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Chapter 1. Introduction

1.1. History of Electrospinning

Electrospinning traces its roots back to electt@stapray painting, which has been in
operation for almost 100 years. In 1934, a proéesshe production of polymer filaments using
electrostatic force was patented by Formhals.[IiPals encountered a number of problems early
in his work, but by 1940 he had not only overcornest initial problems, he had developed
methods of producing composite fibers using mudtipblymers and for producing fibers that were
aligned parallel to one another. Although the fibproduced by Formhals were much larger than
the nanofibers that will be of concern in this papds work set the stage for the production of
these structures.

Taylor[2] did a study of the polymer droplet at tbied of the needle in an electrospinning
setup in 1969. This study led to a better undedstgnof the process by which the polymer
solution streams from the needle. In 1987, the ex@atal conditions and factors that cause highly
conductive fluids exposed to increasing voltaggsrtmluce unstable streams was studied by Hayati
et al.[3] These conditions cause the fluid streamhip around in different directions as it leaves
the needle. The work of Doshi and Reneker[3] exqdonow changing the concentration of the
polymer solution and the voltage applied to theitsoh affected the formation of nanofibers.

Numerous other studies have been done to examéneffiict of changing both the polymer
solution and the experimental setup. Based on thieskes it is clear that characteristics such as
fiber diameter, fiber morphology and the amounb@&ding are dependent upon a large number of
variables. These variables include solution comeéioh, viscosity, surface tension and

conductivity and process variables, such as voltagedle diameter, flow rate and needle-to-
1



collector distance.

1.2. Fundamentals of Electrospinning

The formation of nanofibres through electrospinnisidgpased on the uniaxial stretching of a
viscoelastic solution. To understand and appredia¢ée process that enables the formation of
various nanofibre assemblies, the principles oftedspinning and the different parameters that
affect the process have to be considered. Unlikeverational fibre spinning methods like dry-
spinning and melt-spinning, electrospinning maksss af electrostatic forces to stretch the solution
as it solidifies. Similar to conventional fibre sping methods, the drawing of the solution to form
the fibre will continue as long as there is enogglution to feed the electrospinning jet. Thus
without any disruption to the electrospinning et formation of the fiber will be continuous.

Fibers with a diameter of between 100 nm-500 nm gaeerally classified as nanofibers
(Figure 1). These fibers can be made from a widéetwaof materials ranging from metals to
ceramics to polymers. What makes nanofibers oftgnéarest is there extremely small size. With
higher surface area to volume ratios and smallecespbetween individual fibers than larger fibers,
nanofibers offer an opportunity for use in a wideiety of applications. Increased awareness of the
current and the potential applications of nanoBbleaive in recent years accelerated the research
and development of these structures.

Some important applications for these nanofibecdugte, but are not limited to, catalytic
substrates, photonics, filtration, protective clogfy cell scaffolding, drug delivery and wound
healing. Different applications may require theefibto possess different properties. For instance,
one application might require the nanofibers tchipdrophobic or hydrophilic; another may need

the fiber to be biodegradable or biocompatiblewili, therefore, be extremely important to

2



completely understand the process by which thésgdiare produced. To date, the most successful

method of producing nanofibers is through the pgea#d electrospinning.

OKIEE(M) N\

Figure 1. Nanofibers by electrospinning.

The electrospinning process uses high voltagedateran electric field between a droplet of
polymer solution at the tip of a needle and a ctdleplate (Figure 2). One electrode of the voltage
source is placed into the solution and the othecoisnected to the collector. This creates an
electrostatic force. As the voltage is increaskd,dlectric field intensifies causing a force tddu
up on the pendant drop of polymer solution at theot the needle. This force acts in a direction
opposing the surface tension of the drop. The awing electrostatic force causes the drop to
elongate forming a conical shape known as a Tagdore[2] (Figure 3). When the electrostatic
force overcomes the surface tension of the droghasged, continuous jet of solution is ejected

from the cone. The jet of solution accelerates tdwahe collector, whipping and bending wildly.
3



As the solution moves away from the needle and twee collector, the jet rapidly thins and dries
as the solvent evaporates. On the surface of thenged collector, a nonwoven mat of randomly

oriented solid nanofibers is deposited.

Collector

Base

50 kV v

_ TCD (5~50cm)
(Tip Collector Distance)

Figure 2. Electrospinning apparatus.

(a) stage 1 ib) stage 2 (o) stage 3

Figure 3. Formation of the Taylor cone. Voltage increasethvdach stage until equilibrium

between surface tension and the electrostatic feraehieved in stage 3.



1.3. Objectives

Chapter 2 deals with adsorption of carbon nanofibers syritleels by electrospinning
polyacrylonitrile solution. This study focuses omet adsorption properties of carbon
nanofibers(CNFs) fabricated by electrospinning potylonitrile solutions dissolved in

dimethylformamide, followed by heat treatment agthtemperatures (400, 600, 800 and 1000

The samples were characterized by SEM, TGA and BETaddition, the adsorption energy
distribution functions of CNFs were analyzed byngsthe generalized nonlinear regularization
method. Comparative analysis of energy distribufiorctions provided significant information on
the energetic and structural heterogeneities of CNaarthermore, an investigation of adsorption
equilibrium of congo red(CR) and bisphenol-A(BPAvealed the adsorption capacity. Our
experimental and theoretical results suggest teaCNFs used in this work may be widely used as
an adsorbent.

Chapter 3 describes preparation and characterization oftrelgmun silica nanofibers from
PVP/P123 blended polymer solution. Silica nanofibeere prepared by electrospinning method
using PVP/P123 blend polymer solutions. Here, @&ldck copolymer (Pluronic P123,
EOQ,0PO,0EOQ, Ma,=5800) was used as the structure directing agemtpatyvinyl pyrrolidone
(PVP) as the fiber template. The samples were cteiaed by scanning electron microscopy
(SEM), Fourier Transform Infrared (FT-IR), X-rayffdaction (XRD), TGA (thermal gravimetric
analysis), and Brunauer-Emmett-Teller (BET). It i@snd that the silica nanofibers synthesized in
this work had uniform pore structure with high sd area. An average fiber diameter, average
pore diameter, and surface area were about 30@.#nmm and 607 fig™". Adsorption equilibrium

data of lysozyme on the synthesized silica nandfibesre correlated well with Langmuir equation.



Chapter 4 investigates preparation and characterizationemt®spun TiQ for dye-sensitized
solar cell. It has been known that electrspun,Ti@nofibers can be applied for an electrode for
dye-sensitized solar cells (DSSC). Therefore, plaiger reports on structural characterization and
morphology of titanium dioxide (Ti€) nanofibers prepared by electrospinning usinglatisn that
contained polyvinyl acetate (PVA) and titanium(ligdpropoxide and acetic acid as a catalyst for
sol-gel reaction in dimethyl formamide. TiGhanofibers with diameters of 80-100 nm were
successfully obtained from calcination of the assbspun TiIQPVA composite nanofibers at

above 40CC in air for 5h. The samples of as-electrospun aaltied TiGQ/PVA composite

nanofibers were characterized by SEM, XRD, FT-IRGAT and BET. The results indicated a
significant effect of calcination temperature oa thystalline phase in the form of either anatase o

mixed anatase-rutile as well as the morphologyefrtanofibers.



Chapter 2. Adsorption of Carbon Nanofibers Synthesied by

Electrospinning Polyacrylonitrile Solution

2.1. Introduction

Carbon fibers have been prepared from a wide yaoieprecursors in the range from natural
materials to various thermoplastic and thermosgttiprecursor materials. Among them,
polyacrylonitrile (PAN) is one of the most widelsed precursor in carbon fiber industry. The
carbon yield strongly depends on the chemical angphological structures of the precursor fibers.
In general, PAN-based carbon fibers have lowerar@dation yield than aromatic structure based
precursors, such as pitch, phenol, polybenzimuaimide etc.

Electrospinning has shown to be a simple but paweethnique for the preparation of fibers
with submicrometer diameters [4-6]. In the recesdrg, the electrospun fibers have attracted lots
of attentions due to their wide range of potendipplications such as tissue engineering, sensor,
protective clothing, high performance filter, fuiectal nano carbon materials etc. In this chapter,
CNF was fabricated by electrospinning the PAN dis=b in dimethylformamide. The samples
were characterized by SEM, TGA and BET. In additithre surface heterogeneity of CNF was
evaluated on the basis of the adsorption energyitdifon functions calculated by a generalized
nonlinear regularization method. To understandattigorption properties of CNF, the adsorption
equilibrium of congo red(CR) and bisphenol-A(BPApm studied. Adsorption isotherm was
evaluated by a simple adsorption model which wamiitated by incorporating the Langmuir,

Freundlich and Sips isotherm.



2.2. Experimental

2.2.1. Preparation of carbon nanofibers

Precursor (polyacrylonitrile (PAN), molecular weighe 160,000) and solvent N,N-
dimethylformamide (DMF) (99.9%)) were obtained frétdrich Chemical Co (USA). PAN (10
wt%) with regard to solvent were dissolved in DMFEDT to obtain polymer solution. The
solution was spun into fiber web through a posifiveharged capillary using an electrospinning
apparatus at 20 kV. The negative electrode wasemed to a drum winder collecting the fiber web.
The electrospun fibers were collected as web oal@aminum foil wrapped on the metal drum with

a rotation speed ~ 300 rpm. The electrospun fikedy was stabilized in an air atmosphere at@80
for 1hr (heating rate: €/min), then carbonized in an inert atmosphere upt@6, 600, 800,
1000TC (heating rate: &/min). The soaking time at 400, 600, 800, 100@vas lhr in an electrical

furnace under Ngas. Carbon fibers were mixed and KOH (sample HK€1:4) was added, then

heated in an inert atmosphere up to B@Beating rate: &/min) during 1hr under Ngas.

2.2.2. Characterization

The nanofiber surface was analyzed by using a stgralectron microscope (SEM Hitachi,
S-4700, Japan). Thermal gravimetric analysis (T@A¥ employed to evaluate the weight loss of
the samples in air under a heating rate ofQnin using a thermal analyzer (Perkin-Elmer PYRIS
1). Nitrogen physisorption isotherms were measuneds micromeritics ASAP 2010 analyzer at
77K. The specific surface areas were evaluatedyubim Brunauer-Emmett-Teller (BET) method.
The pore size distribution was calculated usingBhagett-Joyner-Halenda (BJH) method based on

the adsorption branch of the isotherms, and theageepore size was reported from the peak

8



position of the distribution curve. The pore volumas taken at the PJB 1.00.

2.2.3. Adsorption of Congo red and Bisphenol-A

The adsorption experiments were carried out usimg ¢commercially available adsorbate,
namely, Congo Red(CR) and Bisphenol-A(BPA), puredagrom Aldrich Co. (USA). Their
chemical structures and properties are listed ibleTal. The adsorption experiments were
conducted by adding different amounts of CNF intflaak containing 100 ml of CR and BPA
solutions. After shaking in a constant temperatnicebator at constant temperature (298.15 K) for
3 days to give sufficient contacting time for eduilm, samples were taken from the flask and

filtered through a 0.2un HT Tuffryn membrane filter. The adsorption capaéi) of carbon fibers

was determined from the expression

V(C,-C
q=V(C.=C)
m

(1)

Where,C, andC are the initial and equilibrium (or residual) ligtphase concentrations (mg
L™, respectively, V is the volume of solution (Ljcam is the weight of dry activated carbon (g).
The amount of CR and BPA adsorbed on adsorbentaleslated by the mass balance before and
after adsorption.

The filtrate was then measured for the CR and BBAcentration. The CR and BPA
concentration was evaluated using a UV spectropheter (UV-1700 Shimadzu) at 497 nm and
275 nm for CR and BPA, respectively. Solution pHswdgtermined by using the pH meter(Orion,

USA).



Table 1.Properties of Asorbates

Adsorbates y Solubility,
(molecular Structure e mg I
weight) ("M at200
CHs
Bisphenol-A |
HO ¢ OH 276 120 ~ 130
(228 g mot) (le
NH, NH,
N—N— N—N
Congo Red Z N A
|| | 497 40,000
(697 g mof) X P N

SON
che SO;Na

10



2.3. Results and Discussion

The fiber surface area and the diameter were apdljfzy using a scanning electron
microscope (SEM). Figure 4 shows an example of réognelectron micrographs for CNFs

showing a highly uniform diameter distribution.

10,0l TOBOKV M 8

Figure 4. SEM images of carbon nanofibers.

11



The TGA curve of the as-electrospun PAN fibers skabiwo steps and a total loss of ca. 80%
(Figure 5). The 20% of weight loss occurred at acbR80C , which eliminate water, and induces

the aromatization of carbon.

120 1.2

—TGA

— Deriv.Weight | { 1

100 |
] os
80 |
S 1 06
£ 60|
(] i
2 0.4
40 |
o2

N
o
o

0 200 400 600 800 1000

Temperature [TC]

Figure 5. TGA curve of PAN nanofibers.

Nitrogen adsorption-desorption isotherms were nmregswon an ASAP 2010 volumetric
adsorption apparatus (Micrometrics) at 77.4 K (Bijg.The surface area was calculated by the BET
method. The pore size distribution was obtaineddbwsity functional theory (Figure 6). The
surface area was found to be in the range of 1382.0428.23 mg" and the average pore

diameter 28 A. The physical properties determimedisted in Table 2.
12
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Figure 6. Nitrogen adsorption-desorption isotherms of canbanofibers
Table 2. Characteristics of Adsorbents
Specification CNF-800 CNF-1000 PAC - CB
Raw material Carbon fiber Carbon fiber Coal - based
BET surface area [hy”] 1,428 1,382 915
Total pore volume [cfhg”] 1.21 0.47 -
Average pore width4 ] 28.6 28.0 24.2
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Figure 7. Adsorption energy distribution curves of CNFs.
(CNF is untreated, CNF-800 and CNF-1000 are treatddKOH)

Adsorption energy distributions have been extemgiapplied in characterizing the numerous
adsorption systems and in understanding the phygsiemical networks related to surface energy
heterogeneities. Experimental adsorption isotheasta lave been crucial factors for characterizing
the surface energy heterogeneity of adsorbent.[gp,Aa theoretical local adsorption isotherm
equation and an adsorption energy distribution fioncshould be included. The overall adsorption

isotherm on the heterogeneous solid surface cavritien in the form of

&(p)= 6.(pU)FU)dU @
14



wherep is the equilibrium pressurell is the integration region is the adsorption energy,

F(U) is the wanted energy distribution functioﬁL(p,U) is a local adsorption isotherm and

Hr(p) is the experimental adsorption isotherm datahls work, we employed the generalized

regularization method to obtain reliable and stabtisorption energy distributions.[8] The

adsorption energy distributions of CNFs (CNF-80B,F21000) activated at different temperatures
are presented in Figure 7. The highest adsorptimigy peaks for CNF-800 was found to be
around 6, 10 kJ mdl Unlike CNF-800 and CNF-1000 with a relative lasyeface area has two

main adsorption energy peaks with lower energynsitg It was found from the result of

adsorption energy distribution that CNFs used iis thork are energetically and structurally
heterogeneous surfaces.

Adsorption isotherms are the most important infdioma for analyzing and designing an
adsorption process.[9] Figure 8,9 shows the adsorpsotherms of CR and BPA on CNFs at
298.15 K. The adsorption capacity depends on tbpeapties of the adsorbate and the adsorbent.
The adsorption capacity of BPA was much higher ttieat of CR. In addition, the adsorption
capacity of CR and BPA on CNFs was ordered as COF8CNF-1000 since the specific surface

area increased with increasing activation tempegatu

15



Table 3.Adsorption Isotherm Equations

Isotherm Type Equation Parameters
bC
Langmuir _ 9m On b
1+bC ’
Freundlich q=kc¥n k n
SIpS —]--Tbj qm, b, n

Among the well-known isotherms such as the Langnkugundich and Sips isotherm models
(Table 3), the adsorption equilibrium data of Comgd on PAC, CNF-800 and CNF-1000 were
correlated by the Freundlich equation. On the otiend, the adsorption equilibrium data of
Bisphenol-A on PAC, CNF-800 and CNF-1000 were dateel by the Sips equation.

The isotherm parameters were determined by minigizhe mean percentage deviations
between experimental and predicted amounts adsobsdd on a modified Levenberg-Marquardt
method (IMSL routine DUNSLF). The object functioB, (%), represents the average percent

deviation between experimental and predicted reswlifollows:

qexp,k - qcal ,k‘

E(%) = 1202 3)

k=1 qexpk

Here,n is the number of experimental datg, is the experimental adsorption capacity, and
Oca k the calculated adsorption capacity. The solidsligigure 8) are the predicted results with
Freundlich isotherm parameters (Table 4) of CRAG,RCNF-800 and CNF-1000. Figure 9 are the
predicted results with Sips isotherm parameterbléra) of BPA on PAC, CNF-800 and CNF-1000.
Judging from the experimental and theoretical tesobtained in this work, it seems that PAN-
based CNFs by electrospinning can be used as arbads.
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Table 4.1sotherm Parameters for Congo Red at 298.15 Kpahd

Adsorbent Isotherms Parameters E(%)
PAC-CB Langmuir O 73.53 4.51
b 231
Freundlich k 53.94 0.72
n 10.27
Sips U 101.15 1.36
b 1.09
n 3.54
CNF-800 Langmuir Om 161.29 14.78
b 8.86
Freundlich k 112.35 2.77
n 6.24
Sips Om 265.43 5.59
b 0.77
n 291
CNF-1000 Langmuir Om 158.73 11.24
b 12.6
Freundlich k 119.62 2.43
n 8.57
Sips Om 229.93 3.90
b 1.18
n 3.33
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Figure 8. Adsorption isotherm of congo red on PAC-CB(a), G00(b) and CNF-1000(c) at pH 7

and 298.15 K.
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Table 5.Isotherm Parameters for Bisphenol-A at 298.15 & @i 7

Adsorbent Isotherms Parameters E(%)
PAC-CB Langmuir O 238.10 4.11
b 1.40
Freundlich k 154.70 1.49
n 8.81
Sips Om 280.73 111
b 1.08
n 2.25
CNF-800 Langmuir Om 294.12 5.19
b 0.74
Freundlich k 148.65 3.37
n 5.67
Sips Om 335.41 2.30
b 0.63
n 1.59
CNF-1000 Langmuir Om 277.78 4.25
b 1.71
Freundlich k 168.36 3.54
n 7.64
Sips Om 325.60 1.72
b 1.05
n 2.20
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Figure 9. Adsorption isotherm of Bisphenol-A on PAC-CB(alNE800(b) and CNF-1000(c) at

pH 7 and 298.15 K.
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2.4. Conclusion

For the application of CNF fabricated by electrosjiig of polyacrylonitrile solutions,
adsorption equilibrium were investigated. Adsonptiequilibrium data of CR and BPA were
correlated well with Freundlich and Sips equati@spectively. We found that the adsorption
capacity of CR and BPA was CNF-800 > CNF-1000. fdsult of adsorption energy distribution
revealed that the CNFs used are energetically andtgrally heterogeneous surfaces. The
adsorption equilibrium study indicates that carbanofibers can successfully be applied for many

adsorption fields.
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Chapter 3. Preparation and Characterization of Eletrospun

Silica Nanofibers from PVP/P123 Blended Polymer Sotion

3.1. Introduction

A advanced class of materials, mesoporous silicanesaluminosilicates denoted as M41S
(i.e., MCM-41, MCM-48, MCM-50 and other speciesybdeen the subject of much interest since
they were first described by the Mobil Oil scietgisn 1992.[9] These potential materials have
been explored for promising applications in thédfief sensor, chromatographic packing material,
catalytic support, immobilized medium, template asfvanced nano-materials, adsorption, and
catalytsis.[10-16] The synthesis and utilizationtttdse materials have been investigated by many
researchers because of their unique characteristals as large internal surface area, uniformity of
pore size, easily controlled pore size, and highrtfal stability. Many researchers have focused on
the fabrication of ordered mesoporous materials abthining in the improved catalytic
activities.[17] Besides these results, many atterhpive been made to investigate the benefits of
silica nanofibers in the areas of sensors, catlgsparations and drug delivery. It has been known
that electrospinning is a relatively simple andcefht method to produce fibers with diameters in
the nanometer to micro range from the precursos.[§8,19] Unfortunately, the synthesis of
nanofibers from the blend solutions consisting ofymer and inorganic materials have very
limited data.

Here in present study, we report the preparatiorsilida nanofibers by electrospinning
PVP/P123 blend polymer solutions. For this, a &kl copolymer (Pluronic P123, B O;,0EO.,

Ma~=5800) and polyvinyl pyrrolidone (PVP) were usedtasstructure directing agent and the fiber
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template, respectively. The synthesized nanofibeese characterized by Fourier Transform
Infrared (FT-IR), X-ray diffraction (XRD), TGA (thenal gravimetric analysis), and Brunauer-
Emmett-Teller (BET). Also, adsorption properties lpfozyme were examined to evaluate the

synthesized silica nanofiber as an adsorbent.

3.2. Experimental

3.2.1. Preparation of Silica Nanofibers

The chemicals used in this study include tri-blockpolymer poly(ethylene oxide)-
poly(propylene oxide)-poly(ethylene oxide), plurcsmiP123 (MW: 5800, Aldrich), tetraethyl
orthosilicate (TEOS, 98%, Aldrich), and PVP (MW:3%21CF, Aldrich). Analytical pure
hydrochloric acid and ethanol were obtained fronk&an (Korea). The precursor solution was
prepared from PVP ethanol solution using P123 rastsire directing agent. TEOS (3 g), P123 (1
g), and PVP (2.3 g) were dissolved in ethanol (ROging magnetical stirrer at room temperature
for 1 h to obtain homogenous solution. HCI (0.2dJ) was added drop wise to the solution for
the hydrolyzation of TEOS. Then the solution wdkixed at 70—-80 °C and kept stirred for 1 h.

Figure 2 shows the experimental apparatus of elgginning. The precursor solutions were
taken into a 5 ml syringe with a capillary tip hayian inner diameter of 0.6 mm. A wire inserted
into the solution was connected to a high-voltage/gr supply. The applied voltage was fixed at
20 kV and a tip-to-collector distance was 20 crumihum foil was used as a collector attached to
the cathode. The as-electrospun silica/PVP fibegsevealcined in a muffle furnace which was
heated from room temperature to 550 °C in air uadexte of 5 °C /min. The produced fibers were
stabilized at 550 °C for another 2 h. The silicanofdbers were finally obtained after the
temperature decreased to room temperature.
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3.2.2. Characterization

Scanning electron microscopy (SEM) was carried oot a Hitachi S-4800 electron
microscope. Fourier Transform Infrared (FT-IR) dpeevere observed by using FT-IR-410 Jasco.
X-ray diffraction (XRD) patterns were obtained onPANalytical (Philips) X'Pert PRO MRD
diffractometer using Cu dradiation source of wavelength 1.5406 A for 2thetaging from 0.01
to 5° with a scan speed of 3/fhin at 40kV and 30 mA. Thermal gravimetric anady§TGA) was

employed to evaluate the weight loss of the samiplag under a heating rate of X0/min using a

thermal analyzer (Perkin-Elmer PYRIS 1). Nitrogdtysisorption isotherms were measured on a
micromeritics ASAP 2010 analyzer at 77K. The spectrface areas were evaluated using the
Brunauer-Emmett-Teller (BET) method. The pore sifistribution was calculated using the
Barrett-Joyner-Halenda (BJH) method based on tlserption branch of the isotherms, and the
average pore size was reported from the peak pogifi the distribution curve. The pore volume

was taken at the PJB 1.00.

3.2.3. Protein Adsorption

Batch adsorption experiments were carried out bytamiing 50 mg of the silica nanofibers
with 10 mL of different protein concentrations inffer solution. In order to prevent microbial
contamination, sodium azide was added into thetisoluThe adsorbent and solution were sealed
and kept in a shaking incubator with a speed of 808 for 12 h. The supernatant liquid was
diluted in a buffer solution and then filtered thghh a 0.24m HT Tuffryn low protein binding
membrane filter. The protein concentration in thegpesnatant was analyzed with a UV
spectrophotometer (UV-1700 Shimadzu) at 280 nm. drheunt of protein adsorbed on adsorbent

was calculated by the mass balance before andaafsarption.
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3.3. Results and Discussion

The morphologies of electrospun silica/PVP fibend ¢he silica nanofiber were uniform in
size and had smooth surfaces (Figure 10). The gead@meter of the fibers was evaluated by
choosing 100 fibers among x1000 magnification SEMdes and analyzing them using a custom
code image-analysis program. The average diamétdreoas-electrospun silica/PVP fibers and
silica nanofibers were in the range of 500-700 nmd 200-400 nm. FT-IR experiment was
employed to prove the removal of the surfactant polgimer (Figure 11(al)~(a3)). Absorption at
2970, 2922 and 1464 ¢hm(Figure 11(al)) is attributed to Glbsorption of P123 surfactants and
PVP. Also, absorption at 1290 chiFigure 11(al)) and 1292 ch{Figure 11(a2)) were consistent
with the absorption of tertiary amine group of P¥Bwever these bands were not observed in the
silica nanofiber. The result implies that the thartneatment was reasonably effective at removing
P123 and PVP. The evident absorption at 1092, 80d,466 cit (Figure 11(a3)) showed the
existence of the silica structure correspondinthto Si—O-Si flexural vibrations. XRD pattern of
the silica nanofibers indicated that the samplesveld that one strong peak was observed at the
26=0.97° corresponding (100) reflection of SBA-15¢g{ie 11(b)). The TGA curve of the as-
electrospun silica/PVP fibers showed two stepsatwtal loss of ca. 70% (Figure 11(c)). The first
step of ca. 10% from 50 to 350 °C could be attedub desorption of the water. Since the lose of
water, formed from the condensation of silanolgha silica framework, the second significant
weight loss of ca. 80% between 350 and 460 °C waiged to the decomposition of P123 and
PVP. Nitrogen adsorption-desorption isotherms waeasured on an ASAP 2010 volumetric
adsorption apparatus (Micrometrics) at 77.4 K (Féglil(d)). The surface area was calculated by
using the BET method. The pore size distributiors walculated based on BJH method. It was

found that the B adsorption—desorption isotherm of the silica ndmaufis classified as typically
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type-IV according to IUPAC nomenclature.[20] Alsan average fiber diameter, average pore

diameter, and surface area of synthesized siliea fivere about 300 nm, 2.7 nm and 6G7&th
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Figure 10. SEM images of the PVP fibers (al), the as-eleptrosilica/PVP fibers (bl), the silica

nanofibers (c1), and the distribution of the diagnelf the nanofibers (a2, b2, c2).
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On the other hand, adsorption energy distributidvare been extensively applied in
characterizing the numerous adsorption systems iandnderstanding the physico-chemical
networks related to surface energy heterogeneii@perimental adsorption isotherm data have
been crucial factors for characterizing the surfanergy heterogeneity of adsorbent.[7] Also, a
theoretical local adsorption isotherm equation amd adsorption energy distribution function

should be included. The overall adsorption isothemmthe heterogeneous solid surface can be

written in the form of
&(p)=[ 6.(pU)FU)U @)

wherep is the equilibrium pressurel) is the integration regiorl) is the adsorption energy,
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F(U) is the wanted energy distribution functioﬁL(p,U) is a local adsorption isotherm and

Hr(p) is the experimental adsorption isotherm datahla work, we employed the generalized

regularization method to obtain reliable and stablisorption energy distributions.[8] The
adsorption energy distribution of silica nanofibier presented in Figure 11 (d). The highest
adsorption energy peaks was found to be around idtJ. It can be seen from this result that
silica nanofiber synthesized in this work is anrgagcally and structurally heterogeneous surface.
Based on the characterization results, it is cteat the electrospinning is potentially a feasible
method to obtain nanofibers using different tengsdat

To evaluate the adsorption properties of the switkd nanofibers, adsorption isotherm of
lysozyme as a model protein was investigated. $t lieen known that the molecular weight and
isoelctric point of lysozyme have been 14,400 ahidi.[21] Figure 12 shows the adsorption
isotherm of lysozyme on silica nanofiber at pH Htl 298.15 K. The solid lines in Figure 12 are

the predicted results with Langmuir isotherm:

- 0mbC (5)

Here, the physical meaning of isotherm parametdrsqq and b is the monolayer
adsorption quantity and adsorbate-adsorbent affinétspectively. The isotherm parametecs, (

and b) were determined by minimizing the mean percentiggations between experimental and
predicted amounts adsorbed on the basis of a raddifevenberg-Marquardt method (IMSL
routine DUNSLF).[22] The object functior(%), represents the average percent deviation

between experimental and predicted results asi¥sllo
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qexpk - qcal Kk

E(%) = 1202 (6)

k=1 Oexpk

wheren is the number of experimental dadg, is the experimental adsorption capacity, and
Oeax IS the calculated adsorption capacity. The detegthiisotherm parameters of lysozyme on
silica nanofiber are listed in Table 6. It is rbtéhat the adsorption capacity of lysozyme was
considerably high. The high capacity is attributetivo factors: the very high specific surface area
available in the silica nanofibers, and the minetian of repulsive electrostatic interactions
between adsorbed protein as a result of adsorptmse to the protein pl. The silica nanofibers
synthesized in this work can be successfully ugeithé field of sensor, chromatographic packing

material, adsorption, and catalysis.
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Figure 13.Adsorption isotherms of lysozyme on silica nanefffbat pH 11 and 298.15 K.

Table 6.Isotherm Parameters of Lysozyme

Isotherms Parameters E(%)

Langmuir q, 21.2 6.04
b 0.011
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3.4. CONCLUSION

Silica nanofibers with smooth surface and highaefarea were successfully synthesized by
electrospinning method. Here, PVP and P123 werd asethe fiber template and the structure
directing agent. The synthesized samples were clesized by XRD, SEM, FT-IR, and BET. An
average fiber diameter, average pore diametersaridce area of the silica fibers are about 300 nm,
2.7 nm and 607 fg™.The adsorption capacity of lysozyme on the syrileessilica nanofibers
was high (i.e., 21.2 mg™y because of the very high specific surface aredlable in the silica
nanofibers, and the minimization of repulsive elestiatic interactions between adsorbed proteins.
Also, adsorption equilibrium data were correlategllwith the Langmuir and Sips equations. This
study has proved that electrospinning is a potitialiable method to obtain nanofibers using
different templates. The silica nanofibers synttegiin this work may be widely used in the field

of sensor, chromatographic packing material, catajyadsorbents and optical devices.
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Chapter 4. Preparation and Characterization of Eletrospun

TiO, Nanofibers for Dye-Sensitized Solar Cell

4.1. Introduction

The electrochemical photovoltaics have been studidg wide-bandgap semiconductors,
such as TiQ ZnO, NBOs, SnQ, etc. [23-25]. In 1991, Gr'atzel and co-worker][2&ported the
dye-sensitized solar cell (DSSC) using nanocrys&alliO, particles which increased the surface
area several hundred times compared to those ipacinsemiconductor and electrolyte interfaces.
The energy conversion efficiency of DSSC reaches 40%, which is comparable to that of the
silicon based solar cell [27]. In organic/inorgahigbrid solar cells, nanorods [28] and nanotubes
[29] have been investigated as new electrode ratdgewiith a higher degree of order than the
random assembly of nanoparticles. Recently, thetrelspinning technique has been developed,
which provides a simple, cost-effective approaahpi@ducing nanofibers within a broad range of
diameters, from tens of nanometers to a few micterseaccording to the selection of the
processing parameters [30-32]. We demonstrated pibyous electrode structure based on
electrospun Ti@ nanofibers, in which the energy conversion efficig the photocurrent
generation with polymer gel electrolyte, was ove#dof the performance in DSSC with liquid
electrolyte [33]. However, the volume content oOFiin nanofiber web electrode is still low to
maximize the photocurrent generation. In this stubdg electrospun TiOnanofibers are treated
chemically to increase the TiGvolume content by using epitaxial growth of Fi€itile crystal
from aqueous TiGlsolution. The additional rutile layer modified tplotocurrent generation of

DSSC based on electrospun Ti€ectrode. The energy conversion efficiency inseesa30% after
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post-treatment.

4.2 Experimental

TiO, fibers were electrospun directly onto a $acoated glass substrate (FTO, 1 cmx1 cm,
TEC-8, Pilkingotn) from mixture containing 3 g pfhnyl acetate) (PVAc,MW = 500,000 g/mol)
(Aldrich), 6 g titanium(lV) isopropoxide (TiP) (Ateth) and 2.4 g of acetic acid as a catalyst for
sol-gel reaction in dimethyl formamide (DMF) (37rBL). In a typical electrospinning, the
precursor solution was loaded into a syringe comtkedo a high-voltage power supply
(ConverTech Model SHV120). An electric field of &8 was applied between a metal orifice and
the FTO substrate at a distance of 10 cm. The sgmate was controlled by a syringe pump (KD
Scientific Model 220) at 60 L/min. Electrospun Ti®eb was treated with tetrahydrofuran (THF)
vapor in a closed chamber for 1 h prior to caléomatThe calcination was carried out stepwise at
each temperature (duration in min) as: 100 .C (15§, .C (15); 325 .C (5); 450 .C (30 min) in air.
To grow TiG rutile crystal epitaxially, Ti@ web plate was immersed into a 0.1M titanium
tetrachloride (TiC)) (Aldrich) aqueous solution in a closed chamberZd h. The 0.1M TiCl
agueous solution was prepared in the following reanAt first, 2M concentrated Tigkolution
was prepared by adding directly titanium tetraddrinto a flask containing ice and then, the
solution was further diluted to 0.1 M. The Ti@veb electrode was immersed overnight in an
ethanolic solution containing 3x10.4 M of ruthenidye, Ruly(NCS), (L = 2,2-bipyridyl-4,4-
dicarboxylic acid) (N3, Solaronix). The electrodasminsed and dried after its removal from the
dye solution. The liquid electrolyte we used caesisof 0.6M1-hexyl-2,3-dimethyl-imidazolium
iodide (C6DMIm), 0.05M iodine §), 0.1M lithium iodide (Lil) and 0.5M 4-tertbutylpigine

dissolved in 3-methoxyacetonitrile. Pt-sputteredDSR glass was used as the counter electrode.
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The typical active area of DSSC was 0.25cithe photocurrent-voltage characteristics were
measured with Keithley 2400 SMU under the globalla%) 100 mW/crhirradiation. The incident
photonto-current conversion efficiency (IPCE) wasasured using a 350W Xe lamp light source
with a motorized monochromator. Incident light imgiéy was calibrated using a Newport 818UV
photodiode detector. The electrochemical impedapeetra (EIS) were obtained by Solatron FRA
1260 with EG&G PARC Potentiostat/Galvanostat MdgiE3 with an ac amplitude of 10mV at the

open-circuit voltage (Voc) under illumination.

Poly(vinyl acetate), Electrospinning Electrospun TiO,
Titanium isopropoxide, Nanofibers
Acetic acid, and
Dimethyl formamide (Voltage: 15 kV, TCD: 10 cm,
Flow rate 1ml h'%)

Mono layer coating Surface treatment
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Figure 14.Procedure of TiQfibers synthesis and photoelectrode fabrication.
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4.3. Results and Discussion

Nanoporous electrospun TiCelectrodes improve the penetration of polymer eglelctrolyte
effectively. Electrospun Ti@ web for DSSC in this work shows the well-organizeorous
electrode structure as shown in Figure 15 aftavimation at 450C in air removing PVAc from the
as-spun fibers. Several studies have previouslyrtep that treatment of nanocrystalline T\@ith
TiCl, solution. The result is a significant improvemeint device performance.[34] The
nanocrystalline TiQ electrode with TiCJ treatment increased the necking between the
nanoparticles of the film, thus, facilitating thi#fakion of photoinjected electron between parscle
and lowering the probability of recombination. lhiststudy, electrospun TiQveb was treated with
0.1M TiCl, aqueous solution at different temperatures. Tke Tiystal grown from TiClis known

by the rutile structure. The base Fi®eb is anatase as shown Figure 17 and the epiyagrawn
rutile is confirmed from the mixture of anatase antille peaks in Figure 17 after treatment. The
epitaxial growth rate of rutile crystal on the as TiQ nanofiber surface depends on
temperatures. After treatment at 20 for 24 h,,TBers were covered with a small amount of
rutile crystal as shown in Figure 15. The TGA cunfethe as-electrospun THPVAc fibers
showed two steps and a total loss of ca. 70% @id@&). The first step of ca. 60% from 50 to 350
could be attributed to desorption of the water dadomposition of PVAc. The second significant
weight loss of ca. 10% from 350 to 500 was assigoedhange Ti@ crystallication anatase to

rutile.
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Figure 15. SEM images of electrospun Ti@anofiber electrodes.(a) as-electrospun,Tiker; (b)
After treated with tetrahydrofuran (THF) vapor irclesed chamber for 1h; (c) TiO

nanofiber; (d) After TiCJ aqueous solution treatment for 24h.
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Figure 17.XRD pattern of TiQ fibers.

At 40 T, the diameter of Tigfiber increased twice compared to the untreat@l, Hqueous
solution treatment as shown in Figure 14 and afeo rhacroscopic porous morphology was
retained. However, the treatment at higher temperasuch as 6@  increases the additional rutile
on the nanofibers and the porosity decreases t@pr¢he penetration of gel electrolyte.

Figure 18 presents the photocurrent density-voltagees for cells based on electrospun,TiO
nanopaticle, Ti@ nanofiber and TiGltreated TiQ nanofiber. The photovoltaic characteristics of
DSSC based on Tihanopaticle, Ti@nanofiber and TiGltreated TiQ nanofiber is seen in Table
7.

The open-circuit voltage (Voc) is relatively highthan that of typical nanocrystalline DSSCs.

The TiCl, treatment of the electrode at 40 resulted in an increase in short-circuit photoenir
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(Jsc) increases from 8.67 to 11.24 mAddor the liquid electrolyte device and in an inean

energy conversion efficiencyfrom 4.01 to 5.02 % (Figure 18).
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Figure 18.1-V Curve of DSSC.

Table 7.Photovoltaic performance of dye-sensitized soddlsc

Voc [V] Isc(mA/cm2) FF  n[%]

TiO, nanofiber 0.63 11.08 0.654.52
TiO, nanofiber - TiC) treatment 2T ) 0.64 10.00 0.62 3.94
TiO, nanofiber - TiCJ treatment (4@ ) 0.64 12.97 0.59 4.88
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4.4. CONCLUSION

In summary, we obtained Tihanofibers diameter in the range of 80~100 nnorbfer to
improve the short-circuit photocurrent, we treatbeé electrospun TiQ electrode with TiCJ
agueous solution. The rutile crystalline layer gaswn epitaxially on Ti@ fibers. An additional
TiO, layer increased the volume fraction of active malke in porous electrode resulting in an
increase of sensitizer adsorption. The photocurgdnthe DSSC with the electrospun TiO

electrode increased more than 10% after jfi@atment.
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