminary results, we therefore prepared PCL and PCL-
chitin nanofibrous mats using the electrospinning method
(Figure 2). Under our fixed condition, chitin-only nanofibers
could not be generated due to the low viscosity of the chitin
solution.

For in vitro and vivo application of nanofibrous mats,
we examined their morphological stability of PCL-chitin
samples under aqueous conditions. SEM images of nonneu-
tralized P5C5 nanofibrous mats show that the nanofibrous
structure had collapsed due to hydrolysis or dissolution of
NH+

3 CF3COO− salt residues (by chitin dissolved in TFA)
within the nanofibers (Figure 1(b)) [23]. However, this
collapse was no longer observed at neutralized nanofibrous
mats (Figure 1(c)) after incubation in 37◦C PBS buffer
solution for 3 hours, suggesting the need for a neutralization
process, eliminating salt residues, to maintain the nanofi-
brous structure under aqueous conditions.

SEM images of PCL-chitin nanofibrous mats before and
after neutralization in 0.1 M sodium carbonate dissolved in
70% ethanol showed that, after neutralization, the nanofibers
maintained a uniform and interconnected nanofibrous
structure (Figure 2). These randomly oriented nanofibers

formed three-dimensional open pores that were homo-
geneously distributed throughout the structure. Although
this neutralization process seemed to have minimal effect
on the overall morphology of the fibers, neutralization
caused the fibers to make closer contact with each other
and resulted in a more deformed structure, particularly at
fiber-fiber junctions. Collectively, these results suggest that
PCL-chitin nanofibrous mats require neutralization and that
their reaction with sodium carbonate dissolved in ethanol
effectively prevented the rapid dissolution of chitin from
these nanofibrous mats.

To quantitatively analyze the effect of neutralization on
the morphology of nanofibers, we measured their average
diameters from SEM images. We found that the mean
diameter of PCL nanofibers was 524.2 ± 12.1 nm, and that
the mean diameters of blended nanofibers decreased as
the concentration of chitin increased (Table 1). Similarly,
the mean diameter of chitin/silk fibroin (SF) nanofibers
decreased from 920 to 340 nm, as the concentration of chitin
increased [24]. We also found that the average diameters of
PCL-chitin nanofibers increased slightly after neutralization,
for example, from 262.6 ± 15.9 nm to 341.8 ± 22.4 nm for
P5C5 nanofibers. This may be due to the presence of a
tiny amount of water, resulting in partial hydrolysis or the
dissolution of a soluble component during neutralization
[15, 25].

FTIR analysis of neutralized P5C5 nanofibrous mats
showed peaks at 2949, 2865, and 1720 cm−1, characteristic of
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Figure 3: FTIR analysis of (a) raw material and P5C5 nanofibrous mats and (b) PCL, and neutralized PCL-chitin nanofibrous mats.
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neutralized PCL-chitin nanofibrous mats. Deionized water (5 μL)
was dropped onto the flat surface of mats, and the contact angle
was calculated after stabilization for 5 seconds.

Table 1: Average fiber diameters of PCL and PCL-chitin composite
nanofibers N = 50.

Sample
Before After

Neutralization (nm) Neutralization (nm)

PCL 524.2± 12.1 —

P7C3 263.4± 16.4 337.5± 19.4

P5C5 262.6± 15.9 341.8± 22.4

P3C7 258.8± 19.7 342.4± 21.6

asymmetric and symmetric stretching of CH2 and carbonyl
stretching of PCL (Figure 3(a)), as well as peaks at 3479 (OH
stretching), 1656, 1556, and 1314 (amides I, II, and III) cm−1

characteristic of raw chitin [16]. All samples showed the
peaks characteristic of PCL (Figure 3(b)), with the relative
intensity of peaks characteristic of chitin characteristic (e.g.,
amide I, II, and III) increasing as the concentration of chitin
increased.
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Figure 5: Mechanical properties of PCL and neutralized PCL-chitin nanofibrous mats; (a) Young’s modulus, (b) elongation, and (c) tensile
strength.

When we assessed the water contact angles of PCL and
neutralized PCL-chitin nanofibrous mats, we found that the
PCL samples were moderately hydrophobic with a contact
angle of 127.6 ± 5.1◦ (Figure 4). Incorporation of chitin
increased the hydrophilicity of the nanofibrous mats, with
contact angles of P7C3, P5C5, and P3C7 decreasing to
94.4 ± 6.6, 81.6 ± 3.7, and 76.1 ± 7.5◦, respectively, due
to the increased presence of hydrophilic functional groups,
such as hydroxy and amide groups, in chitin. This result
indicates that homogeneously mixed chitin and PCL results
in hydrophilic nanofibrous mats, with the hydrophilicity
easily modulated by adjusting the amount of chitin.

We also measured the Young’s modulus, elongation at
break, and tensile strength of the nanofibrous mats using a
uniaxial testing machine (Figure 5). We found that PCL-only
samples had a Young’s modulus of 0.8± 0.1 MPa, an elonga-
tion of 94.4± 7.9%, and a tensile strength of 15.4± 2.3 MPa.
In comparison, the mechanical properties of PCL-chitin
blended nanofibrous mats were enhanced, with P7C3, P5C5,
and P3C7 fibers having Young’s modulus of 1.9±0.2, 1.3±0.2,
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Figure 6: The viability of human dermal fibroblasts (HDFs) on PCL
and PCL-chitin nanofibrous mats during 7 days.
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Figure 7: CLSM images of HDFs on PCL and PCL-chitin nanofibrous mats after 7 days of cultivation (scale bear is 100 μm). CLSM images
of HDFs on (a) PCL, (b) P7C3, and (c) P5C5 nanofibrous mats on day 1, respectively. And HDFs on (d) PCL, (e) P7C3, and (f) P5C5
nanofibrous mats on day 7, respectively. Cell nuclei (blue) and actin filaments (green) were stained by DAPI and Alexa Fluor 488 phalloidin.
Scale bar is 100 μm.

and 0.3 ± 0.1 MPa, respectively, elongations of 121.7 ± 6.7,
86.1±4.7, and 41.9±11.4%, respectively, and tensile strengths
of 64.7±2.8, 34.1±6.8, and 14.1±1.3 MPa, respectively. The
enhanced tensile properties of PCL-chitin nanofibrous mats
containing 30 ∼ 50% (v/v) chitin may be due to chitin acting
as a rigid filler, with favorable compatibility with PCL only
within a certain concentration range. Thus, 30% (v/v) may
be the maximum chitin concentration for reinforcing the
mechanical properties of nanofibrous mats. The mechanical
properties of PCL-chitin nanofibrous mats may be within
clinically relevant ranges for the regeneration of human skin,
since human skin has a Young’s modulus of 83.3± 34.9 MPa,
a tensile strength of 21.6 ± 8.4 MPa, and an elongation of
54.0± 17.0% [26, 27].

The appropriate method to measure the mechanical
properties of nanofibrous mats is unclear because their
average diameters, the direction of individual fibers, and
their junctions/bonding may alter the results. Although our
results are in part sufficient to show the bulk properties of
nanofibrous mats, it seemed to be an optimum blending
ratio (30 ∼ 50% chitin to PCL) of PCL-chitin nanofibrous
mats.

We therefore investigated the proliferation of HDFs on
PCL and neutralized PCL-chitin nanofibrous mats using the
CCK-8 assay. As shown in Figure 6, we found that the OD

values of PCL, P7C3, and P5C5 nanofibrous mats were 0.11±
0.04, 0.42 ± 0.14, and 0.46 ± 0.17, respectively, after 1 day
of culture. From day 1 to 4, the OD values of these groups
increased as the chitin concentration increased, indicating
that cell proliferation increased with chitin concentration.
On day 7, the OD value of P5C5 groups (1.42 ± 0.09)
was higher than for PCL (0.51 ± 0.14) and P7C3 (0.94 ±
0.12). HDFs cultured on P7C3 and P5C5 nanofibrous mats
exhibited greater proliferation than cells cultured on PCL
mats for up to 7 days, suggesting that the hydrophilic
functional group of chitin may contribute to proliferation.
Similarly, HDFs and normal human epidermal keratinocytes
cultured on chitin-containing nanofibrous mats have higher
viability than those cultured on synthetic polymers only due
to the presence of biofunctional groups in chitin [24].

We confirmed the effects of chitin concentration in
nanofibrous mats on the proliferation of cultured HDFs
using immune fluorescence staining. HDFs cultured on PCL-
chitin nanofibrous mats for 1 day showed a more spread-
out morphology and stable adhesion compared with the
round shape of cells cultured on PCL alone (Figures 7(b)
and 7(c)). Moreover, cells cultured on blended nanofibrous
mats were at much higher density with mature formation of
actin filaments. On day 7, HDFs cultured on PCL nanofi-
brous mats (Figure 7(d)) had thinner spindle morphology
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than cells cultured on PCL-chitin samples. These cellular
morphologies correlated with results of cellular viability
(Figure 6). The enhanced cellular adhesion and proliferation
on nanofibrous mats incorporating chitin may be due to the
presence in chitin of hydrophilic functional groups, such as
hydroxy and amide groups [16, 28, 29]; these hydrophilic
groups have superior binding affinity compared with PCL
alone, which shows poor cell adhesion and proliferation
[12]. Our in vitro results indicate that alterations of chitin
concentration in chitin-incorporating nanofibrous mats can
modulate the proliferation of HDFs. These chitin-containing
nanofibrous mats may induce more rapid HDF proliferation
through stable adhesion and may have potential applications
in tissue engineering.

4. Conclusion

We have described the preparation of PCL-chitin nanofi-
brous mats by electrospinning from a solution of PCL
and chitin dissolved in a cosolvent of HFP and TFA.
These blended nanofibrous mats showed greater morpho-
logical stability in aqueous condition after than before
neutralization. Alterations in chitin concentration altered the
hydrophilicity and tensile properties of PCL-chitin nanofi-
brous mats, factors crucial in their use as implantable
substrates for in vitro culture of cells, as well as modulat-
ing the adhesion and proliferation of HDFs. Collectively,
nanofibrous mats incorporating chitin may hold promise
as functional nanofibrous scaffolds, which, in combination
with therapeutic drugs, cytokines and peptides, may act
as implants to control biological functions during tissue
regeneration.
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Department of Textiles, Ghent University, Technologiepark 907, 9052 Ghent, Belgium

Correspondence should be addressed to Karen De Clerck, karen.declerck@ugent.be

Received 14 December 2011; Accepted 16 February 2012

Academic Editor: Tong Lin

Copyright © 2012 Bert De Schoenmaker et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

The aliphatic polyamide 4.6 (PA 4.6) has unique properties compared to the commonly used polyamides 6 (PA 6) and 6.6 (PA 6.6).
The purpose of this paper is to produce uniform and reproducible nanofibrous PA 4.6 structures. Therefore, a mixture of the sol-
vent formic acid and the nonsolvent acetic acid is used to dissolve and electrospin the PA 4.6. First the steady-state behaviour of the
process and the boundary limits of the solution parameters needed for steady-state electrospinning are investigated. Subsequently,
the effect of several solution and process parameters on the fibre morphology is examined, using microscopic techniques and ther-
mal analysis. The polyamide concentration is found to be the dominant parameter affecting the fibre diameter and morphology.
Furthermore, tensile tests are performed on upscaled nanofibrous structures and electrospun under optimised steady-state condi-
tions. It is shown that the PA 4.6 nanofibrous structures, compared to nanofibrous nonwovens of PA 6 and PA 6.6, have a higher
stress and strain at break.

1. Introduction
Nanofibres, with a fibre diameter smaller than 500 nm, offer
major potentials through specific and unique characteristics.
Nanofibres have a high specific surface, small pore sizes,
and high porosity [1]. Furthermore, nanofibrous structures
also have a low surface roughness [2], a superior mechanical
performance [3], a high liquid absorption capacity [4], and
higher wicking rates [5]. Thanks to this variety in properties,
many applications are possible. Nanofibrous mats are used in
biomedical applications [6, 7] such as prostheses, tissue tem-
plates [8], wound dressings [9], and drug release systems. As
filter efficiency is directly related with the fibre fineness, fil-
tration is yet another promising application [10, 11]. The ele-
ctrospun nanofibres can also be applied in protective cloth-
ing [12], in composites [13, 14], and in electrical and optical
devices [15].

Nanofibres can be produced by a wide range of methods
[16], but the most promising method to obtain uniform
nanofibrous structures with a narrow fibre distribution is
nozzle solvent electrospinning [17]. In this method the poly-
mer solution is pumped from a closed reservoir through a

nozzle in an electric field. Due to this electric field and the
intrinsic charges of the solution, the polymer jet bends, stre-
tches, and splits, resulting in a nanofibrous nonwoven. The
nozzle-electrospun method has a significant lower nanofibre
distribution compared to the bubble electrospinning [18, 19]
or nozzle free electrospinning methods [20, 21].

To produce nanofibres in a reproducible way on a larger
industrial scale, it is absolutely necessary that the proper-
ties of the nanofibrous nonwoven are constantly guaranteed.
Electrospinning, under steady-state conditions [5, 22, 23],
guarantees this key prerequisite as it is essential in nozzle ele-
ctrospinning to obtain a stable production process that fab-
ricates a uniform reproducible nonwoven. Three conditions
have to be fulfilled. All the amount of polymer brought in the
electric field per time unit is to be deposited as nanofibres on
the collector plate per time unit, the Taylor cone is stable as a
function of time, and the nanofibres have to be deposited on
a well-defined area below the nozzle. Thanks to these steady-
state conditions, frequently observed electrospinning prob-
lems can be avoided, such as clogging, drops, beads, or het-
erogeneity in the thickness of the nonwoven.
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Polyamide (PA) 4.6 is an aliphatic polyamide which has
attractive properties compared to PA 6 and PA 6.6. This poly-
mer has a higher melting temperature (290◦C) and a higher
crystallinity (60–70%) compared to other polyamides [24,
25] thanks to its highly symmetrical molecular structure and
high amount of amide groups per unit of chain length. More-
over, PA 4.6 also has excellent mechanical properties particu-
larly at high temperatures such as high stiffness, good tough-
ness, and high creep resistance [25, 26]. In addition, PA 4.6
absorbs more water than the other polyamides, even though
it has a higher crystallinity [26]. Most of these properties
offer advantages for nanofibre applications: the high hydrop-
hilicity for filtration and the better mechanical properties for
composites [27].

Literature on electrospinning of PA 4.6 is very confined
[13, 27, 28]. Moreover, none of the articles report on the
stability of the process nor on the influence of the electro-
spinning parameters on the fibre morphology. With the pro-
cess stability being a crucial parameter for future potentials,
the present paper focuses on the steady-state electrospinning
of PA 4.6. Therefore PA 4.6 is dissolved in mixtures of the
solvent formic acid and the nonsolvent acetic acid. Starting
from this solvent mixture a steady-state table is composed,
which summarizes the combinations of solvent ratios and
polyamide concentrations that can be electrospun without
irregularities. An understanding of the boundary conditions
for steady-state electrospinning allows for reproducible
sample preparations needed for a reliable fibre morphology
analysis. Such fibre morphology information may in return
provide more insight into the driving forces of the steady-
state behaviour. Thus the second part of the paper focuses
on the fibre morphology, by scanning electron microscopy
(SEM) and differential scanning calorimetry (DSC), of the
steady-state spun nanofibres with varying parameters within
the steady-state window. Finally the mechanical behaviour
of the PA 4.6 nanofibrous nonwovens is investigated and
compared with PA 6 and PA 6.6 nanofibrous nonwovens.

2. Materials and Methods

PA 4.6 (Mw: 80,000), PA 6 (Mw: 50,000), PA 6.6 (Mw:
60,000), 98–100 v% formic acid and 99,8 v% acetic acid were
obtained from Sigma-Aldrich and used as received. The elec-
trospinning solutions were prepared by dissolving different
polyamide concentrations in various ratios of formic acid
and acetic acid and gently stirred overnight.

Prior to electrospinning the viscosity and conductivity of
the electrospinning solutions were examined using a Brook-
field viscometer LVDV-II and a CDM210 conductivity meter
of Radiometer Analytical, respectively.

The mononozzle electrospinning setup comprised a high
voltage source (Glassman High Voltage Series EH30P3), an
infusion pump (KD Scientific Syringe Pump Series 100), a
20 mL syringe (Henke SassWolf), and a grounded collec-
tor plate. The polymer solution was pumped through a
15.24 cm-long needle (Sigma Aldrich), with an inner diame-
ter of 1.024 mm, in the electric field. The tip-to-collector dis-
tance was adjusted through a laboratory jack. A potential

difference was set between the tip of the needle and the
grounded collector plate. The electrospinning room was
conditioned at a temperature of 23◦C and a relative humidity
of 50%.

The steady-state behaviour is represented in a steady-
state table. The columns represent the percentage acetic acid
and the rows respresents the PA 4.6 concentration. The
tip-to-collector distance (TCD) and flow rate were fixed at
10 cm and 2 mL/h, respectively, since these parameter values
resulted in a broad steady-state window. The applied voltage
was varied and optimised to obtain uniform, reproducible
nanofibrous structures. Typically a range of 5 kV allowed for
steady-state conditions with the lower limit shown in the
table. Such a steady-state table consists of three regions: one
region for which the pellets are not dissolved, one for which
the pellets are dissolved but still the solution is not electro-
spinnable, and the most important region, the steady-state
window, for which all the requirements are fulfilled to obtain
uniform nanofibrous structures.

The samples used for the tensile tests were produced on a
multinozzle setup, based on in-house developed technology
and described elsewhere [29]. The multinozzle method
mainly diverges from the mononozzle setup by the number
of nozzles, with the general methodology remaining the
same. Nozzles, each fed by a syringe, were fixed in alternating
rows and moved in the width direction. Meanwhile, a collect-
or was moving in the production (or length) direction. This
multinozzle setup delivered nanofibrous nonwovens suffici-
ently large and reproducible to allow for a large set of tensile
test samples.

The morphology of the electrospun nanofibres was
examined using an SEM, Joel Quanta 200 F FE-SEM. Prior
to SEM analysis, the samples were coated with gold, using a
sputter coater (Balzers Union SKD 030). The average fibre
diameter and their standard deviations were based on 50
measurements, using CellD software from Olympus.

The analysis of the thermal behaviour was performed
by DSC, using a Q2000 from TA Instruments. Samples of
2 ± 0.2 mg were placed in appropriate sealed standard Tzero
aluminium pans. The experiments were performed from 0
to 325◦C, with a heating rate of 10◦C/min, under a constant
nitrogen flow of 50 mL/min. The results were analyzed using
the TA Universal Analysis software package.

The tensile tests, using a Favimat (Textechno), are exe-
cuted on samples prepared by the multi-nozzle production
method as to obtain large enough samples that allow proper
testing. All experiments were run in the direction perpen-
dicular to the production direction (cross-direction). Testing
of the samples parallel to the production direction resulted
sometimes in a delamination effect leading to possible erron-
eous interpretation of the tensile tests. As delamination did
not occur in the cross-direction, this direction was chosen
for further testing of all samples. For each polyamide type 80
samples of 4 by 30 mm were tested. The gauge length and test
speed were 20 mm and 20 mm/min, respectively. The proper-
ties of the three nanofibrous nonwovens are given in Table 1.
Three nanofibrous samples of 10 cm by 10 cm were weighted
to calculate the average grammage of the different nanofi-
brous structures. The porosity was theoretically determined
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Table 1: Properties of the various nanofibrous structures.

Type PA
Grammage

[g/m2]
Nanofibre diameter

[nm]
Porosity

[%]

PA 4.6 50 203± 18 90.02

PA 6 49 160± 15 90.24

PA 6.6 54 143± 29 92.25

Table 2: Steady-state table, showing the steady-state window for
which the lower limits of the required voltage (kV) are given to
obtain steady-state behaviour. TCD: 10 cm, flow rate: 2 mL/h.
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out of the density of the nonwovens and their respective bulk
density.

3. Results and Discussion

3.1. Steady-State Window. Formic acid and acetic acid are
used as solvents for electrospinning PA 4.6 since mixtures
of both acids were advantageous for other polyamides [22,
30, 31]. Although acetic acid is not a solvent for PA 4.6, it is
added to stabilize the electrospinning solutions [32]. With-
out the nonsolvent acetic acid the solution properties of the
overall solution are not suitable to electrospin PA 4.6 in a
broad parameter window [22, 30].

Within the steady-state table, Table 2, three regions are
distinguished. For the light grey area and the dark grey area,
combined as one region, all polymer is dissolved but no uni-
form nanofibres can yet be produced. In this region the main
amount of polymer is deposited as drops and beads on the
collector plate, and only a few fibres are formed. The viscosity
is the key parameter in this phenomenon with the viscosity
being too small for the light grey area and too high for the
dark grey area. Table 3 shows that the viscosity increases
with increasing polymer concentration, from 137 mPa·s for
8 wt% PA 4.6 to 2165 mPa·s for 18 wt% PA 4.6. On the
other hand, this increasing polymer concentration does not
strongly affect the conductivity of the electrospinning solu-
tions, (see Table 3). The region enclosing the black area is
characterized by an incomplete dissolubility of the polymer
due to the high amount of acetic acid.

The region enclosing the white area, or the steady-state
window, as within this window, where very uniform and rep-
roducible nanofibres are obtained, without any irregularity,

Table 3: The measured viscosity and conductivity for different PA
4.6 solutions.

Concentration PA
4.6 (wt%)

Concentration
acetic acid (v%)

Viscosity
(mPa·s)

Conductivity
(mS/cm)

8 50 137 0.646
10 50 278 0.677
12 50 517 0.676
14 50 916 0.663
16 50 1434 0.621
18 50 2165 0.625
14 0 913 3.405
14 10 986 2.787
14 20 885 2.021
14 30 811 1.391
14 40 998 0.976
14 60 852 0.389

is the area of interest. For these solutions a set of process con-
ditions can be found that allow for the steady-state electro-
spinning of nanofibres. With the TCD and flow rate set at
fixed values, the applied voltage was varied to obtain steady-
state behaviour. The boundary PA 4.6 concentration limits
are altered with the solvent ratio, mainly due to a combined
effect of viscosity, surface tension, and conductivity varia-
tions of the resultant solutions. Indeed a variation in solvent
ratio mainly results in a variation in conductivity whereas a
variation in polymer concentration is mainly observed in the
viscosity, Table 3, in agreement with literature [33].

Overall, the required applied voltage decreases with in-
creasing amount of acetic acid and with increasing polymer
concentration. For a constant polymer concentration a varia-
tion in formic acid/acetic acid ratio results in relevant
changes in electric properties of the solvent mixtures, since
formic acid and acetic acid have dielectric constants of 57.2
and 6.6, respectively, [34] and conductivities of 157 µS/cm
and 0 µS/cm, respectively [30]. These results show that the
required applied voltage decreases with a decreasing dielec-
tric constant and conductivity. For a constant solvent ratio
the variations in required applied voltage are less explicit
with varying polymer concentration, which is in agreement
with the constant conductivity of Table 3.

In literature polyamides are frequently electrospun from
a pure formic acid solution [35, 36]; however, Table 2 clearly
shows that adding the nonsolvent acetic acid substantially
broadens the polymer concentration range. It allows for an
increased process stability window. This broad stability win-
dow offers the possibility to study the fibre morphology with
varying electrospinning parameters, as a set of reproducible
steady-state samples can be compared. Thus not only a fibre
characterisation but also more insight into the driving forces
of the steady-state behaviour is aimed.

3.2. Fibre Morphology as a Function of

Electrospinning Parameters

3.2.1. Polymer Concentration. A fixed ratio of 50 v% formic
acid and 50 v% acetic acid was chosen to investigate the
influence of the PA 4.6 concentration on the average fibre
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Figure 1: SEM images of different polymer concentrations: 6 wt% (a), 8 wt% (b), 10 wt% (c), 12 wt% (d), 14 wt% (e), 16 wt% (f), and
18 wt% (g). TCD: 10 cm and flow rate: 2 mL/h.
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Figure 2: Influence of the PA 4.6 concentration on the average fibre
diameter.

diameter. SEM images (Figure 1) illustrate that all studied
nanofibres are characterised by smooth uniform surfaces.
Although the concentrations below 11 wt% did not allow for
steady-state electrospinning, they could be electrospun for
a shorter time in a stable manner. It is important to keep
in mind that these lower concentrations are not electrospun
under steady-state conditions, and some irregularities may
thus appear. Figure 2 clearly shows that the nanofibre diame-
ter increases with increasing polymer concentration, follow-
ing an overall exponential trend.

The fibre distribution is not influenced by the polymer
concentration, being typically around 15% for all samples.
This demonstrates that the nozzle solvent electrospinning
technology allows production of high-quality nanofibrous

PA 4.6 structures with a narrow fibre diameter distribution.
It has to be emphasised that such small distributions are dif-
ficult to reach with other electrospinning methods [37, 38].
Even the appearance of drops in the first three nanofibrous
nonwovens (6 to 10 wt%) has no significant influence on this
fibre diameter distribution.

It is clear that the polymer concentration is an ideal
parameter to tune the required fibre diameter. However a key
prerequisite is the proper use of the mixture of the solvent
formic acid and the nonsolvent acetic acid as this broadens
the range of polymer concentration that can be electrospun
under steady-state conditions.

3.2.2. Solvent Ratio. The polymer concentration is fixed at
12 wt% to investigate the influence of the amount of nonsol-
vent acetic acid on the fibre morphology. This allows to com-
pare samples well within the steady-state window and on
the border or outside the steady-state window. The 20% and
30% acetic acid mixtures did not fulfil the steady-state condi-
tions, as the Taylor cone was not stable in time. To minimise
the nonsteady-state behaviour and drop formation, a voltage
of 30 kV was applied. SEM images (Figure 3) illustrate that
although some very small drops are still present, it is yet pos-
sible to assign a characteristic average fibre diameter to these
nanofibrous nonwovens. A voltage of 30 kV was also applied
to the other solvent mixtures as to keep this parameter cons-
tant, and it did allow for steady-state electrospinning at these
higher acetic acid concentrations.

For the lower concentrations of acetic acid, below the
limits of the steady-state window, the average fibre diameter
is significantly smaller than for the higher concentrations of
acetic acid (Figure 4). This might be attributed to the amount
of irregularities in these structures; however this does not
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Figure 3: SEM images of 12 wt% PA 4.6 electrospun from a formic
acid/acetic acid solution with 20 v% acetic acid (a) and 30 v% acetic
acid (b).
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Figure 4: Influence of the percentage acetic acid on the average fibre
diameter.

clarify the small fibre diameter distribution. Moreover, also
within the steady-state window a small decrease of the fibre
diameter is observed. A decreased acetic acid concentration
results in an increased dielectric constant and conductivity
which affect the electrospinning process. An increased dielec-
tric constant and conductivity, and thus increased Coulom-
bic repulsion forces and electrostatic forces, lead to an in-
creased bending, splitting, and stretching and thus to finer
fibres. This is in agreement with similar findings for various
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Figure 5: Influence of the flow rate on the average fibre diameter
and standard deviation.

polymer-solvent combinations [39, 40]. Thus, although low-
er percentages of acetic acid allow for finer fibres, a mini-
mal amount is needed to obtain reproducible high-quality
nanofibrous nonwovens. Moreover, within the steady-state
window the polymer concentration is a more appropriate pa-
rameter to tune the fibre diameter.

3.2.3. Process Parameters. To study the effect of flow rate,
applied voltage, and TCD the 14 wt% PA 4.6 in a mixture
of 50 v% formic acid and 50 v% acetic acid was chosen.
While varying one of these process parameters, the other two
parameters were set at fixed values, a flow rate of 2 mL/h, an
applied voltage of 27.5 kV and a TCD of 10 cm. The flow rate
only had a very minor effect on the average fibre diameter.
With increasing flow rate, an initial increment in average
fibre diameter is followed by a decrement (Figure 5). The
increased fibre diameter is caused by the greater solution vol-
ume that is drawn from the needle tip. Due to the increasing
amount of charges with an increasing flow rate, there are
limits to this increase in the fibre diameter [17]. The effect on
standard deviation is larger with it reaching a maximum at
the maximum fibre diameter. This may possibly be assigned
to a change in the dominant driving mechanisms (stretching
versus splitting) during the fibre formation process.

The applied voltage was studied over a range from
12.5 kV to 30 kV, for both a flow rate of 2 mL/h and 4 mL/h.
It is important to realise that below 20 kV, no stable Taylor
cone could be obtained for longer times. Although relatively
drop-free samples could be obtained with an initial stable
Taylor cone, some smaller fibrils or “branches” appear
(Figure 6(a)). Overall the fibre diameter increases with
increased voltage, with a somewhat stepwise increase once
the voltage has reached the minimum for steady-state
conditions [41], Figure 7. For a higher flow rate, the applied
voltage to obtain steady-state has to be slightly higher, as
shown in Figure 7. For 4 mL/h the stepwise increase shifted
to a slightly higher applied voltage compared to 2 mL/h. Due
to the higher applied voltage the time to stretch the fibres is
smaller, resulting in thicker nanofibres. Moreover, Figure 7
indicates that the steady-state window differs by changing
the flow rate. Within the steady-state region the effect is
only minor. The flow rate only shows a minor effect in
agreement with the results in Figure 5, except for the 20 kV
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Figure 6: SEM images of different applied voltages: 12.5 kV (a), 17.5 kV (b), 22.5 kV (c) and 27.5 kV (d).

0
50

100
150
200
250
300
350
400

0 5 10 15 20 25 30 35

A
ve

ra
ge

 fi
br

e 
di

am
et

er
 (

n
m

)

Applied voltage (kV)

Figure 7: Influence of the applied voltage on the average fibre dia-
meter for two flow rates: (�) 2 mL/h and (�) 4 mL/h.

sample for which a larger difference in fibre diameter with
flow rate is observed. This is likely to be attributed to a
slight difference in the minimal required voltage to reach
steady-state conditions at these two different flow rates.

The third investigated process parameter was the TCD
(Figure 8). For a TCD above 13 cm the stability of the Taylor
cone was no longer guaranteed although the SEM images
did not show major irregularities. Well within the steady-
state window (a TCD below 13 cm) only minor variations are
observed in the fibre diameter. This is in line with the minor
variation in fibre diameter with varying applied voltage as
both the applied voltage and the TCD are related through
the field strength. Exceeding the TCD above the limits (above
15) for steady-state conditions results in a decrease in fibre
diameter. This is in line with the decrease in fibre diameter
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Figure 8: Influence of the tip-to-collector distance on the average
fibre diameter.

with an applied voltage below the limits for steady-state
(Figure 7).

Thus within the steady-state window all studied process
parameters only have a minor effect on the fibre diameter
and morphology compared to the solution parameters. They
are, however, very important and need to be well chosen
as to reach steady-state conditions. Indeed electrospinning
under process conditions out of the steady-state window does
result in significant variations in fibre diameter and more
importantly in less reproducible samples.

3.3. Thermal Analysis. Differential scanning calorimetry on
the electrospun nanofibrous structures shows a multiple
melting behaviour with two dominant peaks at 285◦C and
at 289◦C to 293◦C (Figure 9). An increased concentration of
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Figure 9: Melting behaviour of nanofibres electrospun with differ-
ent solvent ratios. The fraction acetic acid increases from 20 v% to
60 v%.

acetic acid results in a shift of the melting profile to lower
temperatures with this being most explicit for the high-
temperature melting peak. Also a relative decrease of the
high-temperature melting transition in favour of the low
temperature melting transition is to be observed. Moreover
the fibres electrospun at higher concentration acetic acid
show a small recrystallization exotherm before the melting
profile which is no longer visible for the lowest acetic acid
concentration. Indeed, the larger diameters with the higher
acetic acid concentration support a lower stretching of the
fibres, in line with the higher amount of less stable crystal
phase as suggested by the DSC results. This shows that an
increasing concentration acetic acid not only increases the
fibre diameter but also changes the crystal morphology. The
changes in the morphology are not to be attributed to a
degradation since the second heating runs nicely overlap for
all samples. Thus the observed variations in the fibre and cry-
stal morphology are a consequence of the concentration of
acetic acid. These changes in the crystal morphology, related
to the fibre diameter, are in line with our previous findings
for PA 6.9 [30] and PA 6 [31], in which the results for the
effect of polymer concentration were described.

3.4. Tensile Tests. The mechanical properties of the PA 4.6
nanofibrous nonwovens are compared to those of PA 6 and
PA 6.6, the two most frequently used polyamides. Figure 10
clearly shows that PA 4.6 nanofibrous nonwovens have the
highest strain and tensile strength at break. PA 4.6 is known
to offer superior mechanical properties compared to PA 6 or
PA 6.6 [24, 25]. These superior mechanical properties also
show for the nanofibrous samples with its substantial higher
stress and strain at break. The original modulus of the PA
4.6 nanofibrous structures is however somewhat lower com-
pared to the PA 6 and PA 6.6 samples. This is in line with liter-
ature on melt extrusion in which also lower moduli are
obtained than expected from the material properties [24].
This may indicate that the orientation and crystal morphol-
ogy induced during the electrospinning process affect the
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Figure 10: Stress-strain curves of PA 4.6 (�), PA 6.6 (•), and PA 6
(�) nanofibrous nonwovens, in cross-direction.

final mechanical properties. This is to be taken into account
for future more detailed studies in combination with the ef-
fect of web structure on the mechanical properties.

4. Conclusion

The present research discusses the steady-state conditions for
the electrospinning of PA 4.6 from a solvent mixture contain-
ing the solvent formic acid and the nonsolvent acetic acid.

The steady-state window revealed that a minimal concen-
tration of nonsolvent acetic acid is needed to obtain steady-
state electrospinning. Solutions with a concentration of
50 v% acetic acid lead to the broadest polymer concentration
range and still allow for steady-state spinning.

Moreover the fibre morphology variations with electro-
spinning parameters are studied. The polymer concentration
is assigned to be the key parameter to tune the fibre diameter.
The percentage of nonsolvent acetic acid in the solutions as
well as the process parameters are essential to reach steady-
state. Within the steady-state window these parameters only
have a minor effect on the fibre morphology. However, out-
side the steady-state window they do substantially affect the
fibre morphology and also lead to irregularities.

DSC shows not only the fibre morphology, with diameter
as key parameter, to be affected by the solution parameters
but also the polymer crystal morphology.

The tensile tests confirm that the PA 4.6 nanofibrous
nonwovens have a higher tensile strength and strain at break
than the tested PA 6 and PA 6.6 nonwovens.
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Carbon nanofibers (CNFs) have shown great potentials for development of micro-/nanodevices for neural interfaces due to their
suitable properties, such as chemical stability, good electrical conductivity, ultramicro size with low electrical impedance, 3D
structures with high surface-to-volume ratio, and long-term biocompatibility. In this paper, we review the applications of CNFs
as neural-electrical interfaces and neural-chemical interfaces for neural recording and stimulation, electroconductive nanofibrous
scaffolds for nerve tissue engineering, drug and gene delivery, and neurochemical sensing. The CNFs-based micro-/nanodevices
provide new platforms to fine-tune electrical and chemical cues of neurons at subcellular nanoscale, which can be used for both
fundamental studies of material-cell interactions and the development of chronically stable, implantable neural interface devices.
Further development of this technology may potentially enable a highly multiplex closed-loop system with multifunctions for
neuromodulation and neuroprostheses.

1. Introduction

In the past decade, nanotechnology has attracted so much
attention and various nanomaterials and nanostructures
have been developed, including quantum dots [1], nano-
fibers and nanotubes [2], nanowires [3, 4], and nanobelts
[5]. These nanomaterials are of particular interest to neuro-
science society because they can realize electrical and chem-
ical communications with nervous system at micro- and
nanoscale. Applications of nanostructures to neuroscience
rapidly and widely expand from molecular imaging [6], scaf-
folds for neural regeneration [7], to neural interfaces [8, 9].

Neural interfaces create links and allow communications
between the nervous system and the outside world by out-
puts of neural electrical and chemical signals for monitoring
neural activities, inputs of neurostimulation and intracellular
delivery of chemicals for modulating neural activities or
outputs and inputs with feedbacks [10]. Neural interfaces
have been used to record neural signals and treat or assist the

patients with diseases or disabilities of neural function [11,
12]. Among these, electrical and chemical neural interfaces
are widely used to input electrical and chemical stimulation
to special part of the central or peripheral nervous system
to help restore sensory processing or to improve function
by modulating neural activities, and they are also used to
record the electrical potentials or detect neural-chemicals to
monitor ongoing neural activities. Micro-/nanodevices are
designed and fabricated for electrical and chemical neural
interfaces. In the conventional technologies for neural inter-
faces, metal and semiconductor bulk materials are common-
ly used.

Compared with the conventional technologies, car-
bon nanofibers (CNFs) have great potentials as electrical
and chemical neural interfaces, for their superior electri-
cal, chemical, and physical properties: (1) chemically sta-
ble and inert in physiological environment, (2) biocom-
patible for long-term implantation due to their covalent
carbon structure, (3) electrically robust and conductive for
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signal detection, (4) 3D structures that allow intratissue and
intracellular penetration, (5) with high surface-to-volume
ratio, which reduces contacting electrical impedance greatly,
and (6) high spatial resolution due to their ultramicro scale
sizes. Here, we review the recent progress of applying CNFs
to develop informative neural interfaces, including neural-
electrical interfaces for recording and stimulation of neu-
ral activities, electroconductive nanofibrous scaffolds, and
neural-chemical interfaces for minimally invasive molecular
delivery and detection of neurochemicals.

2. Neural-Electrical Interfaces

Neural-electrical interfaces are widely used for bidirectional
communications between the nervous system and external
devices, which detect and modulate neural functions by neu-
ral recording and stimulation for diagnosis and treatment of
neurological diseases or artificial limb control. High spatial
resolution of information communication is important
for neural decoding and modulation of specific targets.
However, submicron-scale planar electrodes are hardly able
to detect neural signals because double-layer impedance of
the electrodes in physiological solutions rapidly increases
as the size of individual electrode is scaled down. Given
the 3D structures with high surface-to-volume ratio, CNFs
electrodes can provide a large active surface area for neural
recording and stimulation while individual electrode sites on
the substrate are scaled down.

For both functional electrical stimulation (FES) and neu-
ral recording, a stable, reliable, and biocompatible neural-
electrical interface is essential, which requires safe and effec-
tive delivery of electrical charges between the nervous system
and electrodes for a relatively long term. Currently, most
traditional microelectrodes are fabricated with rigid metals
and semiconductors [13, 14]. Compared to metal-based
microelectrode arrays (MEAs), CNFs have two superior
characteristics to be employed in the neural-electrical inter-
faces. Firstly, CNFs can provide a high resolution. There are
some difficulties to improve the resolution of conventional
metal-based MEAs, because reducing the size of metal-based
microelectrode increases the electrode impedance and ther-
mal noise, which compromises the sensibility of electrodes
to detect electrical signals from the nervous system [15, 16].
However, CNFs can provide a large active surface area with
small sites on the substrate allowing for a higher spatial reso-
lution. Secondly, CNFs not only can work at the extracellular
level but also may penetrate into neurons and then work
at the intracellular level. On the surface of neural tissues in
vivo or tissue slices in vitro, there is a glia layer accompanied
by some injured and dead cells. The planar-metal-based
electrodes cannot penetrate the unexpected layer to active
cells. The neural signal attenuates greatly through the glia
layer and some of the signals from deep inside the tissue
are hard to detect. CNFs, especially vertical aligned carbon
nanofibers (VACNFs), are of conical structures with tiny
tips, and they have the ability to penetrate through the glia
layer into tissues. Taking VACNFs for example, Figure 1(a1)
shows a simple schematic of a bidirectional neural-electrical

interface platform. “Bidirectional” means this platform can
both input electrical stimulation and record neural electrical
potentials at the same time, which realizes a real-time moni-
toring of neural electrical activities and electrical modulating
stimulation simultaneously.

Researchers in NASA Ames Research Center (NARC,
USA) reported their a series of advancements in developing
3D brush-like VACNFs [17–19]. They fabricated VACNFs on
a silicon wafer by plasma-enhanced chemical vapor depo-
sition using Ni as catalyst and tested them on PC12 cells.
The results indicated that the soft 3D VACNFs architecture
provided a new platform to fine-tune the topographical,
mechanical, chemical, and electrical cues at subcellular
nanoscale. Furthermore, they developed polypyrrole (PPy-)
coated VACNFs, which showed enhanced capability of
neural stimulation [17]. Researchers in Columbia University
(USA) and Oak Ridge National Laboratory (ORNL, USA)
developed a CNFs-based neural chip and demonstrated its
capability of both stimulating and recording electrophys-
iological signals from brain tissues in vitro [20, 21]. In
this study, long-term potentiation (LTP) was induced and
detected through CNFs arrays. Researchers in the University
of Tennessee (USA) developed thin-film transistor (TFT-)
VACNFs [22]. They fabricated the VACNFs on an active
matrix TFT and demonstrated a novel MEA platform. By
using this new platform, stimulating and recording could
also be realized simultaneously. VACNFs integrated on the
TFT array enhanced the electrical selectivity to the cell, and
furthermore, they provided the potential for intracellular
sensing within individual cells.

In addition, carbon nanofibrous materials have been
developed as electroconductive nanofibrous scaffolds for
neural tissues to facilitate communication through neural
interfaces. Electrical fields are able to enhance and direct
nerve growth [23], therefore electroconductive scaffolds are
applied to enhance the nerve regeneration process, not only
providing physical support for cell growth but also delivering
the functional stimulus (Figure 1(a2)). In recent studies,
electrospun biocompatible, and electroconductive polymer
nanofibers were widely investigated, such as polyaniline
(PANI)/poly(ε-caprolactone)/gelatin (PG) [24], polypyrrole
(PPy)/poly(styrene-β-isobutylene-β-styrene) (SIBS) [25, 26],
PPy/poly(lactic coglycolic acid) (PLGA) [27], and their var-
iants. The electroconductive polymer fibrous scaffolds has
shown to be qualified for cell attachment and proliferation
[25–27]. Moreover, electrical stimulation through conduct-
ive nanofibrous scaffolds have shown their capability of en-
hancing cell proliferation and neuite outgrowth compared to
the scaffolds that were not subjected to electrical stimulation
[24].

Carbon nanomaterials are naturally good electrical con-
ductor and have good biocompatibility, which make them
good candidates for electrically conductive scaffolds [28].
Researchers in Regenerative Medicine Institute in National
University of Ireland reported their study of carbon nano-
tube(CNT)-based poly (L-lactic acid) (PLA) nanofibers scaf-
folds. Compared to PLA nanofiber scaffolds, the presence of
CNT- enhanced electrical conductivity and physical stability
of the scaffolds with less degradation visible on the surface
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Figure 1: Schematics of CNFs as neural interfaces. (a) Neural-electrical interfaces: (a1) as bidirectional interfaces for electrical stimulation
and recording; and (a2) as electroconductive nanofibrous scaffolds. (b) Neural-chemical interfaces: as bidirectional interfaces for delivering
therapeutic chemicals and biosensing neurotransmitters.

of the CNT/PLA nanofibers [29]. Researchers in Dankook
University (South Korea) coated aligned biopolymer scaf-
folds with CNT, which have shown capability of promoting
neurite outgrowth of rat dorsal root ganglia neurons and
focal adhesion kinase expression of PC-12 cells [30]. Till now,
few research of using CNFs as the electrically conductive
scaffolds has been reported, whereas the successful appli-
cations of electroconductive polymers and CNTs suggest
the great potential of CNFs and their variants to be act as
electroconductive scaffolds.

3. Neural-Chemical Interfaces

Different from neural-electrical interfaces, neural-chemical
interfaces monitor neural activities by detecting neuro-
chemicals (such as neurotransmitters, etc.) and modulate
neural functions by delivering chemical therapeutic elements

into neural tissues and cells. CNFs are suitable for neural-
chemical interfaces because of their following properties.
First, CNFs are cylindrical or conical nanostructures com-
posed of well-organized graphite layers, the covalent carbon
structures of which make CNFs chemically stable and inert
in physiological environment. Second, CNFs have large
surface-to-volume ratio, and the edge of every graphite
layer is exposed and easily functionalized. Large number of
chemically active groups on their surface make CNFs good
candidates for biochemical sensing. Third, the 3D ultrami-
croelectrodes are able to penetrate into the interior of the
tissue and individual cell allowing intratissue and intracellu-
lar delivery of molecules, such as genes, proteins and drugs.
Figure 1(b) is a schematic illustrating CNFs- based neural-
chemical interfaces delivering genes, drugs, and dsDNA into
neural cells and biosensing the neural transmitters. Similar
to neural-electrical interfaces, it also enables a bidirectional
platform with both input and output simultaneously.
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Drugs and therapeutic genes are sent or locally released
to a desirable group of target cells to treat neurological
diseases [31, 32]. Although microinjection is widely used
for drug delivery [33], the microneedle may cause damage
to cell membranes. Recently, VACNFs were found capable
of penetrating through cell membranes to deliver drugs
and genes [34, 35]. Drugs and genes were first attached to
VACNFs by either covalent or noncovalent bonding, and
then the drug/gene carrier conjugates were directly injected
into the target cells. By using this method, the cell membrane
disruption was minimized due to cell endocytosis of the
ultramicro CNF tip. And also, this method could deliver
drugs or DNAs to a large number of cells simultaneously by a
bundle-located CNFs. Researchers in ORNL (USA) reported
a strategy for delivering double-stranded DNA (dsDNA)
into cells. The dsDNA was covalently and end specifically
bounded onto VACNFs and then released after VACNFs
penetrating the cell membranes. The whole process was
tested on Chinese hamster lung epithelial cells, and the result
indicated that this approach enabled the transport of bound
ligands directly into cell nuclei and bypassed extracellular
and cytosolic degradation. Till now, few researches on using
CNFs for delivering drugs or genes to treat neurological
diseases have been reported, whereas the successful delivery
of dsDNA by CNFs indicates potential applications of CNFs
as neural-chemical interfaces to the gene therapies for neuro-
logical diseases.

As for the detection of neural-chemicals, single carbon
fiber electrode has been widely used [36]. However, this kind
of electrode is designed for recording of neurochemicals from
single site rather than neural networks. One group in NARC
(USA) reported improvement of using VACNFs as multi-
plexing biosensors [37, 38]. The devices were developed to
detect the DNA targets that corresponded to E. coli O157:H7
16S rRNA and be able to produce reliable electrochemical
responses with high signal-to-noise ratio. This technology
showed important progresses for chemical sensing with
well-controlled radial diffusion transport, minimal back-
ground currents and increased sensitivity. Another group
in NARC (USA) and in Department of Neurologic Surgery
(USA) reported integration of the CNFs electrode arrays
with wireless instantaneous neurotransmitter concentration
sensor system to detect dopamine by using fast scan cyclic
voltammetry [39]. The CNFs facilitated the detection of
neurochemical release over a large area, yet with high spatial
resolution. This technology enabled CNFs-based electrode
arrays to simultaneously monitor electrical and chemical
activities from the nervous system.

4. Challenges and Outlook

Both neural-electrical and neural-chemical interfaces pro-
vide tools for recording neural activities from the nervous
system and delivering therapeutic elements to restore and
recover neural function from diseases or injuries. In this
paper, the recent applications of CNFs for interfacing with
neurological system are reviewed. CNFs can provide high
spatial resolution, high sensitivity, and minimal damage to

neural tissue. As for clinical application as neural interfaces,
the following issues needs further studying. (1) The bio-
compatibility of the materials that are introduced during
CNFs fabrication (such as catalysts) need to be carefully
investigated, and adjustment of fabrication process may be
implemented if necessary. (2) The nucleation and growth
mechanisms of CNFs are still not very clear, therefore, the
homogeneity and yield of CNFs are unsatisfactory. (3) Some
potential side effects accompanying CNFs-based neural
interfaces exist. Because of their surface properties and
atom structures, toxic and unexpected chemical compounds
may bond and be delivered to the cell together with the
useful ones. Therefore, the selectivity of CNFs needs further
studying. (4) As electroconductive scaffolds, the interaction
mechanism between CNFs and neuronal cells is not very
clear, and further research is needed in order to control the
nerve regeneration process better.

The CNFs have great potentials as multiplexing neural
interfaces and intracellular neural interfaces, which are
capable of dual-mode detecting electrophysiological and
neurochemical signals, not only at the extracellular level with
high spatial resolution, but also at the intracellular level by
penetrating into single neurons. In the future, it is a trend
to integrate neural-electrical interfaces and neural-chemical
interfaces together as an intelligent, closed-loop therapeutic
device for diagnosis and treatment of neurological diseases,
realizing automatic modulation of neural activity by neu-
rostimulation or local drug delivery responding to real-time
detection of electrical and chemical information from the
nervous system.
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The influence of La doping on the crystal structure, ferromagnetic, and optical properties of BFO nanofibers was investigated.
Bi1−xLaxFeO3 ultrafine nanofibers were synthesized by the electrospinning method. The surface morphology and crystal structure
of the as-spun and sintered fibers were not affected by the doping. The impurity phases of the BFO crystals were weakened with
the increment of La concentration. The magnetization field curves showed that the magnetization weakened under low La doping
proportion, but strengthened with the increase of the doped proportion. The magnetization curves also showed continuous strong
enhancement of ferromagnetic behavior. The results of UV-vis and photoabsorption testing revealed little influence of La doping
on the optical property.

1. Introduction

Multiferroicity is a property that enables a material to display
both ferroelectric and ferromagnetic properties. Due to its
great potential in applications such as spintronics, memory,
and data-storage media, multiferroicity has incited great
research interest [1–4]. According to the phase-structure
relationship, multiferroic materials can be divided into
two groups: single phase and multiphase multiferroics, in
which the electromagnetic coupling effect is greatly enhanced
by the interaction between different phases composed of
ferroelectric and ferromagnetic materials [5]. Single-phase
multiferroics seldom exhibit both ferroelectric and ferro-
magnetic properties at room temperature. The one exception
is BiFeO3 (BFO), which has a Curie temperature of 1103 K
and a Neel temperature of 643 K and shows great merit in
research and various applications [2, 6–8].

The structure of bulk BFO is perovskite crystal, with
G-type ordering antiferromagnetic, in which the magnetic
moment of Fe is ferromagnetic in (001) h/(111) c planes
and antiferromagnetic in the neighboring two (001) h/(111)
c planes [9]. A spin-modeling structure with a wavelength

of 620 ± 20 Å can be observed, which eliminates the
macroscopic magnetic moment of bulk BFO [10]. As a
result, bulk BFO displays no macroscopic magnetic prop-
erty. Suppression of the spin-modeling structure must be
conducted in order to observe the ferromagnetic property
of BFO. According to previous studies, the nanocrystalline
effect can considerably enhance the ferromagnetism of
BFO of low-dimensional form, where the mean particle
size is reduced to below 100 nm [2, 11–13]. Another way
which results in the cancellation of spin modeling is the
doping of lanthanum (La) [14]. Besides the enhancement
of ferromagnetism, there are also reports concerning the
enhancement of photocatalytic activity brought by the syn-
thesis of low-dimensional BFO, especially BFO nanofibers,
whose fewer grain boundaries and interfaces effectively
improve the photocatalytic property. Earlier studies have
reported the structure, multiferroic properties of both La-
doped BFO bulk [15] and thin films [14, 16, 17] and
ultrafine BFO nanofibers without doping [18]. Certain
properties of La-doped BFO nanofibers, together with
its optical properties, however, remain unexplored in the
literature.
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Figure 1: (a) SEM image of as-spun La-doped BFO nanofibers with 0.05 doping proportion, (b) SEM image, (c) TEM image, and (d)
HR-TEM image of sintered La-doped BFO nanofibers with 0.05 doping proportion.

2. Materials and Methods

La-doped BFO (Bi1−xLaxFeO3) nanofibers with four scales
of doping proportions (x = 0.0, 0.05, 0.10, 0.15) are syn-
thesized by sol-gel-based electrospinning. Bismuth nitrate
(Bi(NO3)3·5H2O) and iron nitrate (Fe(NO3)3·9H2O) were
dissolved in DMF (2-methoxyethanol, C3H8O2), with an
initial ratio of Bi to Fe of 1.05(1− x) : 1, thus giving four sets
of solutions. Lanthanum nitrate (La(NO3)3·6H2O), also in
stoichiometric proportion, was then added to the solution.
After a period of aging, polyvinylpyrrolidone (PVP) was
added to the solution, which was then stirred continuously,
resulting in a homogeneous 0.3 M Bi1−xLaxFeO3 solution.
The solution was then loaded into a syringe with a stainless
steel needle. High voltage was added to the needle to create
a potential difference between the needle and the collector.
The solution was then electrospun, with a feeding rate of
0.8 mL/h and voltage of 13.5 kV. The fibers were collected
on a Sn substrate. The as-spun nanofibers were then dried
at 200◦C for 1 h, heated at 400◦C for 1 h, and then sintered at
600◦C for 2 h.

3. Results and Discussion

The scanning electron microscopy (SEM) images of both
as-spun and sintered La-doped BFO fibers were taken, as
shown in Figures 1(a) and 1(b). The diameter of the as-
spun nanofibers is approximately 300 nm. The surface of the
fibers is smooth, and they are uniform in shape. The sintered
fibers are no longer uniform but rough, while the diameter
of the fibers is reduced from approximately 300 nm to
100 nm.

The crystalline structure of La-doped BFO ultrafine
nanofibers is further examined by TEM and HRTEM,
as shown in Figures 1(c) and 1(d). It is observed from
HRTEM images (Figure 1(d)) that the regular spacings
of the observed lattice are 0.397 and 0.280 nm, which
are consistent with the (012) and (110) crystal planes
of a rhombohedral La-doped BFO phase, respectively. In
Figure 2, The EDX pattern of La-doped BFO nanofibers
with different doping proportions are also included. From
0 to 0.15 loading content, the EDX pattern exhibits an
increase in the La signal at 4.35 KeV, which indicates
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Figure 2: EDX pattern of La-doped BFO nanofibers with different
doping proportions.
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Figure 3: XRD spectra of La-doped BFO nanofibers with different
doping proportions.

the formation of a La-doped BFO material. The percent-
ages of atom numbers of La-doped BFO are shown in
Table 2.

X-ray diffraction (XRD) was carried out to investigate
the crystal structures of BFO with different La doping
proportions. As shown in Figure 3, it can be observed that
the rhombohedral perovskite structure of BFO contributes
to most diffraction peaks. Ferromagnetic γ-Fe2O3, which
often constitutes the main impurity phase of BFO, is not
detected. The doping of La brings only minor change to
the majority of the peaks, which indicates that the lattice
constant of the perovskite crystal remains largely unchanged,
as the difference between the ion diameters of La3+ (1.032 Å)
and Bi3+ (1.03 Å) is trivial. It can also be observed that the

Table 1: Band gaps of sintered nanofibers under four La doping
proportions.

La doping proportion (x) Band gap (eV)

0.0 2.13

0.05 2.13

0.1 2.14

0.15 2.10

Table 2: The percentages of atom numbers of La-doped BFO
nanofibers under four La doping proportions.

Element
x =

0.0 (%)
x =

0.05 (%)
x =

0.10 (%)
x =

0.15 (%)

O 61.3 59.7 59.1 58.0

Fe 20.0 20.4 21.0 21.7

La 0 1.1 2.0 2.8

Bi 18.7 18.8 17.9 17.5

28◦ impurity peak is weakened with the doping of La. It is
possible that the doping of La compensates the volatilization
of Bi, which otherwise leads to the existence of the 28◦ peak
during the preparation of the solution.

Considering the importance of the multiferroic property
of BFO, the ferromagnetic properties of La-doped BFO
nanofibers are characterized by a vibrating sample magne-
tometer (VSM), as shown in Figure 4. From each of the four
hysteresis loops corresponding to a La doping proportion, we
can observe that the doping of La has obvious effect on the
ferromagnetic properties of the nanofibers. With the increase
of La concentration, the magnetization is at first (x = 0.05)
weakened, as the doping of La leads to the reduction of
Fe2+ and oxygen vacancies. The magnetization then increases
(x = 0.10, 0.15), as the spin-modeling structure is gradually
suppressed by La doping. Saturation magnetization and
coercive field, on the other hand, exhibit a continuous and
evident increase with the increment of La doping.

Generally, the optical absorption performance of semi-
conductors is related to the electronic structure feature
and their band gaps. The optical properties of samples
were studied by measuring their UV-Vis diffuse reflectance
absorption spectra. As shown in Figure 5, the absorption
spectra of BFO nanofibers with different La doping propor-
tions were measured. The absorption spectra show that BFO
nanofibers can absorb considerable amounts of visible light,
suggesting their potential applications as visible-light-driven
photocatalysts. And compared with the BFO nanofibers with
La doping, the pure BFO nanofibers show higher visible-
light absorption. The optical absorption coefficient near the
band edge follows the equation αhν = A(hν− Eg)n/2, where
α,h, ν,Eg , and A are absorption coefficient, Planck constant,
light frequency, band gap, and a constant, respectively.
Considering that BFO is a direct band gap material, the
value of n for BiFeO3 is 1.21. The corresponding values
of direct band gap of BFO nanofibers can be evaluated by
extrapolating the linear portion of (αhν)2 versus (hν); the
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Figure 4: Magnetization field curves of La-doped BFO nanofibers
with different doping proportions.
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Figure 5: Ultraviolet and visible light absorbance of La-doped BFO
nanofibers with different doping proportions.

results are shown in Table 1. The results show that La doping
has little effect on the photoabsorbing property of BFO.

To further evaluate the photocatalytic properties of
nanofibers, Congo red (CR) with a major absorption peak
at 495 nm was chosen as a model organic pollutant. Figure 6
gives the concentration changes of CR at 495 nm by the
nanofibers as a function of irradiation time under visible
light during the degradation process. With La doping
increased, 75% of the CR was decolorized after 3 h, showing
better photocatalytic activity than the pure BFO nanofibers.
However, the enhanced activity of the photocatalysts does
not increase further for more La doping. It can be seen that
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Figure 6: Photodegradation of CR in the presence of La-doped BFO
nanofibers with different doping proportions.

the photodegradation rates of sample (x = 0.15) were lower
than those of other samples.

4. Conclusion

In summary, the influence of La doping on the crys-
tal structure, ferromagnetic, and optical properties of
BFO nanofibers was investigated. Bi1−xLaxFeO3 ultrafine
nanofibers were synthesized by the electrospinning method.
The surface morphology of as-spun and sintered fibers,
as well as the crystal structure of sintered fibers, was not
affected by the doping. The impurity phases of BFO crystals
were weakened with the increment of La concentration.
The magnetization field curves showed that the magne-
tization weakened under low La doping proportion, but
strengthened with the increase of the doped proportion.
The magnetization curves also showed continuous strong
enhancement of ferromagnetic behavior. The results of UV-
Vis and photoabsorption tests revealed little influence of La
doping on the optical property.
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The effect of the concentration of polyvinylbutyral solution on the process throughput and fibre properties was studied in needle
and roller electrospinning. Whereas the polymer throughput is an optional independent parameter in needle electrospinning, it is
a dependent parameter that is affected by both the material and process parameters in roller electrospinning. Polymer throughput
increases considerably with an increasing concentration of polymer solutions in roller electrospinning. The properties of the
nanofibers and the quality of the nanofiber layers were also studied. Fibre diameters increase with an increasing concentration
in both techniques. Fibre diameters produced by needle electrospinning are smaller than those produced by roller electrospinning.
The distribution of fibre diameters is rather narrow and not significantly dependent on the concentration of solutions in either
technique.

1. Introduction

In recent years, polymer nanofibres have gained considerable
attention as promising materials with many possible areas of
application, due to their unique properties such as a high
specific surface area, small pore diameters, high surface to
weight ratio, good barrier characteristics against microor-
ganisms and fine particles, high surface energy, good strength
per unit weight, and covering effects [1–11]. There are several
methods to produce fibres at a nanoscale [12–16]. Electro-
spinning is one of these methods. In the electrospinning
method, a polymer solution is forced through a hollow
needle, and a high voltage is applied to the polymer solution
coming out at the needle tip (Figure 1).

Another method for producing nanofibres was developed
by Jirsak et al. [17]. This method is called roller electrospin-
ning, and known under the name Nanospider (Figure 2).
Roller electrospinning is a viable route for the production of
exceptionally continuous and uniform polymer nanofibres.

Viscosity, concentration, surface tension, molecular
weight, conductivity, and the dielectric properties of the pol-
ymer solution are classified as material parameters for both
electrospinning methods.

Process parameters include voltage, feed rate of the poly-
mer solution, distance between collector and needle tip, tem-
perature of solution, and the temperature and humidity in-
side the spinner. Each parameter plays a role in the outcome
of the electrospinning process [18–23].

Polymer concentration plays a major role in the elec-
trospinning process. Under the same electrospinning condi-
tions, an increasing polymer concentration usually increases
the diameter of the electrospun fibres. However, Deitzel et al.
found that there is often a nonlinear relationship between
the solution concentration and fibre diameter [20]. The
reason for this nonlinear relationship can be attributed to the
nonlinear relationship between the polymer concentration
and solution viscosity [21].

Polyvinylbutyral (PVB) polymers have been extensively
used for many applications, since PVB is a low-cost alter-
native that offers strong binding ability, flexibility, optical
clarity, and adhesion to many surfaces. In spite of the high
popularity of PVB polymers, there is scarce information
about PVB nanofibres. In this work, the effects of con-
centration of the polyvinylbutyral solution on the process
throughput and fibre properties were studied.
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2. Experiment

2.1. Materials and Methods. PVB60H Mowital with 60,000 g/
mol was obtained from Kuraray, Japan. Isopropanol of p.a.
quality was used as the solvent.

The experimental set-up for needle electrospinning con-
sists of a 50 mL syringe and a stainless steel needle that is
positioned horizontally as shown in Figure 1.

The roller electrospinning device contains a roller spin-
ning electrode partially immersed in the tank with the
polymer solution. A grounded collector electrode is placed at
the top of the spinner (Figure 2). A nonwoven backing
material moves along the collector electrode which makes
the production of the nanofibre layer a continuous process.
Many Taylor cones are simultaneously formed on the surface
of the rotating spinning electrode, which makes the tech-
nology highly productive. Spinning conditions are shown in
Table 1.

Solutions of PVB in isopropanol with concentrations of
6, 7, 8, 9, and 10 wt.% were prepared.

In needle electrospinning, voltages of 20, 25, and 30 kV
were applied to the solution, and the nanofibres were col-
lected on the aluminium foil collector placed at a distance
of 200 mm from the tip of the needle. The flow rate of the
polymer solution was 0.5 mL/h, the temperature was 22◦C,
and relative humidity was 69%.

Conductivity (conductivity meter), surface tension
(Krüss), and viscosity (Haake RotoVisco1 at 23◦C) of the

polymer solutions were measured. Images of the fibres were
taken by SEM (Phenom FEI), and the diameters of the fibres
were calculated using the Lucia 32 G programme.

The polymer throughput of the roller electrospinning
process was calculated from the area weight and width of the
nanofibre layer and from the velocity of the backing material,
using

P = G∗W ∗Vfabric ∗ 1
Lr

(
g/min/m

)
, (1)

where P is polymer throughput (g/min/m), G represents
nanofibre layer area weight (g/m2), W denotes width of
nanofibre layer (m), Vfabric is backing fabric take-up speed
(m/min), and Lr denotes length of roller spinning electrode
(m).

3. Results and Discussion

3.1. Needle Electrospinning. The basic properties of the PVB
solutions are shown in Figure 3 and Table 2. Viscosity of the
solutions increases with increasing concentration.

SEM microphotographs of the nanofibres produced by
needle spinning are shown in Figure 4, while those of the
nanofibres produced by roller electrospinning are shown in
Figure 6.

The dependencies of the fibre diameters produced by
both techniques on the viscosity of solutions are shown in
Figures 5 and 7. In Figure 7 the dependence of the polymer
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Table 1: Spinning conditions of roller electrospinning.

Applied voltage (kV)
Distance between

roller and collector
(cm)

Relative humidity (%) Temperature (◦C)
Fabric speed

(cm/min)
Roller speed

(rpm)/length (cm)

80 18 44 24 10 3

Table 2: Conductivity and surface tension of PVB polymer solutions at different concentrations.

6% 7% 8% 9% 10%

Surface tension (mN/m) 23.1 23 22.3 22.4 22.3

Conductivity (µS·cm−1) 1.92 2.32 2.4 2.1 2.22

0.082

0.12
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0.284
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Figure 3: Dependence of viscosity of PVB solutions in isopropanol
on concentration.

throughput on the concentration of the solution is also
shown.

Distribution of fibre diameters was characterised using
the fibre uniformity coefficient CFU. This was defined simi-
larly to the characterisation of the molecular weight distri-
bution in macromolecular chemistry:

CFU = Aw

An
, (2)

where

An =
∑
nidi∑
ni

,

Aw =
∑
nidi2∑
nidi

,

(3)

where di is fibre diameter, and ni denotes the number of fi-
bres with diameter di.

Monodisperse systems show CFU is equal to one. The
bigger the CFU, the broader the distribution of d.

Dependence of the fibre uniformity coefficient CFU on
the concentration of the PVB solutions is shown in Figure 8.

The polymer solutions show almost identical values of
surface tension and electrical conductivity (Table 2). There-
fore, the studied properties of the nanofibres and throughput
of roller electrospinning only depend on the concentration

of the solutions and on the corresponding viscosities,
respectively (Figure 3).

Quality and diameters of nanofibres generally depend
on the concentration of solutions. In needle electrospin-
ning, a low concentration leads to nanofibres with beads
(Figure 4(a)). This effect was described in many papers and
is related to the low relation of viscosity to surface tension.
High viscosity, on the other hand, (Figure 4(e)) leads to
greater fibre diameters due to the limited deformability of
the polymer jet and/or the shorter time needed for the solid-
ification of the more concentrated solution. Concentrations
of 7–9 wt.% seem to be optimum in needle electrospinning.
In roller electrospinning, SEM microphotographs (Figure 6)
reveal a different character of the fibres. At low concen-
trations of the solution the photograph shows nonfibrous
formations (Figures 6(a) and 6(b)) instead of beads as in
Figure 4(a). At high concentrations (Figure 6(e)), the fibres
seem to have great diameters. Nevertheless, a closer look
reveals that the fibre elements consist of several fibres;
in other words the elements are bundles of single fibres.
The formation of such bundles is connected with the high
throughput of the process when the concentration of the
solution is high (Figure 7). In this case, there are too many
nanofibres in the space between the spinning and collector
electrodes which leads to the entanglement and sticking
of single fibres. To produce high-quality nanofibres, the
concentration of the solution must be kept at the values of
8-9 wt.% in the case of roller electrospinning.

Generally, nanofibres produced by roller electrospinning
have greater diameters when compared with those produced
using a needle (Figure 5). Optimisation of the roller produc-
tion parameters is more demanding, and the production pro-
cess is more sensitive to the surrounding conditions. On the
other hand, the polymer throughput of roller electrospinning
is much greater.

Diameters of fibres produced from the solutions of PVB
in isopropanol are rather larger. In the case of roller elec-
trospinning, these correspond to microfibers rather than to
nanofibres. Diameters of PVB nanofibres produced from
other solvents are considerably smaller. Isopropanol was used
in this work because the differences in fibre diameters were
more distinctive.
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(a) (b) (c)

(d) (e)

Figure 4: SEM microphotographs of nanofibre layers produced by needle electrospinning of PVB solutions 6 (a), 7 (b), 8 (c), 9 (d), and 10
(e) wt.%.
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(a) (b) (c)
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Figure 6: SEM microphotographs of nanofibre layers produced by roller electrospinning of PVB solutions 6 (a), 7 (b), 8 (c), 9 (d), and 10
(e) wt.%.
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Figure 7: Dependence of fabric throughput and fibre diameter on
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The increase in polymer throughput with concentration
of polymer solution is known from previous work [22].
This is connected with a higher degree of entanglement of

macromolecules and the resulting higher breaking strength
of jets. This leads to a longer life of the jets and subsequently
to a greater number of Taylor cones on the surface of the
spinning electrode. Fibre diameters show a rather narrow
distribution in both spinning techniques (Figure 8), which
does not depend on any process parameters.

4. Conclusions

The experiments described in this paper were focused on
the effect of concentration of polymer solutions on both
needle and roller electrospinning techniques. An increase
in polymer concentration leads to a higher throughput in
roller electrospinning and to greater fibre diameters in both
techniques. Needle electrospinning results in nanofibres of
smaller diameters. On the other hand, roller electrospinning
shows a considerably greater throughput. The distribution
of fibre diameters was rather narrow in all the experiments.
Concentrations of 8-9 wt.% seem to be optimal at the used
polymer dissolved in isopropanol. Nevertheless, isopropanol
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is not a suitable solvent as the resulting fibre diameters are
rather large.
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The thin nanofibrous layer has different properties in the field of sound absorption in comparison with porous fibrous material
which works on a principle of friction of air particles in contact with walls of pores. In case of the thin nanofibrous layer, which
represents a sound absorber here, the energy of sonic waves is absorbed by the principle of membrane resonance. The structure of
the membrane can play an important role in the process of converting the sonic energy to a different energy type. The vibration
system acts differently depending on the presence of smooth fibers in the structure, amount of partly merged fibers, or structure
of polymer foil as extreme. Polyvinyl alcohol (PVA) was used as a polymer because of its good water solubility. It is possible to
influence the structure of nanofibrous layer during the production process thanks to this property of polyvinyl alcohol.

1. Introduction

The porous fibrous materials, usually used for application in
the sound absorption field, absorb sonic waves especially at
higher frequencies. The work of Kalinova and Veverka [1]
is concerned with topic of absorption the sonic waves by
nonwoven materials at lower sound frequencies. The paper
deals with a possibility of combining the effect of porous
fibrous material and the effect of nanofibrous material which
absorbs sound due to the vibration of the membrane. At
the moment the sonic waves are in contact with the surface
of thin nanofibrous membrane, there is the movement of
membrane. The sound energy is converted to kinetic energy
and partly to thermal energy. The nanofibers produced by
electrospinning process have a large specific surface area
[2]. Thanks to the large specific surface of fibers as well
as small pores size, the nanofibrous layers have different
properties in comparison with currently produced porous
fibrous material.

The process parameters of electrospinning are important
to the morphology of nanofibers [2]. The work of De Vrieze

at al. [3] describes the impact of temperature and relative
humidity (RH) on fiber diameter. The fineness of fibers is
possible to be affected by RH depending on the chemical
nature of the polymer. The collection distance can be used
to control the fibers diameter as well. For example, paper [4]
describes the case of the decreasing diameter of nanofibers
with increasing collection distance by using of PVA solution.
With reference to the article [5], the influence of the tip-
target distance to morphology of fibers is not critical. This
work shows resulting values of average fiber diameter by
application of various electrical potential in electrospinning
process too.

Works [4, 6–8] describe effect of polymer solution
concentration and its influence on nanofiber diameter by
process electrospinning. The average diameter of nanofibers
increases nonlinearly with increasing concentration of the
solution. The interfiber spacing increases along with this [7].
Article [8] describes a correlation between molecular weight,
concentration of solution and average fibers diameter. Type
of polymer solution influences the morphology of electro-
spun fibers. The work [5] deals with an influence of solvent
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Figure 1: Production of nanofibers layer by electrospinning
process.

used for polymer solution to the resultant fibers average
diameters in nanofibers layer. This article shows the results
of nanofiber parameters by using PVA dissolved in acetic
acid and in second case solely aqueous solution of polyvinyl
alcohol. In the first case the values of diameters were two
times smaller in comparison with the aqueous solution.

The structure of thin nanofibrous membrane can vary as
noted above, and therefore the sound absorption properties
differ.

2. Experimental

2.1. Materials. The water solution of polyvinyl alcohol PVA
(Mw = 130,000 g/mol, degree of hydrolysis 88%) Soviol
R 16 was purchased from the Novacke Chemicke Zavody,
a.s., Slovak Republic, and it was used for preparation
of the solution for the experiment. The concentration of
prepared PVA solution was 13 wt%. 40% aqueous solution
of Glyoxal (7.5 wt %) and 85% phosphoric acid were added
as crosslinking agents. The solution containing PVA, distilled
water, glyoxal, and phosphoric acid was vigorously stirred at
room temperature.

2.2. Production of Thin Nanofibrous Membranes. Technology
of electrospinning was used for production of thin nanofi-
brous layers. The method of using a roll to carry out the
polymer solution to collector was described in the patent [9].
Figure 1 indicates the production of electrospun fibers from
the surface of the metal roll. The nanofibers are collected by
support material. The distance between the surface of the
roll and the collector was 10 cm. Voltage of 50 kV, relative
humidity of RH 30%, and temperature of 22◦C were applied
during the course of electrospinning.

The final layer is crosslinked by hot air at temperature of
140◦C for 7 min. The nanolayer (without support material)

is placed to a supporting frame. The structure and sound
absorption have been evaluated. Then water vapour or liquid
water was applied to these thin membranes. Difference
between thin nanofiber membrane (Figure 2(b)) and thin
polymeric foil (Figure 2(a)) is markedly observable by
macroscopic analysis.

Series of attempts preceded the experiment with using
of water vapour for change of structure of PVA nanofiber
layer. There were used water vapour because the PVA is water
soluble, and this gives possibility to change of membrane
structure. Advantage is that the thin nanofiber layers were
locked in frames (Figure 2) before application of water
vapour. This gives us the opportunity to measure the values
of sound absorption coefficient α [—] for nanofiber layers
and layers with partly merged fibers when using the same
samples. This leads to minimization of potential changes
of the other parameters of thin membrane (apart from the
structure).

Water vapour was applied to the surface of nanolayer
(for 10 to 120 seconds) in order to change the structure of
membranes containing nanofibers (average diameter 280 ±
80 nm). One file of samples was located into liquid (water)
for 60 second. The mass area of PVA layer can be changed
depending on the amount of glyoxal in polymer solution
and time of water action. The fall of mass of PVA nanofiber
layer depending on water action time is decreasing with
increasing percent of glyoxal in PVA solution [2]. At this case
higher weight percentage of glyoxal and short time of water
action resulted in merged fibers to polymeric foil without
significant weight loss.

2.3. Characterization. The scanning electron microscope
(SEM) Desktop Phenom with BSE detector working at an
acceleration voltage of 5 kV was used for characterization
of morphology of nanofiber layers. The values of fiber
diameters were obtained by image analyzer Lucia G. Calcula-
tion of the volume of surface pores [10] is not introduced
because a cross-section of nanolayer can deform the in-
process and it can distort the information about thickness
of the membrane.

With two-microphone impedance tube Type 4206 with
frequency range to 6.4 kHz, the values of sound absorption
coefficient α [—] were examined. The work [11] deals
with a comparison of this method to another method of
measurement and describes the absorption coefficient α
(value between 0 and 1).

3. Results

The area weight of all tested thin membranes is 17± 1 g/m2.
Differences between structures of thin membrane are shown
in Figure 3. The amount of merged fibers increased with
increasing time of water vapour action at the nanofiber layer.

Very important is the question of cross-section of
thin membrane in connection with the inner structure of
samples. The sample thickness was too small with prevented
study of cross-section. If the merged fibers are contained in
all membrane thickness, it could not be verified. However,



Journal of Nanomaterials 3

(a) (b)

Figure 2: Thin nanofiber membranes (a) and thin polymeric foils (b) supported in frames.

(a) (b) (c) (d)

Figure 3: Image of surface of PVA nanofiber structures by scanning electron microscope SEM for layers after water vapour action during
time of 60 seconds (b) and 120 seconds (c), without liquid water or water vapour action (a) and structure after action of water in the liquid
condition to nanofiber layer during the time of 60 seconds (d). Magnification = 5000X and scale bar = 20 μm.

method of put samples with frame into two-microphone
impedance tube had to be try at range of samples which
are not included in this experiment. By this way the impact
low thickness of thin membrane and prospective influence
to results were reduced as much as possible. Figure 4
pointed to the fact that the shapes of frequency functions
are analogical for thin polymeric foil as well as for nanofiber
PVA membrane. This result bears witness to the identity of
parameters of both membranes (except the structure) as well
as the prestressing of the membranes in frame.

The frequency range between 1.5 kHz and 3 kHz is
examined because of the area weight of tested thin mem-
branes (17 ± 1 g/m2). Resonant frequency of vibrating thin
membrane is changed due to its area weight.

Structure of thin membrane after water vapour action
contains local area weight irregularity which Figures 3(b)
and 3(c) indicate. The thin membrane absorbs sonic waves
by resonant principle hence the best at resonate frequency.
The mass of thin membrane has influence to the resonate
frequency of material. As the time of water vapour action
to PVA nanofibers layer is increased, the number of local
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Figure 4: Sound absorption coefficient α [—] as function of
frequency [Hz] for thin PVA nanofiber membrane (black line—
αmax = 0,58) and for thin polymer foil (grey line αmax = 0,83).

place with different mass thanks dissolved and merged
fibers should increase too. This effect has probably impact
to resonant frequency of membrane as unit. Each part of
material area resonate at a little bit different frequency
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Figure 5: Sound absorption coefficient α [—] as function of
frequency [Hz] for PVA nanolayer contains various quantities of
merged fibers. The time of water vapour action to nanofibers
layers—30 seconds (grey line), 90 seconds (dashed grey line) and
120 seconds (black line).

because of local place and the irregularity of membrane
(the above mentioned). This effect has impact on frequency
range with good sound absorption which is possible to see in
Figure 5. In case of thin polymer film it is possible to suppose
lower weight irregularity and the sharp pack of function of
frequency (Figure 4).

4. Conclusions

The structure of thin membrane can have influence on
the amount of absorbed acoustic energy. The possibility of
a movement of nanofibers in structure and inner friction
in polymer layer has an impact on the final absorption
properties of the material. Results achieved for confrontation
of polymeric foil and nanofiber membrane differed from the
preceding research [12] probably because of the question of
material rigidity.

With increasing irregularity in area of material surface,
the absorbed frequency range is increased. But there is a limit
when the irregularity goes down because of merged fiber
majority (Figure 3(c)). In this case the absorbed frequency
range comes to a peak again (Figure 5(a)).
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We synthesized the core-shell SiOx/carbon nanofibers with diameters of 200–300 nm using ultrasonic spray pyrolysis with a
phosphorus/ethanol mixture. High-resolution transmission electron microscopy (HRTEM) and energy-dispersive spectroscopy
(EDS) investigations confirmed the core-shell structure, which consisted of a core of SiOx and a shell of amorphous carbon. The
phosphorus atoms corroded the entire silicon substrate surface, and the Si-P liquid-catalyzed the solid-liquid-solid mechanism is
proposed to explain the growth of the core-shell SiOx/carbon nanofibers.

1. Introduction

In recent years, the SiOx-based nanofibers have attracted
interest worldwide because of their small sizes, which enable
higher levels of functionality within a given space, and
because of their peculiar and fascinating properties. The
nanodevices and large-surface-area structures [1], which
are a type of one-dimensional nanostructures, have many
potential applications and have been used as versatile
building blocks in the miniaturization of electronic and
optoelectronic devices [2]. These devices also have a high
strength-to-weight ratio and superior stiffness, as well as
other excellent engineering properties such as good wear
resistance, low expansion coefficients, and low relative
flexibility. These properties allow them to be used as one-
dimensional quantum transistors, composites, light-emitting
diodes [3], and optical sensors [4]. For the realization of
these excellent properties, the surface of the SiOx core needs
to be passivated with highly thermally and chemically stable
protective shells, for which carbon is an ideal candidate [5].
Several methods have been used to synthesize these SiOx-
based nanofibers, including laser ablation [6], thermal stress
[7], physical evaporation [8], and chemical vapor deposition
(CVD) [9]. The growth of such SiOx-based nanofibers is
attributed to the solid-liquid-solid (SLS) growth mechanism

[10], and different metal catalysts such as Ni [11], Co [12],
and Au [13] are used.

In the present study, we report a simple method for
the synthesis of core-shell SiOx/carbon nanofibers using
ultrasonic spray pyrolysis. The silicon oxide shows stable
and bright blue light emission [14] and is widely used
for fabricating insulation layers in integrated circuits. The
carbon is one of the most popular materials for the formation
of protective shells because of its superior physical and
chemical properties [15]. In particular, amorphous-carbon-
coated nanofibers have been found to exhibit significantly
enhanced field-emission properties [16]. A possible growth
mechanism of such core-shell nanofibers is also discussed in
the present study.

2. Experimental

Figure 1 shows a schematic diagram of the CVD apparatus.
An ultrasonic nebulizer was connected to a quartz tube and
N2 gas cylinder. Si (100) substrates of size 10 × 10 mm were
cleaned with acetone and methanol in an ultrasonicator,
washed with deionized water, and finally dried using a
nitrogen blower. The substrates were kept in a quartz boat,
which was placed at the center of the quartz tube. One
end of the quartz tube was attached to the ultrasonic
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Figure 1: Schematic image of the apparatus of the ultrasonic spray pyrolysis CVD.

Figure 2: Typical SEM image of nanofibers synthesized at 950◦C.

nebulizer, and the other to the gas bubbler. Phosphorus
(phosphorus powder, Kojundo Chemical Laboratory, 99.5%)
was mixed in the ethanol and placed inside the atomization
chamber. A flow of N2 gas was introduced into the mixture
of ethanol and phosphorus (100 mL, 10 wt%) to enter the
quartz tube at a rate of 0.1 L/min. When the temperature of
the electric furnace reached 950◦C, the ultrasonic nebulizer
was switched on, and the ethanol/phosphorus mixture was
converted into a thin mist. The flow of N2 was maintained
to pass this mist inside the electric furnace. The deposition
was performed for one hour. After deposition, the furnace
was switched off and allowed to cool down to below
100◦C. In the ultrasonic spray pyrolysis, electric vibrators
(1.65 MHz, Atom Medical Corp., Model 303) produced
a mist of ethanol and phosphorus. Finally, the deposited
samples were analyzed using scanning electron microscopy
(SEM, Hitachi, S-3000H), scanning transmission electron
microscopy (STEM), energy-dispersive spectrometry (EDS)
(Hitachi, JEM-z2500), Raman spectroscopy (JASCO, NRS-
1500), and X-ray photoelectron spectroscopy (XPS, Ulvac,
PHI-5000). In the XPS measurements, a tablet of the
deposition (peeled from the Si substrate and mixed with
indium powder) was used in order to prevent any signal from
the silicon substrate.

3. Results and Discussion

Figure 2 shows the typical SEM image of the product
synthesized at 950◦C. A high density of nanofibers of 200–
300 nm in diameter is observed.

Figure 3 shows typical TEM images and the correspond-
ing EDS spectra. The TEM images in Figure 3(a) show that
the diameter of the fiber is about 300 nm. TEM observation
also indicated that these nanofibers have a clear core (spot
(i)); we also observed the amorphous carbon structure
outside the core (spot (ii)). Figures 3(b)–3(d) show the
elemental mapping of the nanofiber with an energy-filtered
image, from which we found that the constituent parts of
the fiber are composed primarily of carbon, oxygen, and
silicon atoms. The Si and O atoms are mainly grouped
in the core of the nanofiber, whereas the C atoms are
primarily found in the shell. In addition, we found that Si, O,
and C coexisted with each other. The EDS characterization
revealed proportions of 95.54% carbon, 2.11% oxygen,
and 1.40% silicon and showed that the fiber does not
contain phosphorus. The EDS spectrum of this nanofiber
(Figure 3(f)) shows three very distinct peaks of carbon,
oxygen, and silicon, with the carbon peak possibly coming
partially from the carbon supporting film on the TEM grid.
We did not find any phosphorus in the nanofiber within the
detection limits.

Figure 4 shows the Raman spectra of the sample, which
were obtained using a green laser with an excitation wave-
length of 532 nm. The carbon shared two common features
in the Raman spectra: a G-peak at around 1580–1620 cm−1

and a D-peak at around 1350 cm−1. We observed that the D-
peak of the nanofibers was comparatively higher than the G-
peak. The D-peak is induced by the disorder of the graphite
structure, whereas the G-peak is caused by the stretching
of the sp2 carbon atom in the graphite structure. The
Raman spectra of the samples has strong D-peak, suggesting
more disordered nanocrystalline structural defects such as
distortion, vacancies, and straining of graphitic lattices; these
features are all prevalent in the nanofibers [17].

Figure 5 shows the survey XPS spectra of the prepared
nanofiber composite and the high-resolution XPS spectra
of silicon and carbon. The survey XPS spectra (Figure 5(a))
clearly indicate that carbon, oxygen, and silicon exist in
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Figure 3: (a) TEM images of a core-shell nanofiber. EDS elemental mappings for (b) carbon, (c) oxygen, (d) silicon, and (e) phosphorus in
the core-shell nanofiber; (f) EDS spectrum of a representative nanofiber fabricated using a mixture of phosphorus and ethanol.

the prepared nanofiber composite. In Figure 5(b), the two
C 1s peaks are located at 284.4 and 285.6 eV, corresponding
to the sp2 and sp3 atoms, respectively. The silicon-carbon
composite peak is located at 282-283 eV, so it does not
originate from SiC. The XPS peaks at 102.25 and 103.65 eV,
corresponding to the lower oxide components of Si (Si3+),
are clearly observed in Figure 5(c). These nanofibers show
an XPS peak in the SiOx/C composite that is related to x, as

shown in Figure 5(c) [18]. The peak suggests that the nanofi-
bers have an SiOx composition.

Figure 6(a) is a schematic illustration of the growth
mechanism. It involved in the formation of the amorphous-
carbon-coated SiOx core are proposed as follows. Initially,
the phosphorus coating on the silicon substrate forms a
P film, as illustrated in Figure 6(a)-(i). When the temper-
ature increases, the silicon substrate is oxidized by O2 in
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Figure 5: XPS spectra of the nanofiber film fabricated using a
mixture of phosphorus and ethanol: (a) survey spectrum; (b) C 1s
spectrum; (c) Si 2p spectrum. The solid curves in (b) and (c) are the
best Gaussian fits for the two peaks.

the carrier N2 and by water from the decomposition of
ethanol. An eutectic reaction between the oxidized Si and
P occurs to form an Si-P eutectic liquid [19], as illustrated
in Figure 6(a)-(ii). Because the melting point of silicon
is 1414◦C, a temperature atwhich the Si vapor phase is

P film

Silicon substrate

Si–P liquid

Si atom

Si atom

Silicon substrate

Silicon substrateSi atom

Si atom

Carbon shell

(i)

(ii)

(iii)

SiOx core

(a)

Carbon shell

SiOx core

2.5 µm

(b)

Figure 6: (a) Schematic illustration of the growth processes; (b)
SEM image revealing that core-shell SiOx/carbon nanofibers were
grown from the surface of the silicon substrate.

negligible, and the silicon substrate itself serves as an Si
source without any additional external source, the nanofibers
should be formed via a solid-liquid-solid (SLS) mechanism
[20]. Finally, the surface of the Si-P eutectic liquid soon
becomes supersaturated, and then, SiOx/carbon nanofibers
precipitate out and continue to grow from this supersatu-
rated surface, possibly through the oxidation reactions of Si+
O2 → SiOx. At the same time, the amorphous carbon shell
is also deposited from the carbon of the ethanol dissolved
on the outside of the SiOx core, as illustrated in Figure 6(a)-
(iii). These growth processes occurred in the presence of all
the four elements (silicon, oxygen, carbon, and phosphorus)
and affected each other to varying degrees. Figure 6(b) shows
an SEM image of the core-shell SiOx/carbon nanofibers in a
low-density area, which allows us to see clearly that the core-
shell SiOx/carbon nanofibers are grown from the Si substrate
at the critical temperature of 930◦C [21].

4. Conclusion

In the present study, we successfully synthesized the nano-
fibers with a mixture of phosphorus/ethanol on a silicon
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substrate using ultrasonic spray pyrolysis method. The
Core-shell SiOx/carbon nanofibers were produced on the
surface of the silicon substrate, and the molten phosphorus
played an important role in their synthesis. A possible
mechanism for this process is the formation of the SiOx

core of the nanofibers from the surface of the Si-P liquid
and the formation of the carbon shell from the ethanol.
We believe that this approach to the synthesis of core-
shell SiOx/carbon nanofibers may be further used in the
fabrication of building blocks for device miniaturization and
optoelectronic devices.
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This paper makes use of electrospinning technology to produce multiwalled nanotubes and polyurethane (MWNTs/PU)
composite nanofibrous membranes. A thermal treatment method was proposed to improve the comprehensive properties of the
membranes. The morphology of the prepared nanomaterials was characterized by the SEM and TEM. Comprehensive properties,
including thermal stability, conductivity, and mechanical properties, of the membranes with and without thermal treatment were
investigated comparatively by TGA, DMA, resistivity measurement, and tensile testing, respectively. The results indicate that the
proposed thermal treatment method could effectively improve the conductivity and mechanical properties of the nanomaterials.
For the thermal treatment-based membrane filled with 3 wt.% of MWNTs, the conductivity reaches 8.29 × 10−5 Scm−1, which is
nearly three orders higher than that of the untreated sample. Meanwhile, the tensile strength and modulus increase more than 50%
after thermal treatment. It is expected that such improved nanomaterials may be potentially useful in composite reinforcement
and electronic devices.

1. Introduction

Compared with more traditional fibers such as carbon and
glass fibers, nanofibers have several specific features such as
smaller diameter, high-surface area per unit mass, high
strength-to-weight ratio, and ability in providing both
mechanical as well as functional properties [1, 2]. Thus,
nanofibers have attracted considerable attention in recent
years. Typically, nanofibers are prepared by drawing, tem-
plate synthesis, self-assembly, emulsion polymerization,
chemical vapor deposition, and electrospinning [3]. Among
the various manufacturing technologies, electrospinning
process is a simple, feasible, and economical means to
fabricate nanofibers. Nanofibers prepared by electrospinning
technology can be found applications in coatings, mem-
branes, fabrics, and scaffolds [3, 4].

The main weakness of these nanofibers obtained by
electrospinning seems to be their poor mechanical properties
caused by relaxation processes occurring immediately after

fiber formation, at which a certain degree of molecular orien-
tation is lost [5, 6]. To functionalize and improve the physical
properties of fibers, several types of nanoparticles have been
studied. Among them, carbon nanotubes (CNTs) have re-
ceived a particular attention [20–23]. Due to their rolled
graphite structure, CNTs have superior in-plane properties,
for example, Young’s modulus is 1 Tpa, and the resistivity is
50 μΩcm2 [7, 8]. In fact, after their rapid development, CNTs
have been widely used to improve electrical or mechanical
properties of electrospun polymer nanofibers [9–14].

In addition, the nature of CNT structure enables their
surfaces to be modified chemically with various functional
groups, as demonstrated by a handful of research groups
[15, 16]. Studies have also highlighted that addition of CNTs
can increase crystallinities and change crystal morphologies
of the polymer matrix [12, 17]. Moreover, the presence of
CNTs enhances the conductivity of the polymersolution and
produces a larger electrical current during electrospinning
[18, 19]. The addition of charge accumulation overcomes



2 Journal of Nanomaterials

cohesive forces and intensifies repulsive forces among the
charges accumulated inside nanofibers. Therefore, the CNTs
within the polymeric solution would align and disperse
themselves along the fiber axis during the spinning process,
and fibers with smaller diameter and well-dispersed CNTs
are formed [12, 18, 19]. Due to afore-mentioned advantages,
relative studies reported that incorporating of CNTs into the
nanofibers could averagely improve the electric conductivity
and tensile strength of the nanofibrous membrane by 10
orders and 2-to-4 times, respectively [5–17, 20–23].

Although, remarkable physical properties have been
achieved by the use of this method, bulk mechanical prop-
erties of the membrane remain relatively low [5–17, 20–23].
This is because a large number of nanofibers are randomly
stacked one over another to form the membrane, in which,
one fiber is independent of another. It means that the
membrane in nature is a discontinuous stress transmission
carrier, which results a poor mechanical property. So, this
work aims to improve the properties of the membrane by a
simple thermal treatment method, expecting a continuous
mesh membrane can be obtained.

Polyurethane (PU) is a resilient elastomer that has a
wide range of application as coatings, sealants, transdermal
patches, and biomaterials such as catheters and blood-
contacting environments [24]. In the present work, electro-
spinning technique was used to produce multi-walled nan-
otubes(MWNTs) and thermal polyurethane (PU) composite
nanofibrous membranes. A thermal treatment method is
proposed to obtain a membrane with better comprehensive
properties. Morphology, thermal properties, electric con-
ductivity, and mechanical properties of the MWNTs/PU
membranes with and without thermal treatment were exam-
ined by SEM, TEM, TGA, DMA, resistivity measurement,
and tensile testing, respectively. Results have shown that
the thermal treatment method can further enhance the
properties of the membranes, especially the conductivity and
mechanical properties.

2. Experimental

2.1. Materials. MWNTs (purchased from Shenzhen Nan-
otech Port Co., Ltd., China) were modified with carboxyl,
which were functionalized by the manufacturer and with a
carboxyl ratio of 2.3 wt.%. The carboxylic MWNTs is 10 ∼
20 nm in diameter, 5 ∼ 15 μm in length, and purity is greater
than 95%. Thermoplastic PU (BASF, 1185A) was dissolved
in tetrahydrofuran (THF) and N-N dimethylformamide
(DMF) (THF : DMF = 6 : 4 by weight) at 80◦C for 6 hours.
A prepared solution suitable for electrospinning had a total
PU concentration of about 10 wt.%.

2.2. Preparation

2.2.1. Electrospinning. The dispersion of MWNTs in PU so-
lution was prepared with help of a sonicator (model KQ118,
70W, China) for 3-4 h at 60◦C to obtain homogeneous
dispersion. The dispersions were directly used in the elec-
trospinning process. The electrospinning set used in this

Table 1: Samples prepared for characterization.

Sample Concentration of MWNTs (wt.%) Thermal treatment

A 0 No

A′ 0 Yes

B 1 No

B′ 1 Yes

C 3 No

C′ 3 Yes

research was described in [25]. Electrospinning was carried
out at room temperature in air with an injection speed of
3.0 ∼ 4.0 mL/h, a high electric voltage of 23 ∼ 24 kV, and
a distance between electrodes of 13 ∼ 14 cm, respectively.
The nanofibers/nanowebs were received on the surface of
aluminum foil with a random direction, and the thickness
of the obtained nanowebs membrane was in the range of
80–100 μm. The concentration of MWNTs was varied 0, 1,
and 3 wt.%, with respect to the solution mixture (shown in
Table 1).

2.2.2. Thermal Treatment. A thermal processing was applied
to the electrospun nanofibers (shown in Table 1) in web form
to take advantages of dispersing MWNTs in the nanofibers.
Firstly, the nanofibrous membranes were put into a vacuum
drying chamber, a piece of release film was put on the
upper side of the membrane, then covered with a steel
plate to pressurize the membranes. After closing the door
of the chamber, a vacuum was created to the chamber,
and the temperature inside the chamber was increased to
95◦C at a rate of 1-2◦C/min and held at 95–105◦C for 5-
6 hours in a vacuum status. Finally, removed the vacuum
and cooled down the temperature to room temperature. The
thermal processing was expected to increase the structural
stability of the nanofibrous membranes, thereby enabling the
fabrication of membranes with well-dispersed MWNTs and
continuous mesh.

2.3. Characterization

2.3.1. Morphology. The final morphologies and surface
structures of the nanofibers with various MWNTs loadings
were observed with a SEM (Philips XL 30 ESEM instrument).
Fiber diameters within the membrane were measured using
software ImageJ. TEM (HITACHI H-800) was used to con-
firm that MWNTs were embedded in the nanofibers and
aligned along the nanofibers axis. The samples with and
without thermal treatment were observed for a comparison
purpose.

2.3.2. Thermal Analysis. TG analysis was performed for all
the samples using a NETZSCH Instruments STA 449C in
nitrogen gas, at a heat rate of 20◦C/min, from ambient to
600◦C. DMA was operated on a TA Instruments Q800 in
nitrogen gas (at low temperature), operating in the tensile
test mode at an oscillation frequency of 1 Hz. Data were
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Figure 1: SEM images of MWNTs/PU nanofibers without thermal treatment (A, B, and C) and with thermal treatment (A′, B′, and C′).

collected from −110 ∼ 100◦C at a scanning rate of 5◦C/min.
The sample specimens were cut into rectangular bars with
dimensions of 60 mm∗10 mm∗(0.08–0.10) mm.

2.3.3. Electrical Conductivity. Electrical conductivity of all
final membranes was measured using various instruments.
In the case of high-resistance specimens (>107 Ω), a PC68
(Shanghai Precision Instrument Company, China), high-
resistance meter was used, in a three-electrode mode, and
in the low-resistance range (<107 Ω) a Loresta GP resistance
meter was used in a four-probe mode. The conductivities
obtained from above methods are direct-current (DC)
conductivities, which can be calculated using the measured
resistance and the geometry of the samples.

The effective alternating-current (AC) conductivities of
the specimens were measured using an Agilent 4294A im-
pedance analyzer in the frequency range of 40 Hz to 110 MHz

with an AC voltage of 500 mV. Complex impedance modu-
lus, Z, of all samples at different frequencies can be obtained
from the analyzer. Therefore, AC conductivity, σ , can be
calculated from the formula: σ = (1/Z) ∗ (t/A), where t
is thickness of the membranes, and A is the area of the
electrode. The two end surfaces of all samples were coated
with conductive adhesive for ohmic contact.

2.3.4. Mechanical Properties. To characterize the tensile per-
formance of the nanofibrous membranes, a special clamping
fixture was used [25], which was fixed on a universal testing
machine (Model CSS-44020, Changchun Institute of Testing
Machines, China), equipped with a 10 N or 20 N load cell.
All of the test specimens were cut to 50 mm long and 10 mm
wide. Each end was affixed with two pieces of end tapes of
10 mm length on both the sides, leaving a gauge length of
30 mm. Cross-head speed used for testing was 10 mm/min.
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Figure 2: TEM images of MWNTs/PU nanofibers without thermal treatment (B and C) and with thermal treatment (B′ and C′).

3. Results and Discussion

3.1. Morphology. SEM analysis of the pure PU and
MWNTs/PU nanofibers with and without thermal treatment
prepared by electrospinning are provided in Figure 1. As
can be seen the fibers diameter becomes thinner with larger
MWNTs loadings. The average diameter of PU fibers was
observed as 910 ± 300 nm. The diameters decrease to 440 ±
150 nm, and 350 ± 90 nm with MWNTs concentrations
increase to 1, and 3 wt.%, respectively. Note that MWNTs
modify the spinnability of the polymer; thus, the diameter
distribution and morphology of the fibers are changed. It
can be deduced from the fact that there are some free electric
charges within MWNTs, high MWNTs concentration leads a
high surface charge density to the liquid cone, which further
results a bigger acceleration to the jet flow and an increasing
tensile stress to the nanofibers. So, when the other parameters
are keept the same, the increasing MWNTs promote the
splitting of a larger fiber into several small fibers. Therefore,
the fibers become thinner and thinner as shown in Figure 1
(A, B, and C).

It can be seen from Figure 1 (A′, B′, and C′) that the
fiber diameters were measured as 820 ± 280 nm, 420 ±
180 nm, and 340 ± 100 nm, respectively. It shows that
thermal treatment has little effect on the average diameters of
the fibers. Without thermal treatment, the individual fibers
are stacked one over another just by “contacting” mode (as
shown in Figure 1 (A, B, and C), and the junction point
is discontinuous. After thermal treatment, the contacting
fibers are bonded together at the junction point (as shown
in Figure 1 (A′, B′, and C′)). It means that the junction

point is continuous and rigid. Therefore, we can deduce that
the whole membrane forms a continuous stress transmission
carrier after thermal treatment. Figure 1 also illustrates that
the surface of the fibers is smooth without visible bead bars,
indicating that no apparent agglomeration is produced with
the formation of MWNTs/PU ultrathin fibers.

The incorporation of MWNTs into the PU nanofibers
was confirmed by TEM (Figure 2). It can be visible that
the incorporated MWNTs tends to align along the fiber
axis when MWNTs concentration is 1 wt.%. Some of the
MWNTs are well dispersed within PU fibers or on the surface
of the fibers. No significant agglomeration of MWNTs in
PU fibers is observed for the samples with and without
thermal treatment (Figures 2(B) and 2(B′)). Figures 2(C)
and 2(C′) give the TEM images of MWNTs/PU fibers with
3 wt.% MWNTs. Those two images exhibit more MWNTs are
incorporated into the fibers, agglomeration is formed with
higher MWNTs loading shown in Figure 2(C′). It is also seen
from Figure 2(C′) that some visible contacting point of fibers
is bonded together after thermal treatment.

3.2. Thermal Properties. Figure 3 gives the TGA thermo-
grams of all samples in this study. The pure PU, 1 wt.%
MWNTs/PU, and 3 wt.% MWNTs/PU membranes state the
temperature at which 5% (T5%) weight loss occurs at 230◦C,
234◦C, and 240◦C, and completely decomposition around
375◦C, 390◦C, and 384◦C, respectively. While, the thermal
treatment membranes show nearly the same T5%, but
the completely decomposed temperature is 440◦C and
466◦C for the 2 wt.% and 3 wt.% membranes, respectively.
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Figure 3: TGA curves of the studied MWNTs/PU samples.

Thus, the incorporation of MWNTs into the nanofibers
can decrease the decomposition speed of the PU, but the
thermal treatment has slight effect on the degradation.
The actual content of the MWNTs inside the membranes
can be determined using TGA curves of Figure 3. Residues
of the MWNTs were analyzed at 500◦C because PU and
MWNTs are decomposed at approximately 240 and 800◦C,
respectively. As shown in Figure 3 and Table 1, the contents
of MWNTs are slightly changed, suggesting that the MWNTs
in the polymer solution are successfully embedded into the
nanofibers during the electrospinning process.

Figure 4(a) shows the DMA plots of storage modulus
versus temperature as a function of loading MWNTs.
The modulus drop is credited to an energy dissipation
phenomenon involving cooperative motions of the polymer
chain. The storage modulus steadily increases with higher
MWNTs weight percents. The addition of 1 and 3 wt.% of
MWNTs yields a 96% and 160% increase of the storage
modulus at −70◦C, respectively. The high-aspect ratio and
elastic modulus of MWNTs greatly increase the storage
modulus with higher amounts of MWNTs. It is also seen
from Figure 4(a) that the storage modulus of the membranes,
for example, B′ and C′, increases by nearly 100% as that
of the untreated materials. This is because more MWNTs
contact with each other after thermal treatment, resulting
in a more rigid membrane. But the pure PU membrane is
slightly affected by the thermal treatment. The loss factor
curves, tanδ, of the studied samples measured by DMA are
also shown in Figure 4(b). The peak height of loss factor
decreases with higher MWNTs content, but the temperature
determined from the peak position of tanδ, Tg, increases
to −23 and −18◦C for the 1 and 3 wt.% MWNTs loading
membranes (B and C), respectively, indicating a 13% and
32% increase of the Tg. While, the Tg is further improved
by 17% and 21% (B′ and C′) compared with the untreated
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Figure 4: DMA curves of the studied MWNTs/PU samples. (a) is
storage modulus and (b) is loss factor.

materials (B and C). It also exhibits thermal treatment has
slight effect on the pure PU membrane. In addition, the
width tanδ increases with higher MWNTs contents.

3.3. Conductive Properties. DC conductivity of electrospin-
ning membranes with and without thermal treatment was
measured for the studied samples (shown in Figure 5).
All the experiments were run in similar conditions, giv-
ing repeatability with a deviation of less than 10% with
respect to the average conductivity. The conductivity of the
nanofibrous membranes increases from 2.49 × 10−14 S/cm
to 4.69 × 10−11 and 7.93 × 10−8 S/cm with the MWNTs
loading increasing from 0 wt.% to 1 and 3 wt.%, that is,
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Figure 5: DC Conductivity of nanofibrous membranes with and
without thermal treatment.

3 and 6 orders of magnitude greater than that of neat
PU membrane, respectively. While, DC conductivity of the
thermal treating membranes increases to 4.12 × 10−9 and
8.29 × 10−5 S/cm for B′ and C′ samples, respectively. It
states that the conductivity is improved by 2 to 3 orders of
magnitude greater than that of the untreated MWNTs/PU
membranes. It could be deduced that an interconnected
network of MWNTs exists within in fibers; an outercon-
nected network of MWNTs between fibers also forms. More
conductive paths result better conductivity. According to
the common used classification of the electrical conducting
materials, the materials with electrical conductivity lower
than 10−6 S/cm are treated as insulators, with electrical
conductivity between 10−6 S/cm and 10−2 S/cm as semicon-
ductors, and consequently with greater than 10−2 S/cm as
metals [18, 25]. Thus, the membrane with MWNTs loadings
of 3 wt.% (C′) presented in this work belongs to materials
characterized as semiconductors. This finding indicates the
porous membrane with 3 wt.% of MWNTs loadings after
thermal treatment can be utilized for electrostatic discharge
application.

Figure 6 illustrates the frequency dependence of the AC
conductivity of MWNTs/PU membranes with up to 3 wt.%
of MWNTs measured at room temperature. Depending on
the nanotubes concentration, two distinct behaviors are
observed. For the pure PU membranes (A and A′), as well as
for the 1 wt.% MWNTs/PU membranes (B and B′), AC
conductivity increases linearly with the frequency, showing
a typical behavior for dielectric materials. On the contrary,
the 3 wt.% MWNTs sample (C, without thermal treatment)
exhibits a small DC conductivity plateau (40–260 Hz), where
the conductivity is independent of frequency, above which
the conductivity is linearly increased again. This means the
material begins to translate from dielectric to conductive
materials. While, the thermal-treated sample (C′) shows a
better conductivity and with a lower slope than that of
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Figure 6: AC Conductivity of nanofibrous membranes with and
without thermal treatment versus the frequency.

the C. The conductivity of the polymer/conductive-filler
composites originates from two mechanisms: (1) Ohmic
conduction, through direct contact of conductive fillers, and
(2) non-Ohmic conduction, through the barrier-tunnelling
effect between the conductive fillers separated by a polymer
layer [25]. So, Ohmic conduction is easier in thermal-treated
membranes than in untreated ones, which results in a higher
conductivity.

3.4. Mechanical Properties. Typical stress-strain curves for
pure PU (A), 1 wt.% MWNTs/PU (B), and 3 wt.%
MWNTs/PU (C) membranes are given in Figure 7. The
untreated membranes exhibit a nonlinear elastic behavior in
the low-stress region (0–2 MPa), while the thermal-treated
membranes indicate linear behavior in the whole stress
region. The tensile strength of A, B, C, A′, B′, and C′ is
7.4, 11.1, 14.3, 11.5, 16.9, and 23.8 MPa, respectively (as
shown in Figures 7 and 8(a)). Compared to the sample A,
the tensile strengths of the B and C composites are improved
by 50 and 92%, respectively. This enhancement in the
mechanical properties is evidence of efficient load transfer
to the MWNTs in the composite membranes. Comparing A′

and A, B′ and B, C′ and C, the tensile strength of the former
is increased by 50–60% from that of the latter (Figure 8(a)).
It indicates the proposed thermal treatment method can
efficiently improve the mechanical properties.

A similar trend is seen for the tensile tangent modulus. As
can be seen in Figure 8(b), the thermal treatment causes an
increase in modulus compared to the untreated membranes.
The modulus of the pure thermal-treated PU membrane
is improved by 47% from 3.2 to 4.7 MPa, and the 1 wt.%
MWNTs/PU (B′) is improved by 95% compared to the
untreated B sample. As well as, the thermal treatment of
C′ causes an increase of 143% in modulus as that of the C
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Figure 8: Tensile strength (a) and modulus (b) of the membranes
with various MWNTs concentration.

sample. On the contrary, the elongation at break becomes
smaller by blending MWNTs and thermal treatments.

It could be deduced that the fibers in the membrane are
randomly oriented, which can be classified into three main
events. Fibers oriented parallel to the direction of applied
strain will be stretched and bear the load. Fibers oriented
at smaller angle with respect to the direction of applied
strain will be rotated and then be stretched to carry some
loads. Fibers oriented at larger angle with the direction of
the applied strain as well as approximately perpendicular to
the direction of applied strain will be buckled. The stretched
fibers contribute a large-part stress in the membranes, while
the buckling fibers are considered to contribute zero to the
total stress in the membrane. For the untreated membranes
such as A, B, and C, the fibers within the membranes are
individual, and there is no continuous stress transfer between
the stocking fibers (see also Figure 1 (A, B, and C). So, they
mainly undergo the above-mentioned three events. On the
other hand, the thermal-treated samples, that is, A′, B′, and
C′, the fibers in the membranes are rigidly connected and
form a continuous stress transfer carrier, as well as more
MWNTs connect with each other, which results in a more
efficient transfer of the stress in the membranes. Also, some
fibers oriented at larger angle with respect to the direction of
applied strain will be rotated and stretched because the two
ends of those fibers are bonding with other fibers. Therefore,
more fibers will contribute a force to the membranes for the
case with thermal treatment.

4. Conclusions

Electrospinning technique was used to produce MWNTs/PU
membranes with MWNTs concentration varying from 0, 1
to 3 wt.%. A thermal treatment method was applied to all
the samples. This study indicates the thermal treatment
contributes to form a continuous web of MWNTs/PU fibers.
More fibers are rigidly connected with each other, as well as
more MWNTs connect together, which results in a contin-
uous stress transmission carrier and forms more conductive
paths. Therefore, the storage modulus, tensile strength and
modulus, and conductivity are enhanced significantly. In
conclusion, we have demonstrated the feasibility of using the
thermal treatment method to improve the comprehensive
properties of the MWNTs/PU membranes.
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Polyvinyl alcohol nanofibers were prepared by a needleless electrospinning technique using a rotating spiral wire coil as spinneret.
The influences of coil dimension (e.g., coil length, coil diameter, spiral distance, and wire diameter) and operating parameters (e.g.,
applied voltage and spinning distance) on electrospinning process, nanofiber diameter, and fiber productivity were examined. It
was found that the coil dimension had a considerable influence on the nanofiber production rate, but minor effect on the fiber
diameter. The fiber production rate increased with the increased coil length or coil diameter, or the reduced spiral distance or wire
diameter. Higher applied voltage or shorter collecting distance also improved the fiber production rate but had little influence
on the fiber diameter. Compared with the conventional needle electrospinning, the coil electrospinning produced finer fibers
with a narrower diameter distribution. A finite element method was used to analyze the electric field on the coil surface and in
electrospinning zone. It was revealed that the high electric field intensity was concentrated on the coil surface, and the intensity
was highly dependent on the coil dimension, which can be used to explain the electrospinning performances of coils. In addition,
PAN nanofibers were prepared using the same needleless electrospinning technique to verify the improvement in productivity.

1. Introduction

Electrospinning is a simple but effective method to produce
polymer nanofibers [1], and electrospun nanofibers have
shown enormous application potential in diverse areas [2, 3].
For a conventional electrospinning setup, a needle-like noz-
zle is often used. Despite its ability to produce bicomponent
nanofibers, the conventional needle electrospinning has a
small fiber production rate, typically less than 0.3 g/hr per
needle, which prevents its practical uses.

Efforts to improve the electrospinning productivity have
been made based on different principles, such as increasing
the needle number (also called multineedle setup), using air-
jacket to improve the solution flow rate, and electrospinning
from open solution surface (also referred to as “needleless
electrospinning”). Multi-needle electrospinning is a straight-
forward strategy to increase the electrospinning productivity.
However, the multi-needle setup usually requires a large
operating space, and the relative locations of needles have to
be optimized to avoid the strong charge-repulsion between

the adjacent solution jets, otherwise unevenly deposited
nanofiber mat may be obtained. A regular cleaning device
has to be applied to each needle to prevent the blockage of
the nozzles during electrospinning, which makes the whole
setup inapplicable when thousands of needles are used for
the nanofiber production. Dosunmu et al. [4] reported the
formation of multiple jets from a cylindrical tube. Later on
Varabhas et al. [5] modified this setup to control the ejecting
locations of jets. Both setups used fluidic channels to convey
the solution for electrospinning, which can still be classified
as improved needle electrospinning techniques.

Recently needleless electrospinning setups have been re-
ported to increase nanofiber production rate [4–8]. Instead
of being generated from a needle tip or small opening, jets
in needleless electrospinning are formed from a widely open
liquid surface. Needleless electrospinning appeared as early
as 1970s, when Simm et al. [9] filed a patent on using rings to
electrostatically spin fibers for filtration applications. Jirsak et
al. [7] patented their needleless electrospinning design using
a roller or cylinder as the fiber generator (also referred to as
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“spinneret” in this paper), which has been commercialized
by Elmarco with the brand name Nanospider. Niu et al. [10]
used a disc as the spinneret to produce nanofibers, and they
also compared the disc with a cylinder spinneret. Recently, a
rotary cone was also used as the fiber generator to electrospin
nanofibers needlelessly [11]. Yarin and Zussman [6] used a
magnetic fluid underneath the polymer solution to initiate
needleless electrospinning. Liu et al. [12] blew air to generate
bubbles to assist in electrospinning of nanofibers from a
liquid surface.

Theoretically, Lukas et al. [8] demonstrated that the
generation of multiple jets from an open liquid surface
came from electrically amplified liquid waves. For a one-
dimensional approximation of the fluid surface, the wave-
length λ, which determines the distance between neighboring
jets, can be expressed as follows:

λ = 12πγ

2εE2
0 +
√(

2εE2
0

)2 − 12γρg
, (1)

where E0 is the external field strength, γ is the surface
tension of the liquid, ρ is the liquid density, and g is
the gravitational acceleration. It clearly shows that the jet
formation in needleless electrospinning is highly influenced
by the external electric field strength.

For a three-dimensional setup, the geometry of the spin-
neret greatly influences the distribution of the electric field
intensity thus affecting the electrospinning process and fiber
properties. However, it has been difficult to directly measure
the electric field intensity of an electrospinning setup due to
the high-voltage involved. Finite element method (FEM) is
a numerical technique for finding approximate solutions of
partial differential equations (PDE), which is used to solve
a wide range of physical and engineering PDE problems.
It provides an attractive method to analyze the electric
field in electrospinning. Since the practical dimensions and
material properties can be used for the FEM calculation, it
enables one to visualize the electric field intensity profile and
to understand how this profile may be influenced by the
spinneret geometry as well as material characteristics.

In the previous work, we have used disc and cylinder as
spinnerets to electrospin polyvinyl alcohol (PVA) nanofibers,
and demonstrated the noticeable differences between disc
and cylinder electrospinning processes [10]. The disc pro-
duced finer nanofibers with a narrower diameter distribution
compared to the cylinder. A disc spinneret 2 mm thick
has roughly the same fiber production rate as a cylinder
of the same diameter (80 mm) but 100-times larger in
length (i.e., 20 cm). Using FEM, we have also analyzed the
electric field in the needleless electrospinning setup, and
confirmed that these differences came from different electric
field distributions. Compared with the conventional needle
electrospinning, both cylinder and disc electrospinning
produced coarser nanofibers.

In parallel, we also used a conical wire coil to electrospin
PVA nanofibers [13]. It was interesting to find that the
conical coil setup produced finer nanofibers with a higher
productivity compared to the conventional needle electro-
spinning. However, it was difficult to scale up the conical coil

system, which hampered the effort to further improve the
productivity. In our recent work, a spiral wire coil was used
as the spinneret to electrospin nanofibers. We found that the
spiral coil produced finer nanofibers with a narrower diam-
eter distribution than the needle electrospinning. A finite
element method was used to understand the electric field
intensity profile around the coil surface and the influences
of coil dimension on the electric field intensity profile and
electrospinning performance.

2. Experimental

2.1. Materials and Measurements. PVA (average molecular
weight 146,000–186,000, 96% hydrolyzed), polyacrylonitrile
(PAN, average molecular weight 70,000), and dimethylfor-
mamide (DMF) were obtained from Aldrich-Sigma. The
fiber morphology was observed under scanning electron
microscope (SEM, Leica S440). The average fiber diameter
was calculated from the SEM images using an image
analysis software (ImagePro+6.0). More than 100 fibers were
counted from at least 4 SEM images which were taken from
different places of a sample. The productivity of needle
electrospinning was calculated based on the largest flow rate
of the polymer solution being processed while no liquid
dropped from the needle tip. For needleless electrospinning,
the productivity was measured based on the dry weight of
collected nanofibers. The crystalline structure of electrospun
nanofibers was tested using Panalytical XRD.

2.2. Needleless Electrospinning. The apparatus used for
needleless electrospinning of nanofibers is depicted in
Figure 1(a). A spiral coil made from a copper wire was used
as the fiber generator. The polymer solution was loaded onto
the coil surface by the slow rotation of the coil. The rotating
speed was controlled at 40 rpm. The solution was charged
with a high-voltage power supply (ES100P, Gamma High
Voltage Research) through inserting an electrode into the
solution. A rotating drum covered with aluminum foil was
used to collect nanofibers. The applied voltage, collecting
distance, and PVA concentration were 60 kV, 13 cm, and
9 wt%, respectively, unless otherwise stated. Unless otherwise
specified, the coil length, diameter, spiral distance, and
wire diameter were set at 16 cm, 8 cm, 4 cm in, and 2 mm,
respectively.

2.3. Electric Field Analysis. The electric field was calculated
using a finite element method (FEM) program package
COMSOL3.5. Before the calculation, the physical geome-
tries of the electrospinning setups (e.g., spinneret, solution
container, and collector), polymer solution in the container,
and collector were established according to their practical
dimensions, locations, and relative permittivities. A high
voltage was then set to the metal wire located at the bottom
of the solution bath. The metal collector and the boundaries
at an infinite distance were set as zero potential. All the other
boundaries were set as continuity. The meshing and solving
were performed by the software to obtain the electric field
intensity and profile.
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Figure 1: (a) Schematics of spiral coil electrospinning setup; (b) magnified view of the coil; photos of spiral coil spinning processes. (c) front
view and (d) side view. bar = 1 cm.

(a) (b) (c)

Figure 2: SEM images of PVA nanofibers from spiral wire coil electrospinning (magnification is 1k, 5k, and 10k, resp., bar = 5 μm).

3. Results and Discussion

Figure 1(a) illustrates the coil electrospinning setup. A spiral
coil made from a metal wire was used as the fiber generator,
which was partly immersed in the polymer solution. The
polymer solution was loaded on to the coil surface because
of the slow rotation of the coil. The viscoelastic property of
the polymer solution also assisted in the formation of an
evenly distributed solution layer on each spiral. When the
coil together with the polymer solution was charged with
an electric voltage higher than 40 kV, a number of jets were
generated from the coil surface. With the increased applied
voltage, more jets were formed. Figures 1(c) and 1(d) show
the front and side views of coil electrospinning process. A
large number of polymer jets were clearly observed to be
produced from each coil section. The side view shows that the

polymer jets were produced from the top of a circular sector
zone with a central angle of about 90 degrees (Figure 1(d)). A
voltage up to 70 kV could be applied for electrospinning, and
a further increase in the voltage led to “corona discharges”
instead of normal electrospinning.

Figure 2 shows the morphology of electrospun PVA
nanofibers. Some fibers were observed to stick to each other
forming an interconnected fibrous structure. The formation
of bonded fibrous structure was because of the insufficient
solvent (water) evaporation from the polymer jets. This
usually happened to PVA, especially when lots of jets were
generated simultaneously in a very limited space during
needleless electrospinning.

Figures 3(a)–3(d) shows the SEM images of PVA fibers
electrospun from PVA solutions with different concentra-
tions. Beaded-fibers appeared when the PVA concentration
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Figure 3: SEM images of PVA nanofibers from spiral wire coil electrospinning with different PVA concentrations. (a) 6%, (b) 9%, (c) 12%,
and (d) 15% (bar = 1 μm). (e) Effects of PVA concentration on the fiber diameter and productivity.
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Figure 6: Effects of applied voltage and collecting distance on the fiber diameter and productivity. (a) and (a’) applied voltage; (b) and (b’)
collecting distance.

was lower than 8 wt%. With the increased PVA concentra-
tion, the fiber diameter increased greatly (Figures 3(b)–3(d)).

The fiber diameter increased with the increase of PVA
concentration in the range of 8–11 wt%. The increased
polymer concentration also resulted in a reduced number of
polymer jets (Figure 3(e)) when the solution concentration
was over 9 wt%, which resulted in a lower fiber production
rate. When the PVA concentration was higher than 15 wt%,
no fibers could be electrospun due to the high solution
viscosity. For comparison, the same PVA solutions were
also electrospun using a conventional needle electrospinning
setup [14]. When the PVA concentration was higher than
12 wt%, clogging of the polymer solution within the needle
always happened due to the high solution viscosity. In such a
case, a much higher applied voltage had to be used. However,
the “corona” discharge happened when the applied voltage
was higher than 24 kV in the experiment.

The electric field calculation results indicated that the
electric field distributed unevenly along the coil surface,

and the coil dimension affected the electric field greatly.
As illustrated in Figure 4(a), the coil surface had a high
electric field because the coil wire had a small radius. Such
an intensified electric field can be found in all coil sections.
For comparison, the electric field of a needle setup was
also calculated. As shown in Figure 4(b), the high electric
field was mainly concentrated on the needle surface and the
highest electric field intensity was at the needle tip. Electric
field intensities along the coil axis direction and from the
fiber generators to the collectors are shown in Figures 4(d)
and 4(e), respectively. Under the respective applied voltages,
the electric field intensity of the coil setup was higher than
that of the needle setup. It was also revealed that the high
electric field intensity peaks were generated on the top of the
coil whereas the tip of the needle just showed one peak with
a lower intensity. Since the electric field is the main driving
force to initiate the formation of jets [15], a polymer solution
charged by a stronger electric field is easier to generate
solution jets, and the jets should be highly stretched under
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the stronger electric force, hence producing finer and more
uniform fibers with a much higher production rate.

By combining the electric field analysis with the exper-
imental results, the influences of coil dimension on the
fiber diameter and productivity can be understood. The
fiber diameter was hardly affected by the coil length D.
The productivity improved with the increased coil length D
(Figure 5(a)). Figure 5(a’) shows the electric field intensities
of spiral coils with different coil length D. Although the
electric field intensity in the middle area decreased with
the increased D, it was still over the intensity threshold for
generating nanofibers. Longer coils generated more polymer
jets. However, due to the decline of electric field intensity
in the middle area (Figure 5(a’)), each single spiral showed
a reduced fiber production rate in the meantime.

When the spiral distance d (pitch) decreased from 8 cm
to 2 cm, the electrospinning productivity improved and the
productivity of each spiral decreased gradually (Figure 5(b)).
The spiral distance had little influences on the fiber diameter
and diameter distribution. The variation of d affected the
electric field intensity of coil greatly (Figure 5(b’)). It was
found that electric field intensity on the side coil surface was
higher than that on the middle coil. When d was larger than
1 cm, the electric field in the coil middle area was strong
enough to produce nanofibers, therefore the productivity of
coil increased with the reduced d. When d was 1 cm, the
electric field intensity in the coil middle area was much lower
than that from the coil (d = 2 cm) and can only produce
nanofibers intermittently, resulting in a slightly reduced
productivity (Figure 5(b)).

Both coil diameter (Φ) and wire diameter (Φw) had a
considerable influence on the nanofiber productivity, but
these parameters only had a slight effect on the fiber di-
ameter. The productivity of coil electrospinning increased
evidently with the increased coil diameter (Figure 5(c))
and the decreased wire diameter (Figure 5(d)), which was

attributed to the stronger electric fields generated by
the larger diameter coils (in the range of 2 cm–8 cm)
(Figure 5(c’)) and the finer wire coil (Figure 5(d’)).

In physics, the charge density on the surface of an
irregularly shaped conductor is high in convex regions with a
small radius of curvature. In our case, the wire with smaller
diameter should have larger electric field intensity because of
the smaller radius of curvature. In the case of forming greater
intensity of electric field on a coil with larger coil diameter,
this was attributed to the long protrusion of large coil and the
influence of solution bath. In our design, the high voltage was
charged on the solution bath underneath the coil. Because
the liquid bath formed second electric field, it influenced the
intensity of electric field on the coil surface above. This effect
was verified through a simple calculation using a structure
shown in Figure 4(c). When the distance between the needle
tip and the counter electrode remained the same, with an
increase in the needle length (“x” in Figure 4(c)) from 1 cm,
to 2 cm and 4 cm, the electric field intensity on the needle tip
(“∗” marked in Figure 4(c)) increased from 17.7 kV/cm, to
19.3 kV/cm and 20.2 kV/cm, respectively.

The increase in electric field strength could lead to the
formation of more “Taylor cones” from the coil surface and
jets travelled under a higher electric field were also faster.
Both effects favored to the increase in the fibre productivity.

The influences of applied voltage and electrospinning
distance on the electrospinning process can be well inter-
preted with help of electric field analysis. For coil electro-
spinning, the minimum applied voltage for inducing the
fiber generation was around 40 kV. Higher applied voltage
led to more stable electrospinning until “corona discharge”
occurred when the applied voltage was higher than a critical
value. As shown in Figure 6(a), the productivity increased
when a higher voltage was applied, and the increased ap-
plied voltage also assisted in narrowing the fiber diameter
distribution (Figure 6(a)). This trend was exactly the same
with the conventional needle electrospinning because the
increased applied voltage improved the electric field strength
(Figure 6(a’)). Reducing the collecting distance had an oppo-
site effect. The productivity of coil electrospinning reduced
with the increased collecting distance (Figure 6(b)), because
a larger collecting distance led to the weakened electric field
(Figure 6(b’)).

The WAXD patterns of PVA powder and PVA nanofibers
from both needle and needleless electrospinning are shown
in Figure 7. PVA powder showed typical diffraction peaks
(100) at 2θ = 12.4◦, (101) at about 2θ = 19.4◦, (200)
at 2θ = 23.0◦, and (111) at 2θ = 40.5◦. For nanofibers
electrospun from needle electrospinning, just a prominent
peak (101) at about 2θ = 19.4◦ and a small peak at 2θ =
40.5◦ were observed. However, nanofibers from needleless
electrospinning showed a similar trend to that of PVA
powder, except that the intensity of the peak at 2θ = 19.4◦

was lower. The differences are probably due to the differences
in water content and humidity level during electrospinning
[16, 17]. The polymer crystalline in electrospun fibers is an
important property determining the mechanical strength.
The improvement of fiber tensile strength through increas-
ing the polymer crystallinity has been reported [18, 19].
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Figure 8: Comparison between needle electrospinning and spiral wire coil electrospinning, (a) fiber diameter, and (b) productivity.
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Figure 9: (a) SEM images of coil electrospun PAN fibers (PAN concentrations = 12 wt%, bar = 1μm); (b) effects of PAN concentration on
the fiber diameter and productivity.

Nanofibers containing higher crystallinity generally have
larger tensile strength. The higher crystallinity of needleless
electrospun nanofibers suggests that they may have better
mechanical strength than needle electrospun nanofibers.

The coil spinneret showed a better electrospinning
performance compared with needle electrospinning. In coil
electrospinning, the fiber diameter increased from 205.4 ±
65.1 nm to 290.8 ± 134.2 nm when the PVA concentration
increased from 8% to 11% (Figure 8(a)). For needle electro-
spinning, the fiber diameter increased from 283.0± 59.4 nm
to 685.6 ± 336.0 nm. The nanofibers produced from coil
spinneret were much thinner with a narrower fiber diameter
distribution compared to those from needle electrospinning,

especially when the PVA concentration was higher than 9%.
Figure 8(b) shows the productivities of needle and needleless
electrospinning. The productivity of needle electrospinning
was from 0.01 g/hr to 0.21 g/hr when the applied voltage
increased from 8 kV to 24 kV. The productivity of coil needle-
less electrospinning increased from 2.94 g/hr to 9.42 g/hr
when the applied voltage increased from 45 kV to 60 kV.
The applied voltage played a crucial role in improving the
productivity of coil electrospinning.

The above results were based on electrospinning of PVA
solutions, other materials, such as PAN, were also electro-
spun using the same setup and similar trends were obtained.
Figure 9(a) shows the fiber morphology of electrospun PAN
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nanofibers, which had a uniform fiber structure. Similar
to PVA, the productivity of PAN nanofibers increased with
the increased applied voltage. The average fiber diameter
increased when the PAN concentration increased from
11 wt% to 14 wt% (Figure 9(b)). The productivity did not
improve monotonically with the increased PAN concentra-
tion but declined when the PAN concentration was over
12 wt% (Figure 9(b)). The different spinning performances
of PVA and PAN reflect differences in their intrinsic charac-
teristics. The production rate of PAN nanofibers for needle
electrospinning was 0.6 g/hr, which was much lower than
that of coil electrospinning.

4. Conclusions

We have demonstrated a novel needleless electrospinning
setup by using a spiral wire coil as the fiber generator. This
device has been used to produce PVA and PAN nanofibers
successfully. The PVA nanofiber production rate was much
higher than that of single-needle electrospinning. Coil
electrospinning also produced finer nanofibers than needle
electrospinning. The productivity of coil electrospinning
increased with the increased applied voltage and decreased
collecting distance. Electric field analysis showed that high
electric field intensity was generated around each coil spiral
and the intensity was much higher than that of needle
electrospinning nozzle. The electric field distribution was an
important factor affecting the electrospinning process, fiber
production rate, and resultant nanofiber property. Increasing
the electric field intensity led to stronger electrostatic force
resulting in thinner fibers and higher fiber productivity. This
setup shows great potential in the large-scale production of
nanofibers which will contribute to not only the laboratory
research but also the industrialization of electrospinning.
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We reported the synthesis of fluffy poly(o-phenylenediamine) (PoPD) microspheres via chemical polymerization of oPD
monomers by ammonium persulfate (APS) at room temperature. The SEM images showed that PoPD microspheres with an
average diameter of 1.5 µm and their surfaces consist of highly oriented nanofibers. Furthermore, PoPD microspheres were used
as adsorbent materials for the removal of Cr(VI) from aqueous solutions. The Cr(VI) adsorption behavior on the prepared PoPD
microspheres was studied at different adsorption contact times, solution pH values, and amount of the adsorbent. Experimental
isotherms of Cr(VI) ions were successfully fit to the Langmuir isotherm model. The results indicate that the PoPD fluffy micro-
spheres are an effective adsorbent for the removal of Cr(VI) ions from aqueous solutions, and they could be useful in treatment of
Cr(VI)-polluted wastewaters.

1. Introduction

Heavy metal ions and their compounds are widely used in
different industries such as metallurgy, battery, paper, and
paint manufacturing [1]. The excessive use of heavy metal
ions is increasing their amounts in aquatic systems. Heavy
metal ions are among the most important pollutants in
waters. They are nondegradable and therefore continue to ac-
cumulate in water bodies [2]. Because of their toxic prop-
erties and the tendency for bioaccumulation in the food
chain, it is necessary to take effective routes to reduce the
concentration levels of heavy metals in waters [3]. Among
all heavy metals, Cr(VI) ingestion beyond permissible quan-
tities causes various chronic disorders in human beings.
Chromium present in aqueous systems in both the trivalent
form Cr(III) and hexavalent form Cr(VI) has been placed
on the top of a list of priorities of toxic pollutants by the
US Environmental Protection Agency (USEPA). Compared
with Cr(III), Cr(VI) with its higher solubility in water con-
taminated by electroplating, steel manufacturing, dyeing,
and so forth are more harmful to living organisms [4]. Thus,
the removal of Cr(VI) ion in contaminated water is of great
importance.

The various methods of removal of Cr(VI) from indus-
trial wastewater include filtration, chemical precipitation,
adsorption, electrodeposition, and membrane systems or
even ion exchange processes. The chemical precipitation and
reduction process need other separation techniques for the
treatment and disposal of high quantities of waste metal
residual sludge produced. These techniques use a lot of
treatment chemicals and the residual Cr(VI) concentration
required in the treated wastewater is not achieved because
of the structure of the precipitates. The application of mem-
brane systems for wastewater treatment has major problems
like membrane scaling, fouling, and blocking. The drawback
of the ion exchange process is the high cost of the resin, while
the electrodeposition method is more energy intensive than
other methods. Among these methods, adsorption is one of
the most economically favorable and technically and easily
feasible method [5].

Due to the increasing consciousness of cost effectiveness
and public environmental protection, lower-cost, more effi-
cient, and safer adsorbents for the treatment of industrial
wastewaters contaminated with heavy metals are now in
demand. To date, several recent investigations have focused
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on the use of low-cost adsorbents, such as chitosan [6–8],
waste materials [9], activated carbon [10], coal [11], and
polymers [12–15]. Since the last decade, adsorption of metal
ions by conductive polymers such as polyaniline and poly-
thiophene has been reported [12, 15]. Recently, Polymers
based on aniline derivatives have also been extensively inves-
tigated. Among them, poly(phenylenediamine) homopoly-
mer is reported to be a highly aromatic polymer containing
2,3-diaminophenazine or quinoxaline repeating units [16]
and has been subjected to extensive studies for preparation
of lightweight battery electrodes, sensors, electromagnetic
shielding devices, and anticorrosion coatings because of its
controllable electrical conductivity, environmental stability,
good redox reversibility, and low cost [17, 18]. PoPD also
has been known to have a remarkable selectivity to certain
ions. In addition, it has insolubility and high thermal stab-
ility. Electrochemical polymerization has been proven to be
an effective method for preparation of PPD films on sub-
strates [19], and, on the other hand, chemical oxidation
polymerization is also a good alternative for preparing PPD
micro/nanostructures in solution [20–23]. Would we change
“quinoraline” to “quinoxaline”.

Herein, we reported an approach to the synthesis of fluffy
PoPD microspheres in H2SO4 solution. The morphology of
the sample was determined by scanning electron microscopy
(SEM). The molecular structure of the synthesized fluffy mi-
crospheres is characterized by X-ray energy dispersive (EDS).
In view of the health problems caused by Cr(VI), the
objective of this study was to assess the uptake of Cr(VI) from
aqueous solutions onto fluffy microspheres. The influen-
ce of several operating parameters for adsorption of chro-
mium(VI), such as contact time, temperature, pH, and ad-
sorbent dose, were investigated in batch mode.

2. Experimental

2.1. Materials and Methods. All chemicals were purchased
from Aladin Ltd. (Shanghai, China) and used as received
without further purification. The water used throughout all
experiments was purified through a Millipore system. All
glassware was cleaned in a bath of freshly prepared aqua
regia solution (HCl/HNO3, 3 : 1) and then rinsed thoroughly
with ultra pure water. The stock solution (1000 mg L−1)
was prepared by dissolving 2.829 g of potassium dichromate
(K2Cr2O7) in 1000 mL of ultra pure water. All working
solutions of possessing varying concentrations were ob-
tained by successive dilution. For batch studies, After reach-
ing equilibrium, the sorbent solution was centrifuged and
analyzed for the chromium content using an atomic absorp-
tion spectrometer (Beijing Rayleigh WFX-120 Model) with
0.078 ppm chromium detection limit.

2.2. Synthesis of PoPD Fluffy Microspheres. In a typical exper-
iment, 0.25 mM oPD aqueous solution was diluted with
water to 10 mL, followed by the addition of 2.5 mL of 0.1 M
APS aqueous solution under shaking. Then the reaction
was allowed to proceed without agitation for 24 h at room
temperature. The resulting precipitates were washed with

water by centrifugation twice first and dried in a vacuum at
room temperature for characterization and further use.

2.3. Sample Characterization. The morphologies of the
samples were determined by scanning electron microscopy
(SEM) using a JSM-6510LV (Rigaku, Japan) equipped with
an Inca X-Max energy dispersive (EDS). Fourier transform
infrared (FTIR) was performed on a Nicolet 6700 (resolution
0.4 cm−1) infrared spectrometer and samples were dispersed
in potassium bromide and compressed into pellets.

2.4. Effect of Contact Time. The contact time of adsorbent
with adsorbate is of great importance in adsorption since
contact time depends on the nature of the system used.
Adsorption experiments for Cr(VI) on PoPD were carried
out as follows: To each of 0.4 g the PoPD sample, 100 mL
of solution containing 50 mg L−1 of Cr(VI) was added. The
solution was adjusted with 0.1 M HCl and 0.1 M NaOH
solutions to pH 4. The samples were shaken at 24◦C for
periods ranging from 5 min to 1.5 h and then centrifuged and
5 mL portions of liquid phases were measured.

2.5. Effect of pH. The pH of the aqueous solution is a sig-
nificant controlling factor in adsorption process, in order to
optimize the pH for maximum removal efficiency, the effect
of pH on the removal of Cr(VI) is investigated by varying
the pH values from 2 to 12 at a temperature of 24◦C and
for fixed initial Cr(VI) concentration of 50 mg L−1. The con-
tact time has been fixed at 1.5 h for all experiments.

2.6. Effect of the Amount of Adsorbent. Under optimum con-
ditions of shaking time and pH 4, the effect of adsorbent
dosage on the removal of Cr(VI) at C0 = 50 mg L−1 was
also studied by shaking 100 mL of metal solution with 0.10
to 0.60 g of the adsorbent.

2.7. The Adsorption Isotherm. The adsorption isotherm was
studied by varying the concentration of Cr(VI) solutions
with a fixed dose of adsorbent. To investigate the sorp-
tion isotherm, three models, Langmuir, Freundlich, and
Temkin isotherm equations, were applied [24–26]. The linear
isotherm equations were expressed as the following:
Langmuir:

Ce

qe
= Ce

Q0
+

1
Q0b

. (1)

Freundlich:

log qe + logK +
1
n

logCe. (2)

Temkin:

qe = A + B lnCe, (3)

where Ce is the equilibrium liquid phase concentration
(mg L−1), qe is the amount of sorbent adsorbed per unit
weight (mg g−1), and Qe and b are the Langmuir constants
related to the adsorption capacity and the rate of adsorption,
respectively. K as well as 1/n are Freundlich constants. The
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values of K and 1/n, which roughly correspond to the ad-
sorption capacity and the heterogeneity factor represent the
deviation from linearity of adsorption, respectively. The val-
ues A and B are Temkin isotherm constants. A further ana-
lysis of the Langmuir equation can be made on the basis of
a dimensionless equilibrium parameter, RL [27], also known
as the separation factor, given by (4)

RL = 1
1 + bC0

, (4)

where b (L mg−1) is the Langmuir constant and C0 (mg L−1)
is the initial highest concentration of metal ion. The value of
RL lies in the range of 0-1 for a favorable adsorption. While
RL > 1 represents an unfavorable adsorption, and RL = 1
represents the linear adsorption, while the adsorption opera-
tion is irreversible if RL = 0.

3. Results and Discussion

Figure 1(a) shows the SEM images of the morphology of
PoPD fluffy microspheres, prepared in the solution that
contained 0.25 mM oPD and 0.1 M H2SO4 with the volume
ratio of oPD to APS is 1 : 1. The products are well-defined
microspheres with about 1.5 µm in diameter. From the
magnified image inset of Figure 1(a), it can be found that
the surface of the obtained microspheres consists of highly
oriented nanofibers, similar to the structure of a sea urchin,
which is endowed with the availability of larger surface area
and more adsorption sites. The chemical composition of
these colloids is determined by energy-dispersed spectrum
(EDS) (Figure 1(b)). The peaks of C and N are observed, in-
dicating that the particles are formed from oPD. The ob-
servation of the peaks of S and O elements can be attributed
to the polymerization of oPD by APS which yields the ca-
tionic polymer PoPD due to the proton doping effect, the
SO4

2− (the reduced product of APS) as counter ions, how-
ever, will diffuse into the PoPD structures for charge com-
pensation [28, 29]. All the above observations indicate the
successful formation of PoPD colloids.

The chemical structures of PoPD spheres were charac-
terized by FTIR spectra (Figure 2). The peaks at 3374 and
3193 cm−1 correspond to the N–H stretching vibrations
of the –NH– and –NH2 groups, respectively. Two peaks
center at 1623 and 1528 cm−1 are ascribed to the C=C
stretching vibrations of quinoid and benzoid rings, while
the peaks at 1367 and 1235 cm−1 are assigned to the C–
N stretching vibrations in the quinoid and benzoid imine
units, respectively. Moreover, the characteristic bands of C–
H out-of-plane deformation at 843, 755 cm−1, and 597 cm−1

suggest the 1, 2, 4-trisubstituted benzene rings. From above
analysis, the chemical structure of our synthesized PoPD
spheres is consistent with previous reports [28, 29].

The adsorption processes as a function of time to deter-
mine the point of equilibrium were studied from the adsorp-
tion experiments of Cr(VI) ions onto the PoPD fluffy micro-
spheres. All experiments were run twice and a good repro-
ducibility of the procedures was obtained. The results are
shown in Figure 3, where it is clear that adsorption of Cr(VI)
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Figure 1: SEM image (a) and the corresponding EDS (b) of the
PoPD fluffy microspheres.

ions into the PoPD is rather quick and after 1.5 h, the com-
plete adsorption equilibrium between the two phases is
obtained. The amount of Cr(VI) ions removed reached a
maximum of 99.04%. No further adsorption above the quan-
tity obtained in 1.5 h of contact time was obtained by plac-
ing adsorbent samples in contact with Cr(VI) solutions for 1
day of shaking time. This behavior shows that adsorption of
Cr(VI) ions occurred in a single step and that the adsorption
before 1.5 h can be explained.

The pseudo first-order and pseudo second-order kinetic
models were selected to test the adsorption dynamics in this
work because of their good applicability in most cases in
comparison with the first and second-order models [30].
The first-order rate expression of Lagergren based on solid
capacity is generally expressed as follows:

log
(
qe − qt

) = log
(
qe
)−

(
k1

2.303

)
t, (5)

where qe and qt are the amounts of chromium ions adsorbed
(mg g−1) at equilibrium and at time t (min), respectively, and
k1 is the adsorption rate constant of pseudo first-order sorp-
tion (min−1). In most cases, the first-order equation of
Lagergren did not apply well throughout the whole range of
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Table 1: Sorption kinetic parameters.

Lagergren first-order kinetic model Pseudo second-order kinetic model

k1 qe1 R2 k2 qe2 R2

0.0385 0.92 0.968 0.167 28.34 0.998
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Figure 2: FTIR spectrum of PoPD nanospheres.

contact times and is generally applicable over the initial 10–
30 min of the sorption process. The plotting of log(qe − qt)
versuses time deviated considerably from the theoretical data
after a short period [31].

The pseudo second-order equation is based on the sorp-
tion capacity of the solid phase and is expressed as:

t

qt
=
(

1
k2

)
qe

2 +
t

qe
, (6)

where k2 is the rate constant of second-order sorption
(mg g−1), qe the amount of chromium ions adsorbed at
equilibrium (mg g−1), and qt the amount of soluted sorbate
on the surface of the sorbent at time t (mg g−1) [32].

First-order and pseudo second-order kinetic models were
tested, and it was found that the results from R2 were fitted
better to the pseudo second-order kinetic model. The values
of the pseudo second-order rate constant obtained are shown
in Table 1. qe1 are the amounts of Cr(VI) adsorbed (mg g−1)
at equilibrium for the pseudo first-order equation. qe2 are
the amounts of Cr(VI) adsorbed (mg g−1) at equilibrium
for the pseudo second-orde equation. R2 is the correlation
coefficients.

In adsorption processes, the adsorption of metal ions
on the PoPD surfaces can be reduced or increased by the
initial pH values of the solutions. It is widely believed that
the mechanism for the adsorption of anions involves a sur-
face complexation phenomenon in the adsorption process.
Depending on the type of connection of an anion to an
active surface site, the surface complexes formed are classified
as inner- and outer-sphere complexes. If the number of
protonated surface groups is more than that of dissociated
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Figure 3: Adsorption of Cr(VI) ions on PoPD as a function of con-
tact time.

groups, the surface is positively charged and become suitable
for anion adsorption [33–35].

Experiments were carried out to examine the influence
of initial pH on the adsorption of Cr(VI) ions with 50 mg L−1

solutions. The initial pH of chromium solutions was adjusted
from 2 to 12 with HCl or NaOH solutions. The pH stability
was verified by periodic measurement. The results obtained
are shown in Figure 4. Accordingly, when pH is held in the
strongly acidic region, preferably below pH 4.0, over 99%
removal was attained. In PoPD, Cr(VI) adsorption follows
a typical metal anion adsorption behavior, where negligible
adsorption occurs at a high pH and a sharp decrease in ad-
sorption is occurred in alkaline media. Therefore, for
anionic chemical species, adsorption decreased when pH is
increased. So, it would be expected that the maximum ad-
sorption of chromium(VI) ions could occur at lower pH
values, since Cr(VI) ions exist as anionic-charged species
depending on the pH of solution. Cr is an active metal that
exists in several oxidation states, the hexavalent Cr(VI) forms
are Cr2O7

2−) and CrO4
2−). The two forms are also pH de-

pendent. The predominant form of Cr(VI) below a pH of
6.0 is Cr2O7

2−. Increasing the pH will shift the concentration
from the Cr2O7

2− form to CrO4
2− [35]. This could be

explained by the following. Because of oxyanion forms such
as Cr2O7

2− of Cr(VI) in acidic medium, and the lowering
of pH that causes the surface of the PoPD to be protonated
to a higher extent, a strong attraction exists between these
oxyanions of Cr(VI) and the positively charged amine groups
(–NH3

+) [36]. In acidic media of pH 2–6, it can be stated that
the adsorbent surfaces might be highly protonated and favor
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Figure 4: Influence of initial pH on Cr(VI) ions adsorption.

the uptake of Cr(VI). With a further increase in the pH, the
degree of protonation of the surface decreases gradually and
hence decreased adsorption is observed [34].

On the other hand, the mechanism of Cr(VI) adsorption
by the PoPD doped with sulfuric acid seems to be mostly
occurred via anion exchange process. When the acid doped
PoPD is treated with an aqueous solution of Cr(VI) ions
in acidic media, the SO4

2−) (mobile dopant anion) in the
polymer is readily exchanged by dichromate, so the Cr(VI)
was removed.

PoPD–NH3
+ + Cr2O7

2− −→ PoPD–NH3 · Cr2O7
2−

PoPD/HSO4
− + HCrO4

−

−→ PoPD/HCrO4
− + SO4

2− (solution).

(7)

The results from the dependence of Cr(VI) adsorption by
variation of different amount of the PoPD in the system were
carried out at pH 4.0 and equilibration time of 1.5 h for the
adsorption process and they are presented in Figure 5. The
0.10 to 0.60 g adsorbent was used for treatment of 100 mL of
Cr(VI) solution with the initial concentration of 50.0 mg L−1.
The metal ions removed almost remain unchanged after
adsorbent dosage 0.40 g. Increase in adsorption with increase
in adsorbent dosage attributed to the availability of larger
surface area and more adsorption sites. At very low adsorbent
concentration, the absorbent surface becomes saturated with
the metal ions and the residual metal ion concentration in the
solution is large. With an increase in adsorbent dosage, the
metal ion removal increases until a certain value is reached;
afterward, the removal efficiency is maintained constant even
if the PoPD is added. So, 0.40 g of adsorbent is enough
for the quantitative removal of Cr(VI) ions from 100 mL of
wastewater contaminated with this ion with concentration of
50 mg L−1.

Isotherms are represented in Figures 6, 7, and 8 the Lang-
muir, Freundlich, and Temkin models, respectively. Isotherm
parameters for the Langmuir, Freundlich, and Temkin
models for the PoPD are reported in Table 2. The correla-
tion coefficients (R2) values are higher for Langmuir iso-
therm than for the Freundlich and Temkin isotherms. This
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Figure 5: Dependence of Cr(VI) ions adsorption on the amount of
adsorbent.
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reinforces the fact that Langmuir isotherm is useful to
explain the adsorption of Cr(VI) from the solution on the
current adsorbent when it follows the monolayer mode,
rather than the multilayer mode. A basic assumption of the
Langmuir theory is that the sorption takes place at specific
homogeneous sites on the adsorbent. When a site is oc-
cupied by an adsorbate, no further adsorption can take
place at that site. Q0 and b were determined from the slope
and intercept of the plot to be 98.23 (mg g−1) and 0.11
(L mg−1), respectively. This indicates that the good adsorbing
capacity of the PoPD is exhibited. The value of RL in the
present investigation has been found 0 < RL < 1. Hence,
the adsorption process is very favorable and the adsorbent
employed exhibited a good potential for the removal of
Cr(VI) from aqueous solution [37].

Cr(VI) adsorption onto PoPD fluffy microspheres was
confirmed by using EDS analysis. Figure 9 shows the EDS
data of PoPD/Cr(VI) that exhibits a characteristic peak of
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Table 2: Parameters of the Langmuir, Freundlich, and Temkin isotherm models.

Langmuir Freundlich Temkin

T(K) Q0 (mg g−1) b (L mg−1) R2 K n R2 A B R2

297 98.23 0.11 0.996 36.5 3.41 0.991 47.3 12.7 0.967

1
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y = 1.5453 + 0.2929x
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Figure 7: Freundlich adsorption isotherm for Cr(VI) ions adsorp-
tion on the PoPD. Freundlich equation: log qe = log K +
(1/n) log Ce.
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Figure 8: Temkin isotherm for Cr(VI) ions adsorption on the
PoPD. Temkin equation: qe = A + B ln Ce.

Cr(VI) in addition to C and O atoms. This indicates that after
Cr6+ ion adsorption on the adsorbent.

4. Conclusions

The PoPD submicrospheres were easily prepared via chem-
ical polymerization of oPD monomers by ammonium per-
sulfate (APS) at room temperature. The Cr(VI) adsorption
behavior on the prepared PoPD fluffy microspheres has been
studied at different adsorption contact times solution pH
values and the amount of adsorbent. Adsorption equilibrium
is attained within a short contact time of 1.5 h and the ion
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Figure 9: EDS image of PoPD/Cr(VI) composites.

exchange of Cr(VI) ions at the surface of PoPD controls the
adsorption process. The process adsorption was fitted better
to the pseudo second-order kinetic model. The Cr(VI) ions
adsorption was favored at slightly initial acid pH values in
the equilibrium under acidic conditions (pH ≤ 4). 0.40 g of
adsorbent is enough for the quantitative removal of Cr(VI)
ions from 100 mL of water contaminated with this ion
with concentration of 50 mg L−1. Experimental isotherms of
Cr(VI) ions were successfully fit to the Langmuir isotherm
model. The results indicate that the PoPD fluffy spheres are
an effective adsorbent for the removal of Cr(VI) ions from
aqueous solutions, and they could be useful in treatment of
Cr(VI)-polluted wastewaters.
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reşadiye and hançili clays,” Spectroscopy Letters, vol. 43, no. 1,
pp. 68–78, 2010.

[36] V. K. Gupta, A. Rastogi, and A. Nayak, “Adsorption studies on
the removal of hexavalent chromium from aqueous solution
using a low cost fertilizer industry waste material,” Journal of
Colloid and Interface Science, vol. 342, no. 1, pp. 135–141, 2010.

[37] A. K. Bhattacharya, S. N. Mandal, and S. K. Das, “Adsorption
of Zn(II) from aqueous solution by using different adsor-
bents,” Chemical Engineering Journal, vol. 123, no. 1-2, pp. 43–
51, 2006.



Hindawi Publishing Corporation
Journal of Nanomaterials
Volume 2012, Article ID 575926, 5 pages
doi:10.1155/2012/575926

Research Article

Fabrication of Aligned Side-by-Side TiO2/SnO2 Nanofibers via
Dual-Opposite-Spinneret Electrospinning

Fu Xu,1 Luming Li,1 and Xiaojie Cui2

1 School of Aerospace, Tsinghua University, Beijing 100084, China
2 Department of Mechanical Engineering, Tsinghua University, Beijing 100084, China

Correspondence should be addressed to Luming Li, lilm@mail.tsinghua.edu.cn

Received 18 October 2011; Revised 23 November 2011; Accepted 28 November 2011

Academic Editor: Tong Lin

Copyright © 2012 Fu Xu et al. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Well-aligned and uniform side-by-side bicomponent fibers have been produced via dual-opposite-spinneret electrospinning. Side-
by-side TiO2/SnO2 nanofibers were obtained after calcining as-spun fibers. The thermal degradation of the electrospun fibers was
evaluated using combined thermogravimetry and differential thermal analysis (TG-DTA), and the crystal structure of calcined
nanofibers was investigated by X-ray diffraction (XRD). The fabricated TiO2/SnO2 nanofibers expose both TiO2 mainly consisting
of anatase phase and rutile-type SnO2 to the surface, which is appropriate for photocatalytic materials.

1. Introduction

Photocatalytic degradation of organic pollutants has been
investigated widely in water and air purifications [1]. Hydro-
gen fuel production by photocatalytic water splitting [2] and
high-efficiency solar cells [3] is thought to significantly
mitigate the inadequacy of fossil fuels [4]. However, the
narrow light-response range and the fast recombination of
photogenerated charge carriers reduce the efficiency of pho-
tocatalytic reactions and therefore hinder the practicable
applications of photocatalytic technique [5, 6].

Many studies have focused on new photocatalytic mate-
rials for fabricating high-efficiency photocatalysts. One strat-
egy of fabricating new photocatalytic materials is forming
a heterojunction between TiO2 and other semiconductors,
which could both extend the light-response range and
reduce the recombination of photogenerated charge carriers
[7]. Thin-film heterojunctions and particle heterojunctions
have been fabricated via various methods: Kanai et al.
[8] deposited SnO2/TiO2 (TiO2 overcoated with SnO2)
thin-film stacks by reactive DC magnetron sputtering, and
Tada et al. [9] produced patterned bilayer of TiO2/SnO2

(SnO2 overcoated with TiO2 stripes) using modified sol-gel
method. One point to note is that these films were coated
on substrates; thus, the photocatalyst lost approximately
half of the contact surface between itself and reactants,

which decreased the photocatalytic efficiency. On the other
hand, coupled and capped semiconductor particles [10]
may expose more surfaces to reactants, but it is difficult
to separate powder photocatalysts from the solution after
photocatalytic reaction. Therefore, nanofibers would be an
appropriate structure for fabricating a type of photocatalyst
with a large surface area exposed to reactants while maintain-
ing good recoverability.

Electrospinning, regarded as a simple, low-cost, and uni-
versal technique for fabricating submicrofibers and nanofi-
bers, has been receiving more and more attention over the
last 15 years [11–13]. In addition to general beaded and
nonbeaded thin nanofibers, other types of nanofibers with
interesting morphology, such as core-shell nanofibers [14–
16], hollow nanofibers [17], and side-by-side nanofibers [18,
19], have been produced by electrospinning. A side-by-side
structure allows both parts of the nanofibers to be exposed to
the surface. Bicomponent side-by-side TiO2/SnO2 nanofiber
photocatalysts have been fabricated via side-by-side electro-
spinning [20]. Their study demonstrated that the photocat-
alytic degradation rate of Rhodamine B (RhB) dye on the
side-by-side TiO2/SnO2 nanofibers was more than double
that on the pure TiO2 nanofibers.

In our previous work [21, 22], we have reported a dual-
opposite-spinneret electrospinning (DOSE), which could
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Scheme 1: Schematic diagram of dual-opposite-spinneret electrospinning apparatus.

effectively produce well-allied nanofibers. In this work, we
report a new approach to fabricate side-by-side TiO2/SnO2

nanofibers using the DOSE.

2. Experimental Procedure

2.1. Electrospinning Apparatus and Parameters. The DOSE
apparatus was illustrated in Scheme 1. Electrospinning solu-
tion was loaded into the syringe and pumped by the syringe
pump. A flat-tipped stainless steel syringe needle was used
as the spinneret. Two spinnerets were assembled horizontally
in opposite directions, and each was connected to a separate
high-voltage power supply. A rotating cylinder covered with
aluminum foil was used as a collector.

The distance between the tips of two spinnerets was
12 cm, the applied voltages were +3100 V and −3100 V, the
distance between the spinnerets and the collector was about
15 cm, the rotation rate of the cylinder collector (Diam-
eter 10 cm) was 300 r·min−1. For fabricating SnO2/TiO2

bicomponent nanofibers, the feed rate of solution containing
tetrabutyl titanate was 7.2 μL·min−1 and that of solution
containing stannous octoate was 4.2 μL·min−1.

2.2. Solutions and Calcining. Solutions for electrospinning
were prepared by dissolving polyvinylpyrrolidone (PVP,
MW = 1 300 000) and tetrabutyl titanate or stannous
octoate into a mixed solvent of ethanol and acetic acid (4 : 1,
w/w). In a typical procedure, 2.5 g of tetrabutyl titanate
was first dissolved into the mixed solvent, and then 2.4 g
of PVP was added, following a constant magnetic stirring
for 3 h at room temperature. In the two kinds of homo-
geneous electrospinning solution, both the concentrations
of tetrabutyl titanate or stannous octoate were 11.1 wt%,
while the concentration of PVP was 10.7 wt% and 11.5 wt%,
respectively. Here, stannous octoate and tetrabutyl titanate
were used as the precursors of SnO2 and TiO2, respectively.
After electrospinning, the electrospun fibers were calcined
at 500◦C for 2 h in air environment, and side-by-side
bicomponent TiO2/SnO2 nanofibers were fabricated.

2.3. Characterization. The electrospun fibers and calcined
nanofibers were sputtered with gold, their morpholo-
gies were observed using field-emission scanning electron

microscopy (FE-SEM, QUANTA 200 FEG) with an accel-
erating voltage of 15 kV, and the elemental mapping was
conducted by energy-dispersive spectroscopy (EDS). The
average diameter of fibers was measured from the SEM
micrographs in original magnification of 2000x. Combined
thermogravimetry and differential thermal analysis (TG-
DTA) were carried out using simultaneous thermal analyzer
(Netzsch STA 409) from 100 to 700◦C at a heating rate
of 10◦C·min−1 in air atmosphere. The crystal structure
of calcined fibers was investigated by X-ray diffraction
(XRD, Rigaku D/Max-2500) using Cu Kα radiation (λ =
1.54056 Å).

3. Results and Discussion

In the DOSE process, two jets ejected from the opposite
spinnerets and then merged into a single one, which
was the great difference compared to the single spinneret
electrospinning. This difference brought out two advantages.
One advantage was that it was easy to get the well-aligned
electrospun fibers. When the two oppositely charged jets
merged into a single jet, the newly generated jet had an
approximately neutral charge over all, which made it min-
imally affected by electric force. Therefore, it was easy to
collect well-aligned and uniform electrospun fibers, as shown
in Figure 1(a). The other advantage was that it was easy
to make the side-by-side electrospun fibers. Before the two
jets stuck together, some solvent had evaporated and jets
had partially solidified, which prevented the mixing of the
two parts of the newly generated jet. Thus, it was easy
to make the side-by-side electrospun fibers, as shown in
Figure 1(b) (partial enlarged views of this figure can be
found in S1 Supplementary Material available online at
doi: 10.1155/2012/575926). Specifically, it was meaningful
when we wanted to make the side-by-side nanofibers from
two miscible electrospun solutions. The obvious side-by-
side structures were shown in Figures 2(a) and 2(b).
There were distinct boundaries in the uniform side-by-
side electrospun fibers and calcined nanofibers. Element
components of the two parts were identified by EDS, as
shown in Figure 2(c). One part contained element titanium
(Ti) but no tin (Sn), while the other part contained both
Ti and Sn. As Ti was easy to diffuse, the part coming from
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Figure 1: Morphology of electrospun fibers by FE-SEM (a) well-aligned fibers, (b) side-by-side fibers.
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Figure 2: Detailed microstructure of side-by-side fiber by FE-SEM
(a) electrospun fiber and (b) calcined nanofiber. (c) EDS spectrums
of the fiber in (b).

electrospinning solution containing Sn also contained Ti
after calcining.

The diameter of electrospun fibers in the experiment
before calcining was 1.75 ± 0.14μm (average of 24 val-
ues). After calcining the diameter of nanofibers was much
thinner, only 0.96 ± 0.04μm (average of 42 values). The
main reason for the decrease in the diameter was the
decomposition of PVP during the calcining process. During

the calcining, process, the organic matter in electrospun
fibers was decomposed, then amorphous TiO2(SnO2) and
crystalline TiO2(SnO2) were formed sequentially. TiO2 has
three major different crystal structures: rutile, anatase and
brookite, and crystal structures influence the property of
photocatalyst. Therefore, it is necessary to investigate the
thermal degradation of the electrospun fibers. Furthermore,
considering the presence of the element Sn, TiO2/TiO2

side-by-side nanofibers were produced by DOSE using
the same parameters except for a small change in feed
rate of electrospinning solutions in order to stabilize the
electrospinning process.

TG-DTA was carried out to evaluate the thermal deg-
radation of the electrospun fibers. The simultaneous TG
and DTA curves of the TiO2/SnO2 electrospun fibers and
TiO2/TiO2 electrospun fibers were shown in Figure 3. Two
groups of curves exhibited the same phenomenon in the
temperature interval 180∼360◦C, which indicated that there
was degradation of PVP on the side chain as well as decom-
position of low-molecular-weight organic matter. In this
step, electrospun fibers underwent approximately two-thirds
of the total weight loss. The decomposition of the main chain
of PVP and the amorphous-crystal phase transformation of
metal oxides in fibers occurred around 400◦C. The sharp
peak in the DTA curve at 377◦C in Figure 3(b) corresponded
to the decomposition of the main chain of PVP, and the
broad peak around 413◦C corresponded to the crystallization
of the TiO2 anatase phase. There was only one peak around
400◦C in DTA curve of Figure 3(a), a reasonable explanation
was that the three peaks corresponding to decomposition
of the main chain of PVP, crystallization of TiO2, and
crystallization of SnO2, respectively, overlapped and com-
posed this broad one. The unnoticeable peaks in both DTA
curves centered at 550◦C indicated the anatase-rutile phase
transformation of TiO2. The thermal degradation process
was similar to the results of Nuansing et al. [23] and Park
and Kim [24].

The XRD patterns of TiO2/SnO2 bicomponent nano-
fibers and TiO2/TiO2 nanofibers were shown in Figure 4.
After calcination at 500◦C for 2 h, almost pure anatase-type
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Figure 3: TG-DTA curves of thermal decomposition of the elec-
trospun fibers: (a) TiO2/SnO2, (b) TiO2/TiO2, at a heating rate of
10◦C·min−1 in air.
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Figure 4: XRD patterns of calcined nanofibers: (a) TiO2/SnO2 (b)
TiO2/TiO2, calcined at 500◦C for 2 h.

TiO2 was obtained except for a little rutile phase in the
TiO2/TiO2 nanofiber, as shown in Figure 4(b). However,
the calcined TiO2/SnO2 bicomponent nanofibers contained
anatase-phase TiO2, rutile-type SnO2, and much more
rutile-phase TiO2 than TiO2/TiO2 nanofibers. The increase
of rutile phase TiO2 in bicomponent nanofibers was due to
the presence of Sn. At a lower temperature, rutile-type SnO2

had formed, which promoted the formation of rutile phase
in TiO2 [25].

The calcined side-by-side TiO2/SnO2 nanofiber possesses
great potential in photocatalytic applications. Nanofibers
with a side-by-side structure expose both TiO2, mainly
consisting of anatase phase and rutile-type SnO2 to the
surface. Because of the different band gaps of anatase TiO2

and rutile SnO2, the photogenerated electrons in these
fibers would accumulate on one side, and photogenerated
holes would accumulate on the other side. Therefore the
recombination of photogenerated electrons and holes would
greatly decrease, resulting in high photocatalytic activity.

4. Conclusion

Well-aligned and uniform side-by-side electrospun fibers
were fabricated using the DOSE method. DOSE has great
advantages for fabricating aligned side-by-side fibers: (a)
because the jet instability is almost eliminated after the
positive and negative charges neutralize each other, the
electrospun bicomponent nanofibers produced via DOSE
are well aligned and uniform; (b) because some solvent has
evaporated and jets have partially solidified before the final
jet is formed, there is much lower immiscibility requirement
for making side-by-side structure between the two kinds of
solutions used in electrospinning. TiO2/SnO2 side-by-side
bicomponent nanofibers were obtained after being calcined
in air at 500◦C for 2 h. The fabricated TiO2/SnO2 nanofibers
exposed both TiO2 mainly consisting of anatase phase and
rutile-type SnO2 to the surface, which is appropriate for
photocatalytic materials.
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