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Porous silica nanofibers containing catalytic silver nanoparticles have been synthesized by a new method
that combines setgel chemistry and electrospinning technique. Tetraethyl orthosilicate (TEOS), poly-
[3-(trimethoxysily)propyl methacrylate] (PMCM), and silver nitrate (Agil@vere used as precursors
for the production of silica PMCM hybrid fibers containing AgN® Calcination of the hybrid fibers at
high temperatures results in porous silica fibers because of thermal decomposition of PMCM polymer
and in conversion of AgN@to silver nanoparticles. The color of the fiber mats changed from white to
dark golden yellow due to the surface plasma resonance of the silver nanoparticles embedded in the
fibers. The size and density of the silver particles in the silica fibers could be tuned by varying the size
of the fibers, amount of AgN@introduced, and the thermal treatment conditions. The silica fibers
containing silver particles were characterized with environmental scanning electron microscopy,
transmission electron microscopy, X-ray diffraction, B¥ls spectroscopy, and thermogravimetric analysis.

The catalytic activity of the silver containing fiber mats was assessed by a reduction reaction of methylene

blue dye.

Introduction

During the past decade, metal nanoparticles have found
niche in various fields of science, ranging from chemistry
to physics, and to biotechnology.Because of their nano-
scale, opticaf,electrical? and catalytic properties; ¢ metal
nanoparticles have been exploited for unique applications
as sensorspptical switche$,biological marker$,nanoelec-
tronic devices? and catalysf$ for many chemical and
biological reactions. Among the important chemical reactions
for which they exclusively demonstrate to have high catalytic
activity are hydrogenation, hydroformylation, carbonylation,
and so forth>~1> However, due to the easy aggregation,
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deactivation, and poisoning, the metal nanoparticles have
proven undesirable for large scale d%elhus, research
efforts have been made to protect the particles by stabilization
in colloidal solutions containing surfactants and by formation
of complexes with polymer ligand$*8Though the particles
have been stabilized successfully using these techniques, they
would not be reused as catalysts. The stabilization process
could also cause loss in activity of the particles and, hence,
render the catalysts more expensive. Therefore, to utilize
metal nanoparticles for various catalytic applications in the
most efficient way, it is necessary to explore novel techniques
for metal particle stabilization.

The nanoscale dispersion of metal nanoparticles in poly-
mers®silicates?! and metal oxid® substrates, on the other
hand, have attracted great interest because of their stability,
reusability, and good catalytic propertf8s?® Various metals
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like gold, platinum, palladium, silver, and so folt3?have ticles (PSFSP). The unique features, which make PSFSP ideal
been encapsulated using methods like chemical vaporcandidate for catalytic applications could include (1) high
depositiont! and reduction of metal salts by thernd&l,  sensitivity and reactivity of porous silica nanofibers because
chemicak’” or UV light* treatment. For metal nanocomposites of large surface area (average fiber diameter of 100 nm, fiber
to perform as good catalysts, they should possess thredength of up to 10 cm and surface area of 600gnt), (2)
important characteristics: (1) the substrate should have highresistance to high temperature and strong solvents making
surface are&?®2°(2) the nanoparticles present inside the the catalytic fibers usable and reusable under harsh condi-
substrate should be easily accessible to various chemications, (3) easy control of size and density of metal nano-
reagent$® and (3) the size and distribution of the nanopar- particles in the fibers, and finally (4) the freedom to
ticles in the substrate should be unifoffiThe substrates  encapsulate various kinds of nanoparticles including gold,
used for metal particle encapsulation include metal ox- palladium, quantum dots, and so forth.
ides?2? organically modified silicate¥, polymers shaped Tetraethylorthosilicate (TEOS), trimethoxysilyl function-
as thin films!®30 spheres$!-* fibers?”-3% dendrimerg? and alized polymethacrylate copolymer (PMCM), and silver
so forth. Among these substrates, fibrous materials shownitrate (AgNQ) are the main precursors used to synthesize
unigue properties suitable for use as catalysts. Some of thePSFSP. It has been well established in our laboratory that
main benefits of fibrous catalysts include flexibility of form, the sol-gel reactions between the inorganic precursor TEOS
low resistance to flow of gas and liquids through a bundle and the polymer precursor PMCM could afford organic vinyl
of fibers, high surface area, safer operations, easy scale uppolymer—inorganic silica hybrid materials, in which the
and reusability* Some specific examples of fibrous material polymer chains are uniformly distributed in and covalently
include metal wires in the form of gauz&sfiberglass bonded to silica network€® In this work, the polymer
materials’® and carbon fiberd’ These materials act as silica hybrid materials are employed to disperse silver nitrate
excellent carriers for supporting catalytic particles. and to be electrospun into nanofibers. The electrospun fibers
Electrospining is a widely employed method in recent were heat treated to produce silver nanoparticles via AgNO
years to produce polymer nanofiber mats with high surface reduction and to pyrolyze the polymethacrylate component
area, which could be used as metal supporting substrates forendering the final silica fibers porous. Various electron
catalytic applicationd”-342 Some of the obstacles scientists microscopic and spectroscopic characterizations were per-
have to overcome in order to utilize this technique for metal formed to study the effects of concentration of Agi&hd
nanoparticle encapsulation and for catalytic applications PMCM on the morphology of the silica fiber and the effect
include aggregation of nanoparticles, poisoning of surface of heat treatment on the production of silver nanopatrticles.
stabilized particles, and limited resistance of the polymer The catalytic efficiency of the silver nanoparticles encapsu-

fibers to strong organic solvents and high temperature.

lated inside porous silica fibers was evaluated in a silver

To address the above-mentioned problems, we havecatalyzed reduction of methylene blue dye (MB) by sodium

developed a facile method that combines-g@| processing

borohydride (NaBH) under nitrogen. The reaction is ther-

with electrospinning technique to prepare porous silica modynamically favorable, and the color change from a blue

nanofibers containing uniformly distributed silver nanopar-
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in its oxidized state to colorless in its reduced state can be
easily detected using a simple UWis spectroscopy
method?647

Experimental Section

Materials and ReagentsTetraethylorthosilicate (TEOS, 98%),
silver nitrate (AgNQ, 2 N solution in water), nitric acid (HN§) 1
N solution in water), reagent grade tetrahydrofuran (THF, 99.9%),
and sodium borohydride (NaBH99.9%) were all purchased from
Sigma-Aldrich Chemical Co. and used as received. Trimethoxysilyl
functionalized methacrylate copolymer (PMCM, 58000, see
Supporting Information for chemical structure, Scheme S1) was
synthesized by free radical copolymerization of trimethoxysilyl-
propyl methacrylate with methyl methacrylate in a 1:9 molar ratio,
following the previously reported procedures by Wei et®ef

Preparation of Spinning Solution. Scheme 1 shows briefly the
important steps involved in the fabrication of PSFSP. The first step
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Scheme 1. Experimental Flow Chart for Synthesis of Porous
Silica Nanofibers Containing Silver Nanoparticles

TEOS + AgNO; 2N) + THF +
HNO;(IN)

«——Stirfor 30min

| Add 10wt% PMCM in THF |

+— Stir for 30min

| Electrospin solution into fibers |

«—Collect fibers

Heat treatment |

+— 200°C to 800°C
30to 150 min

Test for catalytic activity

was to generate the silicate/AgN®ol preparation. Thus, TEOS
was mixed with THF, and then, a mixturé 2N AgNOz and 1 N
HNO; was added dropwise at two different [TEOS]/[THF]: [HBO
1 NJ/JAgNOg3, 2 N] molar ratios of 1:2:0.05:0.06 and 1:2:0.05:0.1
with constant stirring for 30 min at room temperature. The water
required for hydrolysis of TEOS was obtained from the dilute
AgNO; solution used in the preparation of the sol. Next, 10 wt %
PMCM solution in THF was added dropwise to the hydrolyzed
TEOS/AgNQ sol with constant stirring to obtain a transparent
homogeneous solution with a viscosity of around-60 cP and a
final PMCM content of 2-4 wt %, with respect to the wt % of
silica.

Electrospinning. The spinning solution thus prepared was
collected in a pipet with a tip opening of approximately 0.5 mm.

Chem. Mater., Vol. 19, No. 6, 20033

Table 1. Sample Code and Average Diameter of Silica Fibers and
Silver Nanoparticles Subjected to Various Heat Treatments

av diameter SFZ0
Ag nanopatrticles,

av diameter SFX0

Ag nanopatrticles,

TP tb silica fibers nm silica fibers¢ nm
°C min nm TEM!  XRD® 5nm TEM  XRDe
30 180+ 10 290+ 10
200 30 17515 290+ 30
60 174417 280+ 10
150 170+ 17 280+ 20
400 30 150t 20 265+ 10
60 150412 10 8.5 258+ 17 12 11
150 135+ 15 13 11 250t 15 16 14.5
600 30 130+ 17 13 11 252+ 10 15 14
60 100417 16 14 252+ 30 22 18.5
150 100+ 20 20 19 248+ 25 25 21

a Average diameter of heat-treated silica nanofibers SF10 and SF20
containing 10 wt % silver nanoparticles and 20 wt % silver nanoparticles,
respectively? Various temperature and times used to heat treat PMCM
modified electrospun silica fiber8 Average diameter (meatt standard
deviation) of SF10 and SF20 obtained by measuring 100 fibers of a single
sample from ESEM micrographs after heat treatméAtverage diameter
of silver nanoparticles present in SF10 and SF20 obtained by measuring
40 nanoparticles from TEM micrograptfDiameter of silver nanoparticles
in SF10 and SF20 obtained from the Bragg's and Sherrer's equation
calculated using the XRD graph.

Instrumentation. Gel permeation chromatography (GPC, Hewlett-
Packard HP 1090), equipped with a refractive index detector and a
PLgel column, was used to determine the molecular weight of the
PMCM copolymer. A digital viscometer (Brookfield instruments,
model DV-II+) was used to determine the viscosity of the spinning
solution, and infrared spectra (FT-IR, Perkin-Elmer 1600 spectro-
photometer, 4 cmt resolution, 200 scans) of the fiber samples were
measured in the form of KBr powder-pressed pellets under ambient
conditions. Field emission environmental scanning electron micro-
scope (ESEM, Phillips XL-30) operated at an accelerating voltage
of 15 kV, and equipped with an energy dispersive X-ray analyzer
(EDX), was used to measure the diameter of fibers and elemental

An electric field of 20 kV (Gamma High Voltage Research D-ES30) analysis, respectively. A transmission electron microscope (TEM,
was then applied by dipping a charged copper wire directly into JEOL 2000FX), operated at the accelerating voltage of 300 kV,
the spinning solution. A grounded aluminum plate placed at a was used to study the internal morphology of the PSFSP. The
distance of 20 cm from the tip of the pipet was used as a fiber samples for TEM micrographs were prepared by embedding the
collecting device. Under the electric field, a droplet suspended from fibers into a resin and microtoming the resin into 100 nm thick
the tip of the pipet acted as the feed source from which a chargedcross sections. A thermogravimetric analyzer (TGA, TA Q565 40
jet of hydrolyzed TEOS/AgNGIPMCM sol solution was ejected  700°C at 10°C/min, in air) was used to heat the electrospun silica
out in the form of nanofibers. The two sets of PMCM modified fibers for the degradation of PMCM polymer and formation of silver
fibers containing 0.06 and 0.1 mol AgN@ith respect to 1 mol  nanoparticles. The before and after heat-treated fibers were analyzed
TEOS thus collected were then subjected to varying heat treatmentsfor surface area using the,Nsorption characterization method
which caused the hydrolyzed TEOS to reduce to silica, the PMCM (Micromeritics ASAP 2010). Heat-treated fiber square mats (2
polymer to degrade, and the AgN@®alt present in the fibers to 2 cn?) were used to study the optical properties of the fibers using
reduce to silver nanoparticles, finally producing porous silica fibers |large angle X-ray diffraction [XRD, Siemens D-500, CuxK
containing approximately 10 and 20 wt % silver nanoparticles, radiation ¢ = 1.542 A) using 1.35 KW Cu X-ray tube] and solid-
respectively. state UV-vis reflectance spectrophotometer (WVis, Perkin-
Catalysis. The catalytic activity of the silver nanoparticles in  Eimer-330, 206-800 cnt! wavelength).
the fibers was analyzed following the literature proced&féFor
a typical procedure, a certain amount of silica fibers containing 10
wt % silver nanoparticles was homogeneously dispersed into a MB
dye solution in water (2 mL, 0.01 mol/L), followed by injecting All the fibers studied and analyzed were synthesized using
aqueous NaBli(1 mL, 0.1 mol/L) rapidly under constant stirring. ~ similar electrospinning parameters as stated in the Experi-
The blue color of the mixture gradually vanished, indicating the mental Section (i.e., pipet tip diameter of 0.5 mm, voltage
silver catalyzed reduction of the dye. The rate of color disappear- of 20 kV, fiber collecting distance of 20 cm). Approximately
ance, as indicative of catalytic activity of silver particles, was 10 ESEM micrographs were taken randomly from different
monitored with UV-vis spectrometer. regions of a 20x 20 cn? square silica fiber mat, and the
average fiber diameter (Table 1) of 100 silica fibers from
each sample was then measured using UTHSCSA ImageTool
3.0.

Results and Discussion

(49) Wei, Y.; Feng, Q.; Xu, J.; Dong, H.; Qiu, K. Y.; Jansen, S. A.; Yin,
R.; Ong, K. K.Adv. Mater. 200Q 12 (19), 1448-1450.
(50) Jana, N. R.; Pal, TLangmuir1999 15 (10), 3458-3463.
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Figure 1. ESEM images of non-heat-treated electrospun silica/Aghghofibers containing (A) 0 wt % PMCM and 0.06 mol Agi@B) 2 wt % PMCM
and 0.06 mol AgN@, (C) 6 wt % PMCM and 0.06 mol AgNg and (D) 2 wt % PMCM and 0.1 mol AgN$(E) ESEM images of heat-treated silica fibers
(600 °C for 60 min) which were electrospun with a solution containing 2 wt % PMCM and 0.06 mol AgSi€ale bar: Sum.

Figure 1A,B,C shows fibers containing, respectively, 0,  The electrospun fibers were then heated in air, to various
2, and 6 wt % of PMCM polymer with respect to the weight temperatures and time (Table 1), at the rate of Cmin,
of silica. Silica fibers spun without any PMCM showed using a thermogravimetric analyzer (TGA). These fibers were
beaded morphology due to the low molecular weight and then analyzed for surface area and porosity (Micromeritics
low viscosity of the sot-gel silicates in the spinning solution ~ ASAP 2010). As anticipated, degradation of PMCM polymer
(10 cP). On the other hand, the long molecular chains of the inside the fibers during heat treatment led to the increases
PMCM copolymer when added to the spinning solution tend in surface area from 11 g * for non-heat-treated fibers to
to get entangled with the smaller silica sol molecules forming 600 n? g=* for heat-treated fibers. The TEM micrograph
covalent bonds via the cross-condensation of the silanolimages (Figure 2) of the heat-treated silica fibers clearly show
groups (i.e., StOH) in both TEOS and PMCM? Silica a homogeneous distribution of silver nanoparticles inside the
fibers spun with 2 wt % PMCM show a uniform morphology porous silica fibers. The wt % of silver in the heat-treated
with average diameter of around 18010 nm (Table 1). silica fibers which were experimentally determined via the
As the wt % of PMCM is increased from 2 to 6 wt %, the EDX and X-ray mapping technique (Supporting Information,
viscosity of the spinning solution also increases from 40 to Figures S1 and S2) was found to be around 9 wt %, which
60 cP, which in turn increases the diameter of the fibers from is close to the actual stoichiometric value of silver (10 wt
180+ 10 nm to 290+ 10 nm. The increase in diameter of %), calculated from the electrospinning hydrolyzed TEOS/
fibers with viscosity has been noticed previously in many (0.06 mol)AgNQ solution mixture. The chemical and
electrospun polymer fibe8.Hence, all silica fibers studied  morphological changes that take place during heat treatment
from here on contain 2 wt % of PMCM (with respect to of electrospun fibers can be evaluated by studying the FT-
silica), unless otherwise stated. The amount of Agld@ed IR and TGA data for electrospun silica fibers before and
to the spinning silica solution also plays a role in governing after heat treatment. Figure 3 represents characteristic FT-
the morphology of the fibers. Increasing the amount of IR absorption bands at 1730 cin(C=0O) for pure PMCM
AgNO; from 0.06 mol (10 wt % silver) to 0.1 mol (20wt %  polymer, at 900 cmt, 3500 cm?! (Si—OH) for PMCM
silver) in the spinning solution caused the fibers to stick modified silica fibers before heat treatment, and at 1081'cm
together as well as an increase in the diameter of the spun(Si—O—Si) for heat-treated silica fibers. As the temperature
fibers (Table 1, Figure 1B,D). This surface morphology of the fibers was increased from 200 to 600, a gradual
change could be attributed to the localized charge effectsdecrease in the SIOH band and an increase in the-®—
on the surface of the fibers, as well as slow evaporation of Si band were observed due to the complete condensation of
water from the fibers, causing the wet fibers to stick together hydrolyzed silica precursor (SIOH) to silica (SiQ).*8 As
during electrospinning’335All silica fibers discussed from  the electrospun silica fibers have only a small amount of
here on contain 10 wt % silver (0.06 mol AgNOwith PMCM polymer (2 wt %), the characteristic €0D) peak
respect to silica, unless otherwise stated. Thus, a narrow sizeor PMCM in the silica fibers is not clearly visibf@33Figure
distribution of the diameter of the silica fibers, with smooth 4 shows TGA and its first derivative curves for pure PMCM
morphology, can be obtained by regulating the amount of polymer, pure silica, and electrospun silica/AgNfibers
PMCM and AgNQ added into the spinning solution.

(52) Desal, K.; Sung, CMater. Res. Soc. Symp. Pr&002 736, 121—
126.
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674—677. 4189-4196.
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Figure 2. TEM cross section micrographs of electrospun porous (light features: pores) silica containing silver nanoparticles (dark spherical regions) afte

thermal treatment (wt % of silver, time of heat treatment, temperature of heat treatment): (A) 10 wt %, 60 nfi@; 10 wt %, 60 min, 600C; (C)
10 wt %, 60 min, 80CC; (D) 10 wt %, 150 min, 400C; (E) 20 wt %, 60 min, 400C; (F) 10 wt %, 150 min, 600C (showing fiber diameters from 100
to 250 nm). (G) TEM cross section micrograph of a silica fiber showing homogeneous distribution of silver nanoparticles along the fiber, toa: Scale ba

250 nm.
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Figure 3. Infrared spectra of (A) pure PMCM polymer, (B) pure silica,
(C) hydrolyzed TEOS/AgN@2 wt % PMCM electrospun fibers before heat
treatment, (D) silica fibers containing 10 wt % silver nanoparticles heated
at 200°C for 30 min, and (E) silica fibers containing 10 wt % silver
nanoparticles heated at 60C for 30 min. (They-axis is transmittance
with relatively labeled values because of superposition of spectra.)
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Figure 4. Thermogravimetric analysis (TGA) and deconvoluted derivative
thermogravimetric (DTG) curves for samples heated &tQ/@nin from 40
to 800°C in air: (A) pure PMCM polymer, (B) PMCM modified silica
fibers containing 0.06 mol AgNgbefore heat treatment, and (C) pure SiO

containing 2 wt % PMCM. Pure silica does not show any

degradation due to its high temperature stability. A degrada-

tion maximum for both pure PMCM and silica fibers
containing 2 wt % PMCM at around 30 is noticed. As

the temperature is increased further, the pure PMCM polymer

of silica (SiQ).*® On the other hand, the complete decom-
position of 2 wt % of PMCM present in the silica fibers
makes the fibers porous (Figure 2) and, hence, increases the
surface area and catalytic efficiency of the fibers. At the same
time, as the electrospun silica/AgN@bers are heated to
temperatures above 30C, the AgNQ salt present in the
fibers is reduced to evenly distribute silver nanoparticles
(Figure 2)?? The high-temperature treatment would also drive
remaining silica precursor (hydrolyzed TEOS) in the fibers
to further condense to SiP? with the release of small
molecule byproducts such as ethanol and water from the
fibers, which resulted in the fibers shrinking a little (Table
1, Figure 1B,E), yet maintaining high porosity. Unlike
organic polymers, which show major shrinkage and degrada-
tion at high temperatureé® the rigid network of inorganic
silica enables the silica fibers to retain their shape, prevents
major shrinkage, and makes the fibers resistant to organic
chemicals.

In order to optimize the catalytic efficiency of the silver
nanoparticles present in the porous silica fibers, a controlled
and reproducible size distribution along with high density
of silver nanoparticles has to be achieved. Thus, the factors
affecting the size of the silver nanoparticles must be
evaluated. Table 1 lists the size of the silver nanoparticles
which were obtained by measuring 40 silver nanoparticles
form each sample via the TEM micrographs (Figure 2). The
size of the silver nanoparticles present in the heat-treated
silica fibers (Figure 2A-C, 250 nm diameter silica fibers,
0.06 mol AgNQ, heated for 60 min) was seen to increase
with increase in temperature from 400 to 680. Further
increase in temperature of the fibers to 8@did not cause
any sharp increase in the size of the silver nanopatrticles.
Similarly, when the time for which the fibers were heated
(Figure 2A,D, 250 nm diameter silica fibers, 0.06 mol
AgNO;s, heated at 400C) was increased from 60 to 150 min,
an increase in the size of the silver nanoparticles was noticed.
This effect of temperature and time on the size of the silver
nanoparticles can be explained by a thermal sintering

degrades completely leaving behind only minute amounts (54) Flynn, J. HHandb. Therm. Anal. Calorin2002 3, 587—651.
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Figure 5. (A) White electrospun PMCM modified silica fiber mats 2.0
containing silver nitrate (AgNg) before heat treatment. (B) Golden yellow
porous silica fiber mats containing 10 wt % silver nanoparticles after heat
treatment at 600C for 60 min. Scale bar: 4 cm. 5 1.5 B
N . G o 7 150 min
proces$>°¢ Thus, the silver ions present in the silica fibers = 90 min
flock together and form a cluster of ions that form nano- 8.0 30 min
particles. With increase in temperature, coalescence of D -|
nanoparticles takes place, leading to an increase in the size g’ \
of the silver nanoparticles. These nanoparticles keep growing 0 0.5+ x
in size with increase in temperature, finally reaching a < ~=
maximum size limit, due to the interference of the rigid silica 0.0 T T T T 1
200 300 400 500 600 700

walls of the porous fibers, which prevent the merging of

individual nanoparticles with their neighb@rFigure 2AE

shows TEM micrographs of heat-treated (250 nm diameter F_igure 6. Optigal spectra of porous silica _nanofibers containing 10 wt %
. . . . . silver nanoparticles: (A) heat treated at different temperatures for 30 min

silica fibers, heated at 400C for 60 min) silica fibers, and (B) heat treated for various periods of time at 4G0

electrospun using 0.06 and 0.1 mol Agh@espectively.

The increase in concentration of Agh@om 0.06 to 0.1

mol leads to an increase in number and size of silver

nanoparticled’ Similarly, with the increase in diameter of

Wavelength (nm)

exhibit well-defined plasmon peaks with narrow size distri-
bution of silver nanopatrticles. The fibers heated up to ZD0
for 30 min do not show any plasmon peaks due to the
o e ; [ lete formation of silver nanoparticles in the sample.
silica fibers from 100 to 250 nm, the average size of the Incomp
silver nanopatrticles also increases (Figure 2F, 0.06 mol On th.e other hand, samples heated upto_ 400 and®aor
AgNOs, heated at 606C for 150 min). Although this is not ~ S° Min show sharp spectral bands for silver at around 406
fully understood, we suggest that, with the increase in the a}nd 410 nm, respectively. The shift in Wa'velength,'segn n
fiber diameter, the PMCM copolymer in the fibers during fl_bers at hlgher_temperat_ure, IS c_Jue o the increase in size of
electrospinning might be less uniformly dispersed, which 5|Iv_er hanoparticles. Similarly, Figure 6B shows UV sp_ectra
leads to the formation of larger pores during thermal of fiber samples heated to 46€ for 30, 30, and 150 min.

treatment. The large pores thus formed are then occupiedAS the time of heat treatment is increased, the plasmon peak
by the larger silver nanoparticles shifts to higher wavelength, due to the increase in size of

i i 26,57
The optical properties of heat-treated silica fibers were ]Ehe §||.Ive;lganor;])arttlfle§i d tFlgure / fhows XtRD Spegt;a
studied to further evaluate the distribution and size of silver 'O Stlli¢@ TID€rs heat treated o various temperatures and ime.

nanopatrticles in the fibers. Before heat treatment, the PMCM The diffused reflectio.n p.eak's abalue of 20" observed in
modified silica fiber mats containing 0.06 mol AgN@re all the samples are indicative of the amorphous nature of

o : : I-gel silica material§® The peaks at @ values of 38.2°
white in color. Upon heating, these fiber mats change to a SO ¢ o o !
light golden yellow color as seen in Figure 5, owing to the 4465 3%6 ’ ar;dl77|.5 cor:cest.{aond tOchFe@(%ﬁl)' (IZO?)’t((ZjZO)'
surface plasma resonance (SPR) of the silver nanoparticlesgn ( . ) c;ysbla ganfetsho S'II ver part_lcl s-he C? cu 3(:‘ b
produced in the silica fibers during heat treatment. SPR is a spacing (Table 2) of the silver particles was found to be

characteristic feature of metal nanoparticles between the sizegonsistent W'th the International Qentre for lefract|o.n Data
of 2 and 50 nn?24 Here the electrons freely oscillate on (Table 2) obtained from JCPDS files (no. 41-1402), indicat-

the metal particle surface and adsorb electromagnetic radia-N9 that the silver nanoparticles have cubic symmetry. Apart

tion from particular energy levels. Particles less than 2 nm, from measurement of the size of silver nanoparticles via

on the other hand, do not show this phenomenon due to theTEM micrographs, the average size of the silver nanoparticles

presence of electrons in discrete energy led#8 Figure (Table 1) was also calculated using Bragg's and Sherrer’s
6A shows UV spectra of heat-treated silica fibers, which

(57) Ritzer, B.; Villegas, M. A.; Fernandez Navarro, J. M .Sol-Gel Sci.
Technol.1997 8 (1/2/3), 917-921.

(55) Moon, K. S.; Dong, H.; Maric, R.; Pothukuchi, S.; Hunt, A;; Li, Y.;  (58) Choi, S. S.; Lee, S. G.;Im, S. S.; Kim, S. H.; Joo, YJLMater. Sci.
Wong, C. P.J. Electronic Mater.2005 34 (2), 168-175. Lett. 2003 22 (12), 891-893.

(56) Buffat, P. A.Phil. Trans. R. Soc. London, Ser.2803 361 (1803), (59) Mitrikas, G.; Trapalis, C. C.; Kordas, @. Non-Cryst. Solid2001,
291-295. 286 (1,2), 41-50.
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A Agi1) Successive spectra 1
- i 2
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Agi11) Figure 8. Successive UV vis spectra (taken every 1 min) of methylene

B ‘ Ag(200) blue (MB) dye reduction, using silica nanofibers containing silver nano-
—_ 9 particles as the catalyst and NaBbk the reducing agent.
5 l Agi220) Agi11)
g the PSFSP is based on two factors: (1) the dye changes from
- blue to colorless when reduced, thus giving a sharp visible
S color change, and (2) the absorbance maximam, for
E 30min MB is around 665 nm which does not interfere with fhgy

T T : of silver nanoparticles which is around 420 Af.
10 30 50 70 90 The preliminary catalytic testing for PSFSP was carried
29 (degrees) out by reduction of 2 mL of MB (0.01 mol/L) in water using

Figure 7. X-ray diffraction patterns for silica fibers containing 10 wt %  0.10 g silica fibers containing approximately 10 wt % silver
silver nanoparticles: (A) heat treated at various temperatures for 30 min nanoparticles as catalyst and 1 mL of NagB.1 mol/L) as
and (B) heat treated for various periods of time at 400 the reducing agent. The progression of the catalytic reduction
Table 2. Comparison of Calculatedd-Spacing @) Values of Silver of MB can be easily followed (Figure 8) by the change in
Nanoparticles with Data from the International Centre for optical density at théa of 665 nm (oxidized form of MB).
Diffraction Data Obtained for Silver from JCPDS Files (No. Evidently, the absorbance &faxof MB gradually decreases
1 ax

41-1402) ) T e ;
(k) calcddp o rom JCPDS filos with the reaction time, which is indicative of the reduction
e i of MB from blue to colorless. As expected, the catalytic
(111) 0.2356 0.2359 reduction of MB proceeded successfully, and no deactivation
(200) 0.2036 0.2043 A
(220) 0.1444 0.1445 or poisoning of the catalyst was observed. The band at 420
(311) 0.1231 0.1231 nm (which comes from the silver nanoparticles present inside
aCubic crystal lattice planes of silver nanoparticle€alculatedd- the fibers) was not very prominent at the initial stages of

spacing (inter planar spacing in A) of silver particlés< 2d sin 6) present the reaction, but as the reduction of MB proceeded, the band
'Sr:ﬁl'gre ffg'rﬁafgsgs; 'frl}éesm(ﬂgorﬁffgge for Diffraction Data obtained for oy 565 nm (oxidized form of MB) disappeared and the band
at 410 nm (silver nanopatrticles present inside the fibers)
equation D = 0.91/fwhm cos#, D is the average particle =~ became prominent. The induction period of 1 min seen at
size in A, fwhm is the full width of the peak at half- the initial stage of the reaction could be due to the time
maximum, andd the diffraction angle¥! In all, samples required for the dye to enter the porous network of the silica
heated to 300C did not show any peaks for silver, indicating ~fibers and come in direct contact with the silver nanoparticles.
that the silver ions were not yet converted to silver nano- The entire reduction reaction experiment was conducted
particles. As the samples were heated to higher temperaturéinder nitrogen because oxygen might interfere with the
and for longer time, the peaks for silver crystals appeared reduction of MB®" A blank test containing a mixture of MB
and also increased in intensity. dye plus NaBH reducing agent, with pure silica fibers
Silver nanoparticles have been studied as a catalyst incontaining no silver particles, did not show any reduction
reduction reactions of nitrophenols, nitroanilines, and various Of color change for more than 24 h. Currently, we are
dyes like methylene blue (MB), fluorescein (F), and so carrying out systematic experiments to measure quantitatively
forth.23-25 Reduction of MB by NaBHlis used as a standard the number and amount of silver nanoparticles in the fibers
for determining the catalytic activity of the silver nanopar- that are accessible for catalytic reactions.
ticles encapsulated in the porous silica fibers. In agreement
with previous results, the reduction of MB, if it occurs at Conclusion

all, is insignificant in the absence of silver particfés©: In this study, novel catalytic silica nanofibers containing
However, in the solution containing silver particles, the g\ er nanoparticles have been successfully synthesized via
reduction of the dyes by NaBHs completed within 220 a new, simple method consisting of electrospinning of a sol
min. Choice of MB dye for testing the catalytic activity of  ;ontaining TEOS, trialkoxysilyl functionalized polymethacryl-

- - ate PMCM, and silver nitrate, followed by thermal treatment
(60) 8?"3?;3363“’ T- K. Jana, N. B. Colloid Interface Sci199§ 202 to remove polymethacrylate by pyrolysis and to convert silver
(61) Pal, T.; Sau, T. K.; Jana, N. Rangmuir1997, 13 (6), 14811485, nitrate to silver nanoparticles. The density and size of the
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silver nanoparticles present in fibers can be readily controlled, Cooperative Research Grant to the Jilin University Alan G.

by varying the diameter of the electrospun fibers, concentra- MacDiarmid Institute, and by the Nanotechnology Institute of

tion of silver nitrate salt and the polymethacrylate precusor, Southeastern Pennsylvania.

and thermal treatment conditions. The silver nanoparticles

in the silica fibers exhibit good catalytic properties based  Supporting Information Available: Schemes for chemical

on the results from the silver-catalyzed reduction of MB dye changes of silica fibers during heat treatment, elemental analysis

with sodium boron hydride as reducing agent. and X-ray mapping of fiber samples, experimental and calculated

wt % of silica present in the heat-treated fibers. This material is
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