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ABSTRACT: Using tetraethyl orthosilicate as a main raw
material, silica nanofibers (SiNFs) were prepared through the
combination of a sol−gel process and an electrospinning
technique followed by pyrolysis. Surface modified electrospun
SiNFs developed by self-polymerization of polydopamine on
the surface (SiNFs-PDA) served as templates for the
electroless plating of silver nanoparticles (Ag NPs), using
glucose as a reducing agent. The electrical resistivity of silver
coated SiNPs-PDA (SiNFs-PDA/Ag) was measured by the
four-point probe method and was found to be as low as 0.02
mΩ·cm at room temperature. The morphology of SiNFs-
PDA/Ag before and after the blending with silicon rubber indicated a strong interaction between the silver layer and the SiNFs-
PDA. The electrical and mechanical properties of the silicon rubber filled with SiNFs-PDA/Ag were studied to demonstrate the
conductive performance application of SiNFs-PDA/Ag.
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1. INTRODUCTION

Composite nanostructures with nanoparticles assembled on
one-dimensional substrates exhibit the unique physical and
chemical properties of the core and shell materials.1−5

Electrospinning technology has provided an innovative method
for the straightforward manufacturing of continuous one-
dimensional nanomaterials with controllable diameters.6,7

Electrospun silica nanofibers (SiNFs) could be developed
through the combination of a sol−gel process and an
electrospinning technique, followed by pyrolysis.8−11 As silver
nanoparticles (Ag NPs) exhibit rich optical,12−14 antimicro-
bial,15,16 electronic,17−19 and magnetic20,21 properties, they
provide an approach to make smart functional composites by
depositing Ag NPs on various substrates, which perform
potential applications ranging from antibacterial materials to
conductive composites. In particular, these Ag NPs deposited
substrates can be used as the fillers for conductive
composites,22−24 offering an application of electromagnetic
interference (EMI) shielding. Zhang et al. assembled
presynthesized noble nanoparticles on mesostructured silica
nanofibers synthesized with a structure-directing agent through
the surface functionalization of silanol.12 Zhang et al. assembled
Ag NPs on the inner and outer surfaces of electrospun silica
nanotubes through the in situ reduction of Ag+ by Sn2+

ions.25,26 However, the complicated preparation process and
harsh reaction conditions make it an urgent priority to develop
a convenient and mild method.

Mussel adhesive proteins excreted by marine mussels have
the abilities of strong adhesion and secondary reaction for
multifunctional coatings. A facile surface modification approach
inspired by the adhesion mechanism of mussels was introduced
by Lee et al. In this approach, the self-polymerization of
dopamine produced an adherent poly(dopamine) (PDA) as the
functional layer on various substrates, including organic and
inorganic materials.27−30 The results indicate that dopamine
and other catechol compounds perform well as binding agents
for metal ions and reducing agents for reducing metal ions to
elemental metals.31,32 This method is versatile for its simple
ingredients, mild reaction conditions, and applicability to
various materials with complex shapes. The PDA could be
readily used to immobilize adherent and uniform metal coating
by electroless plating.
In this work, we used tetraethyl orthosilicate as a starting

material to prepare inorganic SiNFs via the sol−gel electro-
spinning method followed by pyrolysis. The electrospun SiNF
surface was then modified by self-polymerization of polydop-
amine and electroless plating of silver using glucose as a
reducing agent. Resistivity is the most important part of
conductive and EMI shielding applications, and it can be well
controlled in this method. To demonstrate the conductive
performance application of SiNFs-PDA/Ag, the electrical and
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mechanical properties of the silicon vulcanizate filled with
SiNFs-PDA/Ag were studied in our work.

2. EXPERIMENTAL SECTION
2.1. Materials. Tetraethylorthosilicate (TEOS), polyvinylpyrroli-

done (PVP, Mw = 1 300 000), dopamine·HCl, tris(hydroxymethyl)-
aminomethane (Tris), and glucose were obtained from Alfa Aesar
Company, U. S. A. Silver nitrate, ammonia, hydrochloric acid, ethanol,
dimethyl sulfoxide (DMSO), and N,N-dimethylformamide (DMF)
were purchased from Beijing Chemical Plant, China. All of the
reagents and solvents were used as received and without further
purification.
2.2. Preparation of SiNFs via Electrospinning. The spin dope

was prepared by mixing the solution dissolved PVP (1.2 g) in DMF
(5.0 g) and dimethyl sulfoxide (DMSO, 2.5 g) and the pregelation
achieved by magnetic stirring of TEOS (3.2 g) with hydrochloric acid
(37 wt %, 0.6 mL) and ethanol (0.9 mL) for 10 h in a vial under
magnetic stirring for 3 h.
The spin dope was immediately filled into a plastic syringe with a

blunt-tipped 22-gauge stainless-steel needle for electrospinning into
the precursor nanofibers. A positive high voltage of 15 kV was applied
to the needle with the high voltage power supply (ES30P) purchased
from the Gamma High Voltage Research, Inc. (Ormond Beach, FL),
and the feed rate of 1.0 mL/h was maintained with a KDS-200 syringe
pump. The electrospun nanofibers were collected with an aluminum
foil covered receiver that was electrically grounded and placed 10 in.
from the tip of the needle. Due to the moisture in the atmosphere, the
TEOS turned into gel completely by keeping the nanofiber mats under
ambient conditions (temperature of 25 °C and relative humidity of
50%) for 48 h.
The electrospun precursor nanofibers were carefully peeled off from

the aluminum foil and transferred in a crucible to a muffle oven to
pyrolyze into the final SiNFs. The optimal pyrolysis procedure based
upon fiber properties was heating at 350 °C for 3 h followed by
heating at 800 °C for 6 h. The SiNFs were then naturally cooled off to
room temperature.
2.3. Surface Modification of SiNFs by Polydopamine. The

SiNFs were surface modified with aqueous solutions of dopamine·HCl
at concentrations ranging from 0.5 to 4.0 g/L. The pH of each solution
was buffered to 8.5 by adding Tris, which can form a Tris-HCl buffer
solution with the HCl of dopamine·HCl. The solution pH was
monitored with a pH meter (Mettler Toledo FE-20) fitted with a
combined glass electrode (0.01 pH units). The solution was stirred for
24 h at room temperature, and the color of the solution changed from
light pink to dark brown. The SiNFs coated with PDA were suction
filtered, rinsed thoroughly with deionized water, and dried in a vacuum
oven at 40 °C for 12 h. The PDA coated SiNFs will be denoted as
SiNFs-PDA-x in the subsequent discussion, where x stands for the
concentration of dopamine.
2.4. Electroless Deposition of Silver on the SiNFs-PDA

Surface. The SiNFs-PDA were electroless plated in a silver plating
bath prepared by dissolving silver nitrate (concentration varies from 1
to 20 g/L) into distilled water and adding ammonia slowly until the
solutions became transparent again. Then SiNFs-PDA (concentration
of 1 g/L) were added into the above solutions and kept magnetically
stirring for 30 min. The same volume of glucose solution (at a
concentration twice as high as that of silver nitrate) serving as a
reducing agent was added slowly into the above mixture. The
reduction was allowed to continue for 2 h under stirring at room
temperature. The silver deposited SiNFs-PDA were suction filtrated,
washed 3 times with distilled water, and dried in a vacuum oven at 40
°C for 6 h. The obtained samples will be denoted as SiNFs-PDA/Ag-y,
where y stands for the concentration of silver nitrate.
2.5. Characterization. X-ray photoelectron spectroscopy (XPS)

measurements were carried out on an ESCALAB 250 XPS system
(Thermo Electron Corporation, USA) with an Al Kα X-ray source
(1486.6 eV photons). The core-level signals were obtained at a
photoelectron takeoff angle of 45° with respect to the sample surface.
The X-ray source was run at a reduced power of 150 W. The

powdered samples were pressed into tablets and mounted on standard
sample studs by means of double-sided adhesive tapes. The pressure in
the analysis chamber was maintained at 10−8 Torr or lower during
each measurement. To compensate for surface charging effects, all
binding energies (BEs) were referenced to the C 1s hydrocarbon peak
at 284.6 eV.

Scanning electron microscopy (SEM) was performed on a Hitachi
S-4700 scanning electron microscope (Hitachi, Japan). The surface of
the samples was sputtered with a thin layer of gold before the
measurements. The SEM measurements were accomplished at
accelerating voltages of 5 kV and 20 kV.

Transmission electron microscopy (TEM) images were recorded on
an FEI TAICNAI G2 20 STWIN transmission electron microscope at
an accelerating voltage of 200 kV, and energy dispersive spectrometry
(EDS) was performed on an EDAX GENESIS XM 30rT energy
dispersive X-ray spectrometer attached to the transmission electron
microscope. The specimens of electrospun precursor nanofibers for
TEM observations were prepared by receiving the nanofibers with the
carbon support films during the electrospinning process. Other
specimens were prepared by dropping sample suspensions onto
carbon support films, and the solvent was allowed to evaporate before
observation.

X-ray diffraction (XRD) patterns of the samples were recorded on a
Bruker D8 Advance (Germany). The testing voltage was 40 kV. The
current was 40 mA. The scan speed was 0.1 s/step, and the diffraction
patterns were recorded in the 2θ range of 5°−90°.

Thermogravimetric analysis (TGA) was performed on a STARe
system from 30 to 800 °C at a heating rate of 10 °C/min with a steady
nitrogen flow (50 mL/min).

The electrical resistivity of the samples was measured with a four-
point probe (Keithley 2400 source measure unit with a semiautomatic
wafer probe with tungsten tips to make contacts, Guangzhou, China).
The spacing between the tips was 0.05 in., and the radius of the tip was
0.004 in. Before each measurement, the silverized SiNFs were pressed
into 1 mm sheets by using a tablet press with a maximum pressure of
10 MPa.

3. RESULTS AND DISCUSSION

3.1. Preparation of SiNFs via Electrospinning. The
chemical composition of the electrospun precursor nanofibers
(PNFs) was analyzed with EDS. The atomic percentages of C,
O, and Si are 14.90%, 58.78%, and 26.22%, respectively. The
presence of carbon in SiNFs is due to the carbon in PVP. The
atomic ratio of O to Si is 2.24, which is higher than the
theoretical value in SiO2 because PVP contains oxygen as well.
The surface morphology of SiNFs obtained by the pyrolysis

of PNFs was investigated with SEM. The SEM image (Figure
1) shows that the average diameter of SiNFs is about 300 nm,
and the surface of SiNFs is quite smooth. Different spin dope

Figure 1. SEM image of electrospun silica nanofibers.
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formulas were studied, and the relationship between the
diameter of SiNFs and the concentration of PVP was
developed. The diameter of SiNFs can be controlled between
100 and 500 nm, and consequently different diameters of
SiNFs-PDA/Ag can be prepared on demand.
3.2. Modification of SiNFs by Polydopamine (the

SiNFs-PDA Surface). The process of dopamine self-polymer-
ization on the surface of SiNFs is shown in Scheme 1. The
mechanism for the in situ spontaneous oxidative polymerization
of dopamine is elusive now. The interaction between PDA and
inert substrates is probably intermolecular force since it is
difficult to form covalent bonds between PDA and inert
surfaces.

The chemical compositions of the surfaces of SiNFs and
SiNFs-PDA were determined by XPS. Figure 2 shows the XPS
spectra of the as-prepared products: a, d, g, j, and n, wide scan
spectra; b, e, h, k, and p, C 1s core-level spectra; and c, f, i, m,
and q, N 1s core-level spectra of SiNFs, SiNF-PDA-0.5, SiNF-
PDA-2, SiNF-PDA-4, and PDA homopolymer, respectively.
The XPS wide scan of the SiNFs shows four major peaks, which
are 105 eV for the Si 2p, 156 eV for the Si 2s, 285 eV for the C
1s, and 534 eV for the O 1s peak. The XPS wide scan spectra of
SiNFs-PDA show the appearance of a new peak component at
the binding energy (BE) of about 400 eV, which is attributed to
the nitrogen-containing species in PDA. The presence of PDA
on the SiNF surface can also be deduced from the decrease of
O 1s peak intensity and the increase of C 1s peak intensity as a

Scheme 1. Schematic Illustration of Processes for Preparation of SiNFs-PDA/Ag by Dopamine Functionalization and
Electroless Silver Plating

Figure 2. XPS spectra of (a, d, g, j, n) wide scan spectra, (b, e, h, k, p) C 1s core-level spectra, and (c, f, i, m, q) N 1s core-level spectra of SiNFs,
SiNF-PDA-0.5, SiNF-PDA-2, SiNF-PDA-4, and PDA homopolymer.
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result of the lower oxygen content of PDA. As there is no
carbon in the SiNFs, the small C 1s peak is attributed to the
surface absorption of the SiNFs. The distinction between the
peak intensity of SiNFs-PDA-0.5 and that of SiNFs-PDA-2 is
obvious, while the peak intensities of higher dopamine
concentrations looks similar, which can be interpreted as the
thickness of the deposited PDA being over the probing depth
of the XPS technique.33 The C 1s core-level spectra of SiNFs-
PDA-0.5 and SiNFs-PDA-2 can each be curve-fitted into five
peak components at BEs of about 282.6, 284.6, 285.6, 286.4,
and 288.5 eV, attributable to the C−Si, C−C, CH−N, C−O,
and CO species, respectively. The peak component for C−Si
is due to the interaction between PDA and the SiNFs surface,
and others are consistent with the PDA molecular structure.
There is no C−Si peak component in the C 1s core-level
spectrum of SiNF-PDA-4, probably because the thickness of
the PDA layer was over the probing depth. The deposition of
PDA on the surface of SiNFs is further verified by the N 1s
core-level spectra of SiNFs-PDA. The N 1s spectra of SiNFs-
PDA can be curve-fitted into two typical peaks at BEs of about
398.5 and 399.5 eV, attributable to the imine (N−) and
amine (−N−H) species, respectively. On the basis of the
conjectural polymerization mechanism of PDA, the N−
species is attributed to the structure evolution during the self-
polymerization of dopamine, while the −N−H species is
formed through the amine group of the dopamine. The above
results confirm the in situ spontaneous oxidative polymer-
ization of dopamine on the SiNF surface.
TEM was used to observe the morphologies of SiNFs and

SiNFs-PDA. The TEM images of SiNFs (Figure 3a), SiNFs-
PDA-0.5 (Figure 3b), SiNFs-PDA-2 (Figure 3c), and SiNFs-
PDA-4 (Figure 3d) are shown in Figure 3. A pristine SiNF has a
smooth surface, while a SiNF-PDA is coated with a uniform
PDA layer whose thickness is controllable. With the increase of

the dopamine concentration, the thickness of the PDA layer
increases and the surface smoothness increases, but with further
increases in concentration to 4g/L or higher, the surface
smoothness of SiNFs-PDA decreases. The thickness of the
PDA layer is about 29 nm at a dopamine concentration of 2 g/
L.
TGA was used to confirm the successful polymerization of

dopamine and determine the amount of PDA on the SiNF
surface. The TGA curves of SiNFs and SiNFs-PDA prepared at
different dopamine concentrations were shown in Figure 4. As
the samples are heated to 800 °C, SiNFs show a weight loss of
3.8%, and pure PDA obtained by the in situ oxidative
polymerization of 2.0 g/L of dopamine shows a weight loss

Figure 3. The TEM images of (a) SiNF, (b) SiNF-PDA-0.5, (c) SiNF-PDA-2, and (d) SiNF-PDA-4.

Figure 4. TGA thermograms of SiNFs and SiNFs-PDA prepared with
different dopamine concentrations.
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of 44.9%. Thus, from the weight losses of SiNFs-PDA-0.5,
SiNFs-PDA-2, and SiNFs-PDA-4 of 9.5%, 19.2%, and 13.0%, it
can be calculated that the PDA contents of SiNFs-PDA-0.5,
SiNFs-PDA-2, and SiNFs-PDA-4 are about 13.7%, 37.5%, and
22.4%, respectively. These results indicate that the thickness
and amount of the PDA coating layer first increases and then
decreases with the concentration of dopamine increasing, in
accordance with the TEM results.
3.3. Electroless Deposition of Silver on SiNF-PDA

Surface. The process of electroless deposition of silver on the
SiNF-PDA surface is shown in Scheme 1. The metal-binding
ability of catechol and nitrogen-containing groups present in
the PDA structure was exploited to immobilize silver
nanoparticles onto the SiNF-PDA surface. The [Ag(NH3)2]

+

ions adsorbed by catechol and nitrogen-containing groups
could be reduced into silver nanoparticles by a reducing
agent.18 SiNFs-PDA-2 was selected to prepare SiNFs-PDA/Ag
hybrids for its smooth surface and the moderate PDA layer
thickness.

The micromorphology of SiNF-PDA/Ag was observed by
TEM. The TEM images of SiNFs-PDA/Ag-1 (Figure 5a) and
SiNFs-PDA/Ag-3 (Figure 5b) show that uniformly dispersed
discrete silver clusters assembled on the SiNFs-PDA surface but
did not form a continuous silver layer. With increasing AgNO3

concentration, more silver particles aggregated on the SiNF
surface, leading to the formation of a continuous, uniform, and
compact silver layer on the SiNF-PDA surface, as can be seen
from the TEM images of SiNFs-PDA/Ag-5 (Figure 5c), SiNFs-
PDA/Ag-10 (Figure 5d), and SiNFs-PDA/Ag-20 (Figure 5e).
On the other hand, however, the surface of SiNFs-PDA/Ag
prepared with excessively high AgNO3 concentrations is uneven
and loose because the crystal growth was too fast at high
concentrations of silver ions and reducing agent. The chemical
composition of SiNFs was investigated with EDS simulta-
neously, and the results are given in Figure 6, which shows that
the silver content of SiNFs-PDA/Ag increases with the
increasing of AgNO3 concentration. The silver content of
SiNFs-PDA/Ag is about 49.8% with the concentration of

Figure 5. TEM images of SiNFs-PDA/Ag prepared with different AgNO3 concentrations: (a) SiNFs-PDA/Ag-1, (b) SiNFs-PDA/Ag-3, (c) SiNFs-
PDA/Ag-5, (d) SiNFs-PDA/Ag-10, and (e) SiNFs-PDA/Ag-20.
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AgNO3 of 1 g/L, and the silver content of SiNFs-PDA/Ag
reaches about 96.5% when the concentration of AgNO3 is 20 g/
L. Too high AgNO3 concentrations lead to excessively high
silver contents, which bring about nothing but resource-wasting
and excessive cost. Hence, the optimum concentration of
AgNO3 is 5 g/L.
The crystalline structures of SiNFs were determined by XRD.

Figure 7 shows the diffraction patterns of SiNFs (Figure 7a),

SiNFs-PDA (Figure 7b), and SiNFs-PDA/Ag (Figure 7c). It
can be seen from Figure 7a and b that the typical amorphous
peak of silica appears in the pattern of SiNFs, and this peak of
silica does not change in the pattern of SiNFs-PDA, an
indication that PDA does not affect the amorphous structure of
SiNFs. The SiNFs-PDA/Ag diffraction pattern (Figure 7c)
shows five sharp diffraction peaks at 38.2, 44.2, 64.4, 78.4, and
81.6°, corresponding to the Ag (111), Ag (200), Ag (220), Ag
(311), and Ag (222) planes, respectively. This diffraction
pattern of SiNFs-PDA/Ag matches exactly with the standard
pattern of silver (JCPDS, no. 04-0783), indicating the
successful reduction of Ag+ to Ag0 by using glucose as a

reducing agent in the presence of PDA, consistent with the
presence of Ag indicated by EDS measurements.
The electrical resistivity of SiNFs-PDA/Ag fabricated with

different AgNO3 concentrations is shown in Figure 6. As shown
in Figure 5a, the silver particles electrolessly plated on SiNFs-
PDA/Ag at a AgNO3 concentration of 1 g/L are individual and
discrete, resulting in a nonconductive surface and an electrical
resistivity that is not measurable. The electrical resistivity
reaches 0.58 mΩ·cm at the AgNO3 concentration of 3 g/L;
however, a further increase of the AgNO3 concentration to 5 g/
L significantly reduces the electrical resistivity to about 0.05
mΩ·cm (high conductivity). The decrease in electrical
resistivity indicates that the silver particles reduced on the
SiNF surface form a continuous and compact silver coating,
which is consistent with the increase in silver content with
increasing AgNO3 concentration. But increasing the AgNO3
concentration to above 5 g/L does not reduce the electrical
resistivity of SiNFs-PDA/Ag markedly as the electrical
resistivity to 0.02 mΩ·cm at the AgNO3 concentration of 20
g/L (shown in Figure 6), a further illustration that the optimum
concentration of AgNO3 is 5 g/L. The ability of the shielding
effectiveness at various frequencies is determined by the
resistivity of this material that depends on the continuity and
thickness of the silver layer. Additionally, in theory, the
percolation threshold of nanofiller composites is much lower
than that of the microfiller composites commonly used now.
The lower percolation threshold results from conjunct effects of
dispersion, a conductive network, and nanoeffect.34,35

3.4. Conductive Silicon Elastomer Filled by SiNFs-
PDA/Ag. To further study the electrical conductivity of the as-
prepared nanofibers, silicon rubber filled with the SiNFs-PDA/
Ag was prepared by using a two-roll mill. The rubber was then
vulcanized in a compression molding press at 175 °C. Some
mechanical properties and the electrical resistivity of the
vulcanized silicon rubber filled with SiNFs-PDA/Ag are shown
in Table 1. The tensile strength and hardness (shore A)

increase with increasing filler content. The tensile strength of
the silicon rubber without filler was 2.07 MPa, and the hardness
was 32, while the tensile strength was 3.28 MPa, and the
hardness was 55 at 100 phr, which is due to the reinforcement
of short fibers. The electrical resistivity of the silicon vulcanized
rubber decreases from 8.1 × 1012 Ω·cm to 0.079 Ω·cm with
increasing filler content from 0 phr to 100 phr. The good
electrical property makes the SiNFs-PDA/Ag-filled silicon
rubber a conductive elastomer, and with an electrical resistivity
much lower than 10 Ω·cm, this filled rubber can be used as an
electromagnetic shielding elastomer.
The morphology of the SiNFs-PDA/Ag before (Figure 8a)

and after (Figure 8b) blending with silicon rubber was observed
by SEM. The SiNFs-PDA/Ag after blending was separated
from the silicon rubber compound by dissolving the compound
in n-hexane, filtered, and dried. The average length of SiNFs-

Figure 6. Silver content and electrical resistivity versus AgNO3
concentration for SiNFs-PDA/Ag.

Figure 7. Diffraction patterns of (a) SiNFs, (b) SiNFs-PDA, and (c)
SiNFs-PDA/Ag.

Table 1. Mechanical Behavior and Electrical Property of the
Silicon Rubber Composites

samples
Ts/
MPa Eb/%

Ts at
100%/MPa

hardness
(shore A)

electrical
resistivity/Ω·cm

0 phr 2.07 275.51 0.64 32
15 phr 2.74 288.75 1.01 45 0.58
60 phr 3.22 154.82 2.12 50 0.05
100 phr 3.28 158.72 2.40 55 0.04
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PDA/Ag decreased after blending because of the shear force
during the blending. However, the absence of crushed fibers
indicates that the strength of SiNFs-PDA/Ag is quite high. The
silver layer remains continuous and compact after blending,
demonstrating the strong interaction between the silver layer
and the SiNFs-PDA. The tensile fractured surfaces of the silicon
vulcanized rubber filled with SiNFs-PDA/Ag were also
observed by SEM. The SEM image is shown in Figure 8c,
from which we can see the pulled-out fibers and the holes left
behind after the pull-out. The silver shell of the pulled-out
fibers remains intact, further indicating the high strength of
SiNFs-PDA/Ag and the strong adhesion of the silver layer to
SiNFs-PDA.

4. CONCLUSION
A simple approach to prepare highly conductive one-dimen-
sional nanocomposite by electroless plating of Ag NPs on the
surface of electrospun SiNFs via the polydopamine function-
alization was studied. Randomly distributed Ag NPs with
controllable density were deposited on the surface of SiNFs-
PDA due to the polydopamine layer with catechol and amine
functional groups, which can be used as the chemisorption sites
for silver ions and the adhesion promotion layer for Ag NPs. A
continuous and highly homogeneous colloidal silver shell can
be achieved on the surface of SiNFs-PDA. The resultant silver
uptake on the SiNF-PDA surface is strongly dependent on the
concentration of the metal salt solution. The as-prepared
SiNFs-PDA/Ag show high conductivity, and the bonding
between the silver layer and SiNFs-PDA is strong. The high
conductivity and strong bonding make SiNFs-PDA/Ag
promising as conductive composites for a broad range of
applications.
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