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Condensation effect-induced improved sensitivity
for SERS trace detection on a superhydrophobic

plasmonic nanofibrous mat+
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Although plasmonic nanofibrous mats have received much attention for SERS detection in recent years,

plasmonic nanofibrous mats with superhydrophobicity are rarely reported due to the hydrophilic

characteristics of Au and/or Ag nanocrystals. The analyte solution usually spreads randomly over a large

area based on this hydrophilic characteristic of Au and/or Ag nanocrystals, which severely restricts the

improvement of SERS detection sensitivity. Here, we prepared superhydrophobic polymer nanofibers

decorated with noble metal nanoparticles with largerly improved sensitivity for SERS detection. The

superhydrophobic characteristic of the polymer/noble metal hybrid nanofibrous mat can overcome the

random spreading of the analyte aqueous solution over the substrate and enriches the droplet
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containing analyte molecules on a very small area where a strong plasmonic electric-field was used to

carry out SERS detection. About a 14-fold decrease in spot area on our superhydrophobic substrate

DOI: 10.1039/c7ra09194j
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1. Introduction

The trace detection of a low concentration of molecules has
always been of paramount interest in the field of sensing
detection. The surface enhanced Raman scattering (SERS)
technique based on plasmonics has led to extraordinary success
in the detection of low concentration analyte molecules.'
However, it is still a challenge to detect a few molecules in
a highly diluted solution since the molecules are usually free to
diffuse into the liquid volume and are far from the plasmonic
sensitive surface when they are dispersed in the solution.” Thus,
how to improve the trace detection sensitivity of the extremely
dilute molecules has attracted much attention. In 2011, Anelis
et al. reported an approach to achieve superior sensitive SERS
detection on the superhydrophobic surface fabricated by lith-
ographically fabricated nanoplasmonic structures.”> Super-
hydrophobic silver arrays were achieved through micro-
nanofabrication. When a droplet of a diluted solution was
deposited on the superhydrophobic surface, the droplet would
reduce in volume during evaporation and finally were
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leads to a corresponding 8-fold improvement in the lowest detection concentration for rhodamine 6G
molecules, as compared to a non-superhydrophobic substrate.

condensed and precipitated on a very small confined region.
However, the lithographically fabricated plasmonic structures
is still relatively complicated, and exhibited much weaker
electric field enhancements in comparison with the chemically
grown nanostructures.* In addition, by controlling the growth
conditions, the size and shape of the chemically grown nano-
crystals can be finely tailored with high morphological unifor-
mity.® Therefore, designing superhydrophobic structures using
chemically grown nanocrystals will offers promising strategies
and new horizons for the trace detection.®’

In the past two decades, superhydrophobic surfaces have
attached rapidly growing interests triggered by the discovery of
“lotus effect”. Many approaches have been proposed for the
preparation of superhydrophobic structures, such as template
synthesis, electrochemical deposition, chemical vapor deposi-
tion, self-assembly and so on.® As a nanofabrication technique,
electrospinning has been demonstrated to be a remarkably
method for fabricating superhydrophobic surfaces. Many elec-
trospun superhydrophobic hybrid nanofibers have been re-
ported.”™ Whereas, the repelling ability of the nanofibers
membrane will be changed when the noble metal nanocrystals
were decorated on the surface due to the hydrophilic charac-
teristic of Au and/or Ag nanocrystals. In recent years, electro-
spun polymer nanofibers decorated with noble metal
nanoparticles for SERS detection have been paid much atten-
tion,”*¢ while the nanofibers with superhydrophobic perfor-
mance are still rarely reported due to the hydrophilic
characteristic of Au and/or Ag nanocrystals. Thus, the analyte

This journal is © The Royal Society of Chemistry 2017
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solution usually spread randomly over a large area based on
hydrophilic characteristic of Au and/or Ag nanocrystals, which
severely restrict the improvement of SERS detection sensitivity.>

Herein, we prepared SERS-active PAN/noble metal hybrid
nanofibrous mat with superhydrophobicity through combining
electrospinning and self-assembly technique. Noble metal
nanocrystals with different morphologies were self-assembled
on the surface of nanofibrous mat and the optimal contact
angle of PAN/noble metal substrate reached 151°. The super-
hydrophobicity of polymer noble metal hybrid nanofibrous
substrate can overcome the random spreading of the droplet,
dramatically reduce the contact area between the droplet and
the substrate, and finally concentrate analyte solution within
a very small area where aggregated noble metal nanoparticle
formed hot spots. Due to the combining of hierarchical micro-
nanostructures with superhydrophobic characteristic, superior
sensitive trace detection for highly dilute rhodamine 6G (R6G)
solution with a concentration of 10~'* M was achieved, whereas
the lowest detection concentration on non-superhydrophobic
substrate is only 107> M. Our developed superhydrophobic
substrate can largely improve the trace detection limit for R6G
molecules owing to the condensation effect of super-
hydrophobic surface.

2. Materials and methods

2.1. Materials

All chemicals were analytical-reagent grade and used as
received. Chloroauric acid (HAuCl,, 99.9%), polyacrylonitrile
(PAN, > 99.5%, M,, = 150 000), ascorbic acid (AA, 99.7%), silver
nitrate (AgNOj, >99%), sodium borohydride (NaBH,, 96%),
3-mercaptopropyl-trimethoxysilane (MPTES), trisodium citrate
dehydrate (TSC, AR), and N,N-dimethylformamide (DMF,
99.9%) were purchased from Shanghai Sinopharm Group.
Rhodamine 6G (R6G, 99%) and 1H,1H,2H,2H-per-
fluorodecanethiol (PFDT, 97%) were obtained from Sigma-
Aldrich. All solutions were prepared using ultrapure water
(UPW, 18.2 MQ cm™ ).

2.2. Characterization

UV-visible spectra were performed on a Shimadzu UV-3150
spectrometer. The morphologies of the products were
observed using scanning electron microscope (SEM, Hitachi
S-4700, Japan), and TecnaiG220 transmission electron micro-
scope (TEM) with a field emission gun operating at 200 kv.
Raman spectra were carried out on a LabRAM HR800 confocal
microscope Raman system at 633 nm. All experiments were
performed at room temperature.

2.3. Facile synthesis of the various Au nanocrystals

2.3.1. Preparation of Au nanospheres (AuNSs). The growth
of AuNSs was based on previously reported procedures.”
Briefly, a freshly prepared, ice-cold NaBH, solution (0.01 M,
0.6 mL) was added into a solution composed of HAuCl, solution
(0.01 M, 0.25 mL) and CTAB solution (0.1 M, 9.75 mL), followed
by rapid inversion for 2 min. And then, the solution was kept at
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room temperature for 3 h before use. The growth solution was
prepared by mixing HAuCl, (0.01 M, 4 mL), H,O (190 mL) and
AA solution (0.1 M, 15 mL) in sequence into CTAB aqueous
solution (0.1 M, 9.75 mL). The reaction was carried out at 25 °C
and spin-mixed for 30 s, then 120 pL of seed solution was added
to the growth solution with gentle mixing. Finally the mixture
solution was allowed to grow for about 5-8 h.

2.3.2. Preparation of Au nanorods (AuNRs). The AuNRs
were grown according to the procedure described previously.*®
Firstly, HAuCl, solution (0.01 M, 0.25 mL) was added to CTAB
solution (0.1 M, 9.75 mL), and freshly prepared, ice-cold NaBH,
solution (0.01 M, 0.6 mL) was injected into the above solution,
then the mixture was allowed to stay at room temperature for at
least two hours. The growth solution was prepared in sequence
by mixing CTAB (0.1 M, 40 mL), HAuCl, (0.01 M, 2 mL), AgNO;
(0.01 M, 0.4 mL) and HCI (1 M, 0.8 mL), followed by the addition
of AA solution (0.1 M, 0.32 mL) until colorless, then 0.10 mL of
seed solution was rapidly injected into the above solution. The
mixed solution was allowed to stay overnight at room
temperature.

2.3.3. Preparation of Au nanobipyramids (AuBPs). The
AuBPs were synthesized according our previous reports.*
Typically, the seed solution was made by addition of ice-cold
NaBH, solution (0.01 M, 0.15 mL) to a vigorously stirred solu-
tion composed of TSC solution (0.01 M, 0.25 mL) and HAuCl,
(0.01 M, 0.125 mL) and UPW (9.625 mL), then the seed solution
was allowed to stay at room temperature for four hours. The
growth solution was prepared in sequence by mixing CTBAB
(0.01 M, 28.5 mL), HAuCl, (0.01 M, 1.2 mL) and AgNOj; (0.01 M,
0.06 mL), followed by the addition of AA solution (0.1 M,
0.402 mL) until colorless, the desirable seed solution was
rapidly injected into the above solution. The mixed solution was
allowed to stay in oven at 65 °C.

2.3.4. Preparation of Au nanoflowers (AuNFs). The AuNFs
was prepared based on the reported method.*® HAuCl, solution
(1.25 mL, 0.01 M) and UPW (48.75 mL) were added into in
a clean glass Erlenmeyer flask under vigorous stirring. After the
solution was boiled, 1.2 mL of 1% TSC solution was added, the
mixed solution was boiled until the color of the solution
changed from light yellow to red. Thus the reaction was kept for
6 to 8 minutes and then cooled to room temperature. PVP (0.3 g,
M,, = 10 000) was added under vigorous stirring by magnetic
force at 6000 rpm, followed by the addition of 4 mL of ethanol
after 40 min. The Ag seed solution was obtained. The method to
prepare growth solution was as followed: PVP (1.5 g, M,, =
10 000) was completely dissolved in 15 mL of DMF solution
under vigorous stirring for 30 min, then HAuCl, solution
(0.05 M, 0.082 mL) was added into the solution. After stirring for
8 min, the desirable seed solution was added and the solution
under stirring for another 20 min.

2.3.5. Preparation of Au-Ag nanourchins. AgNO; (9 mg)
and UPW (50 mL) were added into conical flask. After the
solution was boiled, 1.2 mL of 1% TSC was added. The mixed
solution was continued to boil until the color of the solution
changed from clear colorless to light yellow gray gradually. The
Ag seeds were obtained by cooling down the solution to room
temperature.

RSC Adv., 2017, 7, 44492-44498 | 44493
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HAuCl, solution (2.4 mL, 10 mM) was mixed with UPW
(4.3 mL). Then, the solution was put into a water bath of around
15 °C under vigorous stirring. After 10 min, 0.9 mL of the
as-prepared silver seeds were fed into the system, followed by
the addition of 1-Dopa (10 mM, 2.4 mL). After 1 min, the spin
rate was slowed down to 100 rpm. As r-Dopa was added, the
transparent yellow solution immediately turned opaque black-
green, followed by deep black color. After 10 min, the product
was collected by centrifugation (6000 rpm for 1 min).*

2.4. Preparation of PAN/noble metal hybrid nanofibers

First, 12 wt% PAN was prepared from PAN powder and DMF at
40 °C with vigorous stirring. The solution was pumped through
a syringe pump at a flow rate of 0.3 mL h™". The voltage used for
electrospinning was maintained at 7.07 kV. The distance
between the needle tip and the collector was 12 cm. The
humidity was 30-40%. The as-prepared PAN nanofiber mats
were cut into small pieces, each with a size of about 1 cm?. The
nanofiber mats were subsequently immersed into the MPTES
ethanol solution (10 vol%) under vigorous shaking (130 rpm) in
an incubator shaker at 36.6 °C for 10 h.

The nanofiber mats were taken out and washed thoroughly
with ethanol to remove the unbound MPTES molecules, and
then dried under room temperature. The desirable volume of
Au nanocrystals ethanol phase solution (AuNSs, AuNRs, AuNFs,
AuBPs, Au-Ag nanourchins) were respectively deposited on the
nanofibrous mats by dropping, followed by drying at room
temperature.

2.5. Low-surface-energy modification on PAN/Au nanofibers

1H,1H,2H,2H-Perfluorodecanethiol (PFDT) can be used to
obtain low-surface-energy coatings in the fabrication of super-
hydrophobic surfaces. The obtained samples were carried out
by immersing them in 40 mM PFDT n-hexane/isopropanol
solution for 12 h at room temperature. Then the samples were
washed with hexane and isopropanol in turn to remove the
unbound PFDT.

3. Results and discussion

We fabricated a series of PAN/noble metal hybrid nanofabricate
mats by combining electrospinning and self-assemble tech-
nique (Fig. 1a). First, electrospun PAN nanofibrous mats are
modified with MPTES, and then different Au nanocrystals
(AuNSs, AuNRs, AuBPs, AuNFs and Au-Ag nanourchins) are
respectively assembled onto the PAN nanofibrous mat through
Au-S bond. Subsequently, the PAN/noble metal hybrid
membranes were further functionalized with PFDT in order to
obtain superhydrophobic performance. The R6G solution with
a volume of 15 pL was dropped on the membrane surface.
During evaporation, the droplet was eventually enriched and
precipitated within a very small area on the superhydrophobic
surface whereas the droplet would randomly spread over the
hydrophilic surface (Fig. 1b).>>® Finally, SERS trace detection
was performed on this effective spot area.
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In order to explore the influences of the size and morphology
of noble metal on the superhydrophobicity, five different
morphologies of the Au nanocrystals had been prepared, which
were AuNSs, AuNRs, AuBPs, AuNFs and Au-Ag nanourchins.
The morphologies of the nanocrystals were investigated by TEM
and SEM. As shown in Fig. 2a and f, uniform AuNSs with an
average diameter about 20 nm are well dispersed without
aggregations. The average length and width of as-synthesized
AuNRs are about 100 and 13 nm respectively (Fig. 2b and g).
Fig. 2c and h show that the average length and width of AuBPs
are about 100 nm and 40 nm. The as-synthesized AuNFs are
quasi-spherical, consisting of a solid Au core with many short,
irregular, and obtuse Au nanocrystals. The diameter of AuNFs is
about 80 nm (Fig. 2d and i). The individual Au-Ag nanourchin
nanoparticle is composed of many sharp protrusions and
nanogaps (Fig. 2e and j) with a diameter of 350 nm. These sharp
tips of Au-Ag nanourchins not only benefit surface roughness,
but also provide more SERS hot spots with strong plasmonic
field enhancement.*

UV-vis spectra of all the nanocrystals are shown in Fig. 2k-o.
The surface plasmon resonance (SPR) peak of AuNSs, AuNFs
and Au-Ag nanourchins located at 510 nm, 715 nm and 520 nm
respectively. The longitudinal SPR peak of the AuNRs and
AuBPs is about 870 nm and 840 nm respectively.

Fig. 3 shows the morphologies of a series of electrospun
PAN/noble metal nanofibrous mat. SEM images show that the
different noble metal nanocrystals were firmly attached to the
nanofibrous mat through strong Au-S chemical bonding, which
is more stable than the system obtained by physical adsorption
alone. SEM images show that PAN/noble metal hybrid mats
have many junctions among fibers, and a lot of nanocrystals are
densely immobilized on the surface of the fibre membrane. The
coarse metal surface with hot spots will be in favour of SERS
detection.

The contact angle of pure PAN fibrous mat is about 112.0°.
The optimal contact angles of PAN/AuNSs, the PAN/AuNRs,
PAN/AuBPs and PAN/AuNFs nanofibrous mats are about
120.5°,125.5°,130.5° and 132.5°, respectively (Fig. 3e, f, j and k).
In particular, the contact angle of the PAN/Au-Ag nanourchins
membrane reached 139.5° (Fig. 31). We noted that the contact
angle of these mats improved with the increased size or surface
roughness of Au nanoparticles. The PAN/AuNSs mat shows the
lowest contact angle due to the smallest size of AuNSs (only
20 nm). The contact angle of PAN/AuNFs nanofibrous mats is
a little higher than that of PAN/AuNRs, PAN/AuBPs mats. We
guess that it may be attributed to the much coarser surfaces of
AuNFs with more branches. The PAN/Au-Ag nanourchins
membrane exhibits the highest contact angle which may be
stem from the largest size (~350 nm) and the much more
branch structure of Au-Ag nanourchins compare to other noble
metal nanocrystals. In general, the hydrophobicity of the
substrate improved with the roughness of the surface
increasing. Larger size and more branches structure of Au-Ag
nanourchins will benefit to form hierarchical micro-nano
structures, getting rise to coarse surface. In addition, relatively
serious aggregated Au-Ag nanourchins are emerged on the PAN
nanofibrous mat, which are also in favour to the improved

This journal is © The Royal Society of Chemistry 2017
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roughness, formatting micro-nanostructure and hot spots.'!
Note that the superiority of PAN/Au-Ag nanourchins nano-
fibrous mat for the roughness and high hot spots, we chose
PAN/Au-Ag nanourchins nanofibrous mat for further SERS
measurements.

Previous reports indicated that rough surface and low
surface energy are indispensable for the formation of super-
hydrophobic surfaces.”” Typically, two approaches have been
developed to prepare superhydrophobic surfaces: one is to
increase the surface roughness by constructing micro-nano-
scale hierarchical structures;®*** the other is to modify the
surface with a low surface energy material, such as fluoride
compounds, mercapto compounds, silanes, etc.*”** In order to
further improve the PAN/Au-Ag nanourchins substrate's
hydrophobicity, the PAN/Au-Ag nanourchins membrane was
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(a) Schematic for the fabrication of grafted PAN/Au—-Ag nanourchins nanofiber membranes. (b) Schematic for the evaporating and

immersed into PFDT solution overnight. PFDT are a class of
molecules with long-chain alkyl mercaptans which commonly
was used to modify the micro-nanoscale hierarchical surface to
further decrease the surface energy and afford the surface of the
substrate with superhydrophobic characteristic. As shown in
Fig. 4a, the contact angle of the PAN/Au-Ag nanourchins
membrane after chemical modification reached 151°, demon-
strating that the surface of PAN/Au-Ag nanourchins membrane
exhibited superhydrophobicity. The EDX spectrum also infers
the existence of element Si, F and, Au-S bonding on the
membrane surface (Fig. 4b).

It is worth noting that the droplet on modified PAN/Au-Ag
nanourchins membrane became considerably stable during the
evaporation process and the shrinking droplet still maintains its
spherical shape without spreading out after 10 min (Fig. 5a).

H — AuNSs |2 l_AuNRs —Au-Ag
2 3 nanourchins
2 Z Z
400 600 800 400 600 800 ~ 1000 400 600 800 1000 300 600 900 1200 400 600 800
Wavelength(nm) Wavelength(nm) Wavelength(nm) Wavelength(nm) Wavelength(nm)

Fig.2 SEM and TEM images of (a and f) AuNSs, (b and g) AuNRs, (c and h) AuBPs, (d and i) AuNFs, (e and j) Au—Ag nanourchins; UV-vis spectra of

the (k) AuNSs, (1) AuNRs, (m) AuBPs, (n) AuNFs, (o) Au—Ag nanourchins.
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AuBPs, (k) PAN/AuUNFs, () PAN/Au—-Ag nanourchins nanofibrous mats.

However, the droplet on pure PAN nanofibrous mat collapsed
quickly and eventually spread over a very large area on the surface
of membrane (Fig. 5b). The stability of the droplet on the super-
hydrophobic substrate ensures the analyte molecules are effec-
tively enriched on a very small confined area during evaporation.

In order to compare the different enhancement effects
between the superhydrophobic substrate and
superhydrophobic substrate, we prepared two PAN/Au-Ag
nanourchins nanofibrous mats with different contact angle.
R6G was used as probing molecules for the SERS measurements
to study the Raman enhancement effect of the PAN/Au-Ag
nanourchins nanofibrous mat. R6G droplets were dropped on
the surface of the nanofibrous mats.

When the droplet was deposited on a non-superhydrophobic
surface with a low contact angle (121°), the droplet readily
collapsed and resulted in the spreading of the droplet over

non-

Fig. 4
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Fig.5 The evolution of the contact angles on the membranes with the
time increasing. (a) PAN/Au—Ag nanourchins substrate. (b) Pure PAN
substrate.

a much larger area, about 27 mm? (Fig. 6a and b). However, the
droplet could not wet the superhydrophobic surface (151°), and
only a very small solid-liquid contact area was observed. Finally,
the droplet was effectively concentrated on a 2 mm? area after
evaporation (Fig. 6d and e). Subsequently, SERS spectra of
different concentration of R6G solution on the PAN/Au-Ag
nanourchins nanofibrous mats were collected. The strong
Raman signals of R6G molecules at 1650, 1564, 1597, 1509,
1360, 1281, 1184 cm™ " were detected respectively. In detail, the
peaks at 1360, 1509, 1564 and 1650 cm ' are assigned as
aromatic C-C stretching; the peak at 1281 cm ™" are assigned as
C-C bridge-bands stretching. The positions and intensities of
Raman peaks vs. the concentration of R6G were listed in
Fig. S1.T Apparently, the intensities of the Raman signals of R6G
on the non-superhydrophobic surface are much weaker than
that on the superhydrophobic surface. For the non-
superhydrophobic surface, the intensity of Raman of R6G
molecules reduced with the decreasing of R6G concentrations
ranging from 10 >-10~> M. The Raman signal of 10> M R6G is
already very weak (Fig. 6¢). Whereas, for the superhydrophobic
PAN/Au-Ag nanourchins nanofibrous mat, the peak intensity of
10~ M R6G is still very strong and the Raman signals of 10~ **
M R6G molecules on superhydrophobic surface could be

Si Element Wt 8 At %
CK  50.65 74.25

K

K 0.33 0.30
K 11.27 7.07
M 16.31 1.46
K 12.09 6.64

100.00 100.00

Au

08 16 24 32
Energy (eV)

40 48

(a) SEM image of PAN/Au—Ag nanourchins nanofibrous mat. Inset is the contact angle of the membrane after chemical modification with

PFDT. (b) EDX spectrum of the PAN/Au—-Ag nanourchins nanofibrous mat.
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Fig.6 (a) Photographs of water droplet on the hydrophobic PAN/Au-Ag nanourchins nanofibrous mat with low contact angle (121°); (b) the spot

area of water droplet after evaporation; (c) SERS spectra of R6G (1072-10~> M) absorbed on hydrophobic PAN/Au—Ag nanourchins nanofibrous
mat. (d) Photographs of water droplet on the superhydrophobic PAN/Au-Ag nanourchins nanofibrous mat nanofibrous mats with high contact
angle (151°); (e) the spot area of water droplet after evaporation; (f) SERS spectra of R6G (10~7-=10~14 M) absorbed on superhydrophobic PAN/Au—

Ag nanourchins nanofibrous mat.

detected clearly (Fig. 6f). In this work, the volume of droplet for
detection is 15 pL. When the volume of droplet is too large, the
droplet will spread over a larger area. When the volume is too
small, it is difficult to find the imprint of droplet after
evaporation.

The above results indicated that the trace detection on the
superhydrophobic surface would dramatically decrease the
SERS trace detection concentration, as compared with that on
the hydrophobic surface. The superiority for SERS trace detec-
tion on PAN/Au-Ag nanourchins nanofibrous mat can be
attributed to the synergetic effect between improved roughness,
more “hot spots” at junction positions and condensation effect
induced by superhydrophobicity.

4. Conclusion

In conclusion, we prepared a series of PAN/noble metal hybrid
nanofibers via electrospinning technique followed by the layer
by layer self-assembly. Au-Ag nanourchins with large size and
more tips benefit the formation of hierarchical micro-nano-
structures as well as the superhydrophobic characteristic of the
substrate and also can provide more hot spots with strong
plasmonic field enhancement. The superhydrophobic substrate
can drive and enrich analyte molecules over a small confined
area. Highly sensitive SERS trace detection for R6G with detec-
tion limit as low as 10" M was achieved on the PAN/Au-Ag
nanourchins nanofibrous mat, leading to a 8-fold improvement
in the lowest detection concentration for R6G molecules in
comparison with that on non-superhydrophobic substrate.
Superhydrophobic substrate proves to high SERS-sensitive
substrate for the trace detection of analyte molecules.

This journal is © The Royal Society of Chemistry 2017
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