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The ultrafine polymethylmethacrylate fibers containing gold nanoparticles have been prepared by using the
electrospinning technique. Then the continuously coarse gold films formed by fractal-like thorny gold
particles were deposited on the organic eletrospun fiber surface by an electroless process. The morphology of
coarse gold films was characterized by scanning electron and transmission electron microscopy. The results
revealed that the morphology of the gold particles was affected not only by the amount of gold seeds
embedded in the organic fibers but also by the amount of gold deposited on the fiber's surfaces. The surface-
enhanced Raman scattering (SERS) effect of the fibrous mats coated with gold films was evaluated by using
Rhodamine B as an adsorbate. The results indicated that this kind of fibrous mat exhibited high and
reproducible SERS activity and could be developed as highly sensitive SERS substrate.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Nano-structured metal materials with controlled shape have
attracted a great deal of attention because their optical, electronic
and magnetic properties are strongly dependent on the sizes and
shapes [1–3], so nano-scaled particles with such shapes as nanorods,
nanowires, nanoplates and nanocubes [4–11] have been synthesized
in order to investigate their properties. Recently, it has been shown
that AgCl is a useful morphological adjusting reagent for the fabri-
cation of the thorny gold particles in aqueous medium [12,13]. Up to
the present, nano-structured metal materials have been proven to be
the convenient surface-enhanced Raman scattering (SERS) substrates
for the vibrational information of the adsorbate [14], and many such
materials as assembly-films of silver particles, three-dimensional gold
particles, silver surface modified with gold and gold–silver bimetallic
particles have been synthesized and used as SERS substrate on which
the vibrational signals of the adsorbate have been observed even at a
very low concentration [15–18]. It has been shown that SERS depends
strongly on the properties of the metallic surface, especially on the
morphology and the surface plasmon resonance frequency. Generally,
a rough surface can be essentially described as fractal object with self-
similitude at different dimension scales [19]. The high efficiency of the

near-field enhancement such as SERS has been observed on the rough
surfaces with different fractal geometries [20] including the surfaces
of the electrode [18] and the nanoparticles [16].

On the other hand, the fibrous mats fabricated by electrospinning
technique have stimulated much interest in the past decade due to
their large surface-area-to-volume ratio and the potential applica-
tions in tissue engineering, sensor, catalysis and so on [21,22]. Now-
adays, many hybrid fibrous materials containing inorganic and
organic components have been fabricated by the electrospinning
technique [23–25]. Moreover, the metallic fibers or micro-tubes have
also been fabricated by using the nonwoven eletrospun fibers as
templates [26–29]. Furthermore, the electrospinning derived-carbon
fibrous mats and the gold-coated eletrospun polyacrylonitrile fibrous
mats have been prepared and used as high-quality electrodes [30,31].
However, the electrospun fibrous mats coated with the irregular
thorny gold particles have not been fabricated yet.

In this paper, the polymethylmethacrylate (PMMA) fibers contain-
ing different amounts of gold nanoparticles (GNPs) are prepared by
using an electrospinning method firstly, then the GNPs dispersed on
the surface of the fibers are used as gold seeds and enlarged by
electroless process during which the morphology of the grown GNPs
is influenced by the additional AgNO3 in the plating solution. The
morphology changes of the gold particles have been illuminated, and
the SERS activity of these fibrous mats coated with irregular thorny
gold particles has also been investigated by using Rhodamine B (RhB)
as an adsorbate.
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2. Experimental details

2.1. Materials

The reagents such as RhB, tetrabutylammonium bromide (TBAB),
silver nitrate (AgNO3), hydrogen tetrachloroaurate (HAuCl4·3H2O)
and hydroxylamine hydrochloride (NH2OH·HCl), methylmethacry-
late (MMA), potassium persulfate (K2S2O8) and cetyltrimethylammo-
nium bromide (CTAB) were analytical grade and obtained from
Beijing Chemicals Company and used without further purification.
The organic gold salt was synthesized through reacting HAuCl4·3H2O
with TBAB [26]. The plating solutions were prepared by using double-
distilled water. The PMMA powders were synthesized as in the fol-
lowing by consulting the previous method [32]: in order to remove
the inhibitor, the reagent-grade MMAwas firstly washed by 5% NaOH
aqueous solution, and then washed by water adequately, thereafter it
was distilled under decompression after being dried. After the MMA
monomer (5.5 g) was added into the 100 ml aqueous solution of CTAB
(5%), the mixture was purged for 40 min with Ar to remove the
dissolved oxygen and then heated to about 60 °C at Ar atmosphere
under stirring. Then the polymerizationwas initiated by injecting 1 ml
aqueous solution containing 5.5 mg K2S2O8. After the mixture was
stirred overnight, methanol was added into the mixture to precipitate
the product which was collected and washed by water to remove the
surfactant completely and dried under vacuum at 50 °C.

2.2. Preparation of the PMMA fibrous mats coated with irregular thorny
gold particles

The electrospinning solution was prepared by dissolving the
PMMA powder (20 mg) and gold salt (6.0 or 12.0 mg) into 1.0 ml
chloroform in which 50 μl DMF was contained. The electrospinning
process was carried out at a potential of +8.0 kV after the solution
was transferred into a plastic pipette with a nozzle of about 0.5 mm in
which a thin platinum rod was connected with the high potential
power supply. The electrospun fibers were collected on a filter paper
placed upon an electrically grounded aluminum foil 12 cm below the
nozzle tip. The hybrid fibrous mats of PMMA/gold salt were defined as
6S and 12S for the samples prepared from the electrospinning solu-
tion containing 6.0 and 12.0 mg gold salt, respectively. Prior to the
preparation of the gold coating, all glasswarewas soaked in aqua regia
for 1 h, and then thoroughly cleaned with distilled water. After drying
for 10 h at room temperature, the fibrous mat together with filter
paper was cut into a round shape with a diameter of 4.0 cm, and then
placed into a vacuum funnel. Subsequently, the dilute NaBH4 solution
(10 mmol L−1, 200 ml) was filtered through the mat in order to re-
duce the gold salt in the fibers and to form the GNPs embedded
in PMMA fibers. Thereafter, the mat was washed with 400 ml
0.1 mol L−1 HCl solution and 600 ml water by filtrating, respectively.
Finally, the gold nanoparticles immobilized on polymer surface as
seeds were enlarged through filtrating 200 ml or 400 ml plating solu-

tion until the filtrate became colorless. The typically electroless plating
solution used in this paper contained 2.5×10−4 mol L−1 HAuCl4·3H2O
and 8.0×10−4 mol L−1 NH2OH·HCl in which a little amount of AgNO3

was added (1.25×10−6 mol L−1) in order to adjust the morphology of
the gold particles. The properties of the samples and the conditions of
preparation were summarized in the Table 1. At the same time, the
thorny gold particles were also prepared in solution according to the
previous method [12] at the same AgNO3 concentration.

2.3. Characterization of the thorny gold-coated fibrous mats

UV–visible spectra of the fractal-like gold particles were carried
out on a Hewlett Packard 8453E single beam diode array recording
spectrophotometer after the thorny gold particles coated on the fibers
were dispersed in the chloroform under ultrasonic condition. A piece
of the gold-coated mats was placed on the films accessory, and its
X-ray diffraction (XRD) pattern was recorded on a Bruker D8 Advance
X-ray diffractometer with Cu Kα radiation and graphite monochroma-
tor, at the scan speed of 5°/min with a step size of 0.02°. Scanning
electron micrographs (SEM) were taken by using a JEOL-JSM-6700
(Tokyo, Japan) field-emission microscope operated at an accelerating
voltage of 15 kV. The transmission electron micrograph (TEM) images
were recorded on the H-600-2 transmission electron microscope op-
erated at the accelerating voltage of 75 kV after a tiny piece of hybrid
mat peeled from the fibrous mats was placed onto the copper grid
containing a little of water and adhered to the grid when the water
dried. The fractal dimension of the irregular gold particle-coated fiber
surface was determined by fractal box count method based on the SEM
images by using the ImageJ program.

2.4. Adsorption of RhB on gold-coated fibrous mats for SERS measurement

For SERS measurements, the irregular thorny gold-coated PMMA
fibrousmats (3×3 mm2)were incubated in 5×10−6–5×10−12mol L−1

RhBaqueous solution (10 ml) for 10 h. Subsequently, the substrateswere
rinsed thoroughly with distilled water, and finally dried in a dark
atmosphere at room temperature for the test. The thorny gold particles
prepared in solution (6 ml) were concentrated and washed by
centrifugation (10,000 rpm, 5 min) procedure. Thereafter, the thorny
particles were incubated in 5×10−6mol L−1 RhB aqueous solution
(10 ml) for 10 h, then the colloids adsorbing RhB were loaded on the
clean glass slide and let dry under dark in air for SERSmeasurement after
they were concentrated by centrifugation and washed by water. The
Raman spectra of the RhB adsorbed on the substrate were recorded on a
Jobin Yvon LabRAMHR800microscopic confocal Raman spectrometer by
employing 514.5, 632.8, and 785 nm laser as incident light, a charge
coupleddevice as detectorwith a resolution4 cm−1, and an10×, 0.75NA
objective for focusing the laser light on the samples. The acquisition time
for each measurement was 30 s and the spectra were recorded by
accumulating the measurement for three times.

Table 1
The characters of the samples prepared from different condition.

⁎Samples Gold salt
(mg)

CAgNO3
mol L−1

Vplating solution

(ml)
Average diameter
of the fibers (nm)

Conductivity
S cm−1

Fractal
dimension

Unitary intensity
(1650 cm−1)

6S 6.0 – – 680 – – –

6S1 6.0 1.25×10−6 200 1270 4.7×103 1.8835 0.81
6S2 6.0 1.25×10−6 400 1870 6.9×103 1.8136 1.00
12S 12.0 – – 490 – – –

12S1 12.0 1.25×10−6 200 1330 6.8×103 1.8500 0.62
12S2 12.0 1.25×10−6 400 1730 1.3×104 1.8382 0.48

⁎The fibrous mats were prepared from 1.0 ml HCCl3 solution containing 20 mg PMMA.

3229B. Guo et al. / Thin Solid Films 518 (2010) 3228–3233



Author's personal copy

3. Results and discussion

3.1. Synthesis and characterization of the fibrous mats coated with
irregular thorny gold particles

From the SEM images shown in Fig. 1, we can find that the elec-
trospun PMMA/GNPs hybrid fibers exhibit a randomorientation in the
fibrous mats due to the bending instability associated with the
spinning jet. The average diameter of the fibers is about 680 nm for
the PMMA/GNPs fibers prepared from 6S (Fig. 1A), while the diameter
of the PMMA/GNPs fibers prepared from 12S decreases to about
490 nm (Fig. 1B) because the electrospinning solution contains more
gold salt (12 mg gold salt in 1.0 ml chloroform) which can increase
the charge density of the jet and make the fibers thin out during the
electrospinning process. The surfaces of the fibers are fairly smooth,
which indicates that the GNPs embedded on the fibers' surface are

small [33]. The TEM images (inserted figures) show that the amount
of the GNPs in PMMA/GNPs fibers prepared from 12S is more than
that from 6S, and that the GNPs are roughly spherical in shape and the
diameters of most gold particles range from 5 nm to about 30 nm
except that some particles aggregate into large clusters.

Fig. 2 shows the SEM images of the PMMA fibers coated with
irregular gold particles, from which we can find that the introduced
AgNO3 in the plating solution has an important influence on the
morphology of the deposited GNPs on the PMMA fibers surface in
contrast with the previous report [26] in which the deposited gold
particles are almost spherical. We can also find that the organic fibers'
surfaces are coated with the continuous gold films assembled by the
irregular gold particles, and the average diameter of the fibers in 6S1 is
about 1.27 μm (Fig. 2A), the morphology of the gold particles has
deviated far from the spherical geometry, while the gold particles
with many thorns are observed on the fibers' surface. When the

Fig. 1. The microscopical images of the PMMA/GNPs hybrid fibrous mats obtained by treating the PMMA/gold salt fibers with NaBH4 solution (A) from 6S and (B) from 12S, the
inserted figures are the TEM images of the corresponding fibers.

Fig. 2. The SEM images of the fibrous mats coated with irregular gold particles. (A) 6S1, (B) 6S2, (C) 12S1 and (D) 12S2.
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samples are prepared by using more plating solution (400 ml), the
irregular thorny gold particles together with the gold nano-sheets will
be observed on the fibers' surface in 6S2 (Fig. 2B), and the average
diameter of the gold-coated fibers increases to about 1.87 μm. When
200 ml plating solution is used to treat the PMMA/GNPs fibrous mats
prepared from 12S, the average diameter of the fibers in 12S1 is found
to be about 1.33 μm (Fig. 2C), and at the same time the thorny gold
particles and the gold sheets are observed on the fibers surfaces. The
samples of 12S2 are obtained when 400 ml plating solution is used
(Fig. 2D), in which the average diameter of the fibers increases to
about 1.73 μm, and the thickness of the gold sheets and thorns increases
too.

From the TEM images, we can clearly find that the density of the
gold thorns is relatively high in 6S1 (Fig. 3A), and the diameters of the
thorns are about 10 nm and the length about 50 nm, while the diam-
eter of the thorns increases to about 20 nm and the length increases to
about 100 nm in 6S2 (Fig. 3B). Moreover, some large gold thorns
whose diameter at the bottom is larger than 100 nm and length longer
than 200 nm (inserted image in Fig. 3B) have also been formed, and
there are some small thorny gold particles dispersed on these large
gold thorn surfaces. The thorns in 12S1 have a length of about 100 nm
and a diameter of about 20 nm (Fig. 3C), while the diameter of the
thorns increases to about 20–50 nm, and the length of the thorns can
reach to 250 nm in 12S2 (Fig. 3D). From the results mentioned above,
we find that the morphology of the fractal-like gold particles depos-
ited on the organic fibers is affected by the amount of the gold seeds in
the fibers and the gold deposited on the fibers' surfaces.

In our experiments, the gold particles deposited on the fibers'
surface are prepared by filtering the plating solution through the
PMMA/GNPs fibrous mats repeatedly, and during which the gold
seeds dispersed on the PMMA/GNPs fibers' surface are enlarged
through the self-catalyzed reduction of HAuCl4 by NH2OH. It is shown
that the growth process of the gold particles is not continuous in the
present condition, which is different from that of the thorny gold

particles prepared in solution [12]. During the process of electroless
plating, partial surfaces of the gold seeds and the growing gold par-
ticles will absorb the formed AgCl which will decrease the growth rate
of the gold particles at some direction and lead to the unsymmetrical
growth, so the gold particles could not expand isotropically to large
gold spheres but form the irregular gold particles. When a small
quantity of the plating solution (200 ml) is used to filtrate through
the PMMA/GNPs mats containing less gold seeds, the amount of AgCl
adsorbed on the gold seeds and growing gold particles is relatively
more, which leads to the formation of gold particles with thin thorns
in 6S1.When 400 ml plating solution is used to prepare 6S2, the large-
sized gold thorns and gold sheets are formed because of the higher
amount of AgCl adsorbed on the growing gold particles and the higher
amount of the deposited gold. At the same time, the large thorny

Fig. 3. The TEM images of the fibrous mats coated with irregular gold particles. (A) 6S1, (B) 6S2, (C) 12S1 and (D) 12S2.

Fig. 4. (A) the XRD pattern of the irregular gold particle-coated fibrous mats 6S2, (B) the
SPR absorption spectra of the spherical gold particles (a), thorny gold particles prepared
in solution (b), and irregular gold particles in 6S1, 6S2, 12S1 and 12S2 (c)–(f), respectively.
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surface is coatedwithmany small thorns. This result indicates that the
formed AgCl is high enough to coat the large thorny surfaces, so the
small thorns are formed on the large thorns surface during the fol-
lowing gold plating process. When the fibrous mat containing more
gold seeds is treated with the same amount of plating solution, the
number of the gold seeds and the growing gold particles increase
much more in this case, so the amount of AgCl adsorbed on the gold
particles surface decreases in contrast with the fibers containing less
GNPs. Therefore, the irregular thorny gold particles including gold
sheets and thorny gold particles are deposited on the fibers surface in
12S1. When more plating solution (400 ml) is used, the thickness of
the gold sheets and the size of the gold thorn increase obviously,
however, there are not many small thorns observed on the large
thorny surface. The result obtained indicates that the amount of gold
seeds in the fibers has an important effect on the morphology of the
deposited gold particles because they can adjust the relative density of
the AgCl absorbed on the gold particles, which is similar to the pre-
vious reports [12,17] in which the thorns' thickness decreases with
the increase of AgNO3 amount, and increases with the increase of the
amount of deposited gold.

The XRD patterns of the fibrous mats coated with irregular gold
particles show the typical fcc gold characteristics (PDF 4-784), the
peaks at 38.22, 44.43, 64.64, and 77.63° are assigned as (111), (200),
(220), and (311) plane reflections of gold (Fig. 4A), respectively. The
conductivities of the gold-coated fibrousmats have beenmeasured by
using the four-probe method and the conductivities of 6S1, 6S2, 12S1

and 12S2 are found to be about 4.7×103, 6.9×103, 6.8×103 and
1.3×104S cm−1, respectively. The conductivities increase with the
increase of the amount of deposited gold and the embedded gold
seeds, this is because that more gold seeds in the organic fibers will
lead to more gold particles formed on the fibers surface, which may
cause the gold particles to contact closely and increase the
conductivity.

It is well known that the surface plasmon resonance (SPR)
absorptions of metal nanoparticles such as gold and silver are depen-
dent on particle shape, size, and interactions between particles and
the dielectric constant of the surrounding medium [34,35]. The devia-
tions from spherical geometry generally cause the SPR absorptions to
red shift. From Fig. 4B, we can find clearly that the spectra of the
irregular thorny gold particles are completely different from that of
spherical gold particles. The spherical GNPs exhibit a SPR peak at
about 530 nm (Fig. 4B-a), while the thorny gold particles prepared in
solution [12] show a strong SPR absorption at long wavelength region
and a weaker SPR peak at 530 nm (Fig. 4B-b). The irregular gold
particles in 6S1 show a shoulder SPR peak at about 560 nm and a
broad SPR peak at about 850 nm (Fig. 4B-c), while the irregular gold
particles in 6S2 show a broad SPR peaks at about 890 nm (Fig. 4B-d)
because of the increase of deposited gold quantity. The similar SPR
absorptions are also observed for the irregular gold particles in 12S1
and 12S2. For example, the irregular gold particles in 12S1 show a
broad and strong SPR absorption peak at about 807 nm (Fig. 4B-e) and
particles in 12S2 (Fig. 4B-f) show the SPR absorption peak in longer
wavelength region because more gold is deposited in 12S2.

3.2. The SERS property of the fibrous mats coated with the irregular gold
particles

Fig. 5A represents the Raman spectra of the RhB adsorbed on the
substrate of 6S2 in which the 514.5, 632.8 and 785 nm lasers are used
as incident light, respectively. We can find that the intensity of the
SERS signal is the strongest when the 632.8 nm laser is used as
exciting light, and that only weak SERS signals can be observed at
1600–1200 cm−1 when 514.5 nm laser is used as exciting light.
However, there are no obvious SERS signals observed if the substrate
is excited by 785 nm laser. The strong peaks at about 1650, 1534, 1510
and 1359 cm−1 are assigned to the aromatic C―C stretching modes.
The bands centered at about 1281, 1200 and 1185 cm−1 are assigned
to the C―C bridge-bands stretching and in-plane C―H bend of the
aromatic ring moiety of the molecule, and the strong band centered at
about 624 cm−1 is assigned to the aromatic bending [36–39]. The UV–
vis spectra show that RhB exhibits a strong absorption peak at 550 nm
(Fig. 5B-a) in chloroform, while the absorption spectra of the RhB

Fig. 5. (A) The SERS spectra of RhB adsorbed on 6S2 substrate excited by different
incident light, (a) 632.8, (b) 514.5 and (c) 785 nm laser, and (B) the UV–vis spectra of
the RhB (a) and the RhB adsorbed on 6S2 (b) dispersed in chloroform.

Fig. 6. (A) The SERS spectra of RhB adsorbed on (a) 6S2, (b) 6S1, (c) 12S1, (d) 12S2 and (e) thorny gold particles prepared in solution by using the reportedmethod, the 5×10−6mol L−1

RhB solution (10 ml) is used to incubate the substrates. (B) The SERS spectra of RhB adsorbedon 6S2 byusing (a) 5×10−8, (b) 5×10−10 and (c) 5×10−12mol L−1 RhB solution (10 ml) as
incubated solution. The wavelength of exciting laser is 633 nm.
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adsorbed on 6S2 show the features of RhB and 6S2, an absorption peak
at 560 nm together with the SPR absorption of the gold particles in
long wavelength region (Fig. 5B-b). From the experiments, we can
find that the SERS signal of RhB can only be observed when the
wavelength of the exciting laser is near the absorption peak of RhB. It
is well known that the SERS phenomenon is often attributed to the
electromagnetic (EM) and chemical (CHEM) enhancement. The EM
mechanism is based on the amplified electromagnetic field generated
upon optical excitation of SPR of the noble metals with a coarse
surface in nano-scale [40,41]. The CHEM effect in SERS mainly results
from two aspects, one is that the electronic coupling between the
adsorbed molecules and the metal surface at atomic-scale roughness
will lead to the charge transfer between the adsorbate and metal
surface, which increases the polarizability of the molecule and the
Raman scattering cross section [42,43], the other is the resonances
within the adsorbed molecule itself especially for the highly colored
molecules [44]. It is widely accepted that the combination of the EM
and CHEM enhancement causes the SERS enhancement [6,44].
According to the experiments and the features of the gold particles,
we can conclude that the chemical effects contribute significantly to
the enhancement for RhB besides the EM enhancement. Based on the
stronger Raman peak of RhB centered at about 1650 cm−1, we find
that the SERS intensity of RhB adsorbed on the substrate of 6S2
(Fig. 6A-a) is the strongest, and that on the thorny particles prepared
in solution is the lowest (Fig. 6A-e). When the lower concentration
such as 5×10−8mol L−1 RhB solution is used to incubate the selected
optimal SERS substrate 6S2, the SERS signals of RhB can easily be
observed except that the peaks at 1534 and 1182 cm−1 become weak
(Fig. 6B-a). When the concentration of RhB solution decreases to
5×10−10 and 5×10−12mol L−1, the SERS intensity of the absorbed
RhB decreases with the decrease of the concentration of the incubated
RhB solution (Fig. 6B-b,c), but we can still clearly observe the SERS
scattering spectra of RhB adsorbed on the optimum substrate 6S2
when the concentration of the incubated RhB solution is as low as
5×10−12mol L−1.

4. Conclusions

In this work, the continuous films assembled by irregular thorny
gold particles have been fabricated on the ultrathin electrospun
PMMA fibers surface. The results show that the morphology of the
irregular thorny gold particles is affected not only by the amount of
gold seeds but also by the amount of gold deposited on the fibers'
surface. The SERS intensity of RhB adsorbed on the fractal-like gold-
coated fibrous mats is stronger than that on the thorny gold particles
prepared in solution. Moreover, obvious SERS signals of RhB can be
observed on the optimum thorny gold-coated fibrous mats although
the incubated solution concentration is as low as 5×10−12mol L−1

(10 ml). The irregular gold particle-coated PMMA fibrousmatsmay be
developed as a new, convenient and highly sensitive SERS substrate.
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