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Abstract: Nanofibers with excellent activities in surface-enhanced Raman scattering (SERS) were
developed through electrospinning precursor suspensions consisting of polyacrylonitrile (PAN), silver
nanoparticles (AgNPs), silicon nanoparticles (5iNPs), and cellulose nanocrystals (CNCs). Rheology
of the precursor suspensions, and morphology, thermal properties, chemical structures, and SERS
sensitivity of the nanofibers were investigated. The electrospun nanofibers showed uniform diameters
with a smooth surface. Hydrofluoric (HF) acid treatment of the PAN/CNC/Ag composite nanofibers
(defined as p-PAN/CNC/Ag) led to rougher fiber surfaces with certain pores and increased
mean fiber diameters. X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS) results
confirmed the existence of AgNPs that were formed during heat and HF acid treatment processes.
In addition, thermal stability of the electrospun nanofibers increased due to the incorporation of
CNCs and AgNPs. The p-PAN/CNC/Ag nanofibers were used as a SERS substrate to detect
p-aminothiophenol (p-ATP) probe molecule. The results show that this substrate exhibited high
sensitivity for the p-ATP probe detection.

Keywords:  surface-enhanced Raman scattering; electrospinning; cellulose nanocrystal;
polyacrylonitrile; silver nanoparticles

1. Introduction

Surface-enhanced Raman scattering (SERS) is a hypersensitive, noninvasive, and powerful
analytical technique for the ultimate identification of small molecules through enhancing Raman
signals of the molecules located in the region of noble metals or their nanostructures [1,2]. Noble-metal
nanoparticles (e.g., Au and Ag) have become increasingly important because of their unique features
of localized surface Plasmon resonance, resulting in excellent activity and good sensitivity as SERS
substrates [1,3-5]. However, using Au nanoparticles (AuNPs) or AgNPs colloids directly is often
inconvenient in real-world applications due to the difficulties in handling fluids. To reduce or eliminate
this problem, a feasible method is to fabricate flexible nanostructured SERS substrates. Electrospinning
is a facile and efficient way to prepare SERS active substrates with well-dispersed AgNPs in polymer
nanofibers [5-7].

Electrospinning has become a practical technique for production of nanofibers with diameters
commonly ranging from tens to hundreds of nanometers because of its versatility and cost-effective
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setup [8-10]. These nanofibers usually have sufficient surface area and high porosity features,
enabling them to be assembled and processed for a variety of applications [7], including biomimetic
processes [11], sensors [10,12], and environmental fields [13]. Recently, there have been some studies
on the manufacture of electrospun nanofibers containing metal nanoparticles, in which SERS activities
of the prepared nanofibers were explored [1,3,7,8,14]. Compared to the common SERS substrates,
such as porous silicon modified with silver nanoparticles [2], electrospun nanofiber substrates have
several merits such as large specific surface area, high porosity, good mechanical properties, suitability
for surface modification, and easy accessibility [7]. Hence, it is of significance to develop flexible
electrospun nanofibers as SERS substrates to enhance detection sensitivity. As such, there is a great
interest in the development of new methods for the fabrication of functional and multicomponent
electrospun nanofibers loaded with highly active metallic nanoparticles. Recently, polymer-metal
nanocomposites have received a great attention owing to their excellent physical and chemical
properties. Among the polymers, Polyacrylonitrile (PAN) is a polymer that has been intensively
studied due to its high dielectric constant desirable for electrospinning [15]. PAN can be used as a
carrier to disperse other materials to obtain electrospun multi-phase nanostructures [16].

Nanocellulose is a sustainable nanomaterial, well-known for its abundance, biodegradability,
and biocompatibility [17]. Nanocellulose can be used as a substrate for loading a range of different
nanomaterials [18,19] and the resultant nanocomposites have merits from both of the individual
nanomaterials. To date, SERS of AuNPs and AgNPs has been extensively studied [3,4,20,21].
The performance of AuNPs/nanocellulose or AgNPs/nanocellulose nanocomposites as SERS
substrates has also been reported in several studies [22-29]. For example, Limei Tian et al. [22] described
a gravity-assisted filtration method for biosynthesized bacterial nanocellulose based SERS substrate
fabrication. Chook et al. [26] studied the preparation of highly porous cellulose nanofiber-AgNPs
nanocomposite through an environmentally benign method, which was demonstrated for its SERs
activity and catalytic properties. Among the nanocellulose materials, cellulose nanocrystals (CNCs)
draw special attention due to excellent mechanical properties, high purity, simple surface chemistry,
and cost-efficient production. However, to the best of our knowledge, there are no studies exploring
the potential use of CNCs for SERS substrate fabrication. The introduction of CNCs might provide
a new route to combine the performance of hydrophilic CNC phase and hydrophobic PAN phase.
The potential hydrogen bonding interaction between the hydroxyl group of CNCs and the cyano groups
of PAN may present a good foundation for fabricating metallic salts/CNC/polymer nanostructures.

Low-dimensional silicon (Si) nanostructures have been intensely investigated and the
electrochemistry of Si has spurred intense research activity in microelectronic technology [30].
Silicon exhibits reduced electrochemical properties in hydrofluoric acid (HF) solutions, allowing
the electrodeless reduction of metal ions to metallic particles.

Herein, we describe a facile synthesis approach to functionalize PAN with CNCs and AgNPs and
produce electrospun nanostructures for SERS substrate applications. In the system, SiNPs were also
used as a template for electrodeless deposition of Ag. The p-aminothiophenol (p-ATP) was selected as
the model material for SERs detection because it is one of the most typical and excellent materials in
SERS measurement.

2. Materials and Methods

2.1. Materials

Polyacrylonitrile (PAN, average M,, = 150,000 g/mol), N,N-dimethylformamide (DMF),
Hydrofluoric acid (HF), and silver nitrate (AgNO3) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Cellulose nanocrystals (CNCs, 7.4% w/w solid content, aqueous suspension) were
purchased from Blue Goose Biorefineries Inc. (Edmonton, AB, Canada). Silicon nanoparticles
(5i NPs) were purchased from Shanghai St-nano Science and Technology Co., Ltd. (Shanghai, China).
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The p-aminothiophenol (p-ATP) was purchased from Shanghai Mackin Biochemical Co. Ltd. (Shanghai,
China). All chemicals were used directly without further treatment.

2.2. Preparation

2.2.1. Fabrication of Electrospun Nanofibers

PAN powder was added in DMF and the mixture was stirred for 24 h at room temperature to
make a solution with a PAN concentration of 10% (w/v, PAN/DMF). Dried CNC powder was added in
DMEF and the mixture was vigorously stirred for 48 h at room temperature to make a suspension with
a CNC concentration of 0.2% (w/v, CNC/DMEF). Then the obtained CNC suspension was added into
the PAN solution under magnetic stirring for 2 h to get the homogeneous PAN-CNC-DMF suspension.
SiNPs and AgNO3 were added into the above suspension with magnetic stirring for 10 h to produce
the final electrospinning suspension with 0.15 wt % and 1.5 wt % concentrations for SiNPs and AgNOj3,
respectively. The suspension was kept in the dark to avoid the decomposition of AgNOj3. Afterward,
the above suspensions were heated to 90 °C in a water bath for 15 min to reduce part of the Ag ions
to AgNDPs through a reaction: 2AgNO; = 2Ag + 2NO, + O,. In this process, AgNOj3 played the role
not only of a reductant, but also of an oxidant. The suspensions containing CNCs, PAN, SiNPs, and
AgNPs were cooled to room temperature for electrospinning. The compositions of the electrospinning
precursor suspensions are shown in Table 1.

Table 1. Compositions of different electrospinning suspensions *.

Sample Cpan (Wt %) Cene (wt %) CAg (wt %) Cg; (wt %)
PAN 10 0 0 0
PAN/Ag 10 0 30 0
PAN/CNC/Ag 10 2 30 0
PAN/CNC/Ag/Si 10 2 30 3
* Cpan is the concentration of PAN in the suspensions. Ccne, Cag, and Cs; is the content based on the weight
of PAN.

Each prepared precursor suspension was loaded into a 5 mL Becton-Dickinson (BD) plastic
syringe (Franklin Lakes, NJ, USA) and equipped with a stainless-steel needle tip (internal diameter
0.584 mm). Then the syringe was driven by an electric syringe pump (Chemyx Fusion 100, Stafford,
TX, USA) set at a fixed flow rate of 0.5 mL/h. The needle was connected to a high-voltage power
supply (Gamma High Voltage Research, Ormond Beach, FL, USA), and the positive DC voltage was
fixed at 18 kV. An aluminum foil-covered metal plate was horizontally placed to collect the nanofiber
with a needle tip-to-plate distance of 18 cm. The collected nanofiber mats were dried in a vacuum oven
at 40 °C to remove the residual solvent. The obtained electrospun nanomats are designated as PAN,
PAN/Ag, PAN/CNC/Ag, and PAN/CNC/Ag/Si.

The PAN/CNC/Ag/Si nanofibers were further immersed into a HF solution (5 wt %) for 30 min
to remove SiNPs embedded in the nanofibers. The process also led to electrodeless conversion of
AgNPs from Ag ions. The nanomats were then washed with deionized water for several times and
dried in a vacuum oven at 40 °C. The HF acid treated PAN/CNC/Ag/Si nanofiber mats contained
fibers with some pores and are designated as p-PAN/CNC/Ag.

2.2.2. Characterization

A rheometer (AR2000ex, TA Instruments, New Castle, DE, USA) was used to measure the shear
viscosities of the precursor suspensions with a 40-mm cone-plate geometry. The viscosity for each
suspension was recorded at shear rates ranging from 0.1 to 1000 s~! at 25 °C. In order to avoid solvent
evaporation, a solvent trap cover was used during the measurements.
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Surface morphologies of the electrospun nanomats were observed using a FE-SEM (FEI Quanta™
3D FEG Dual Beam SEM/FIB, Hillsboro, OR, USA) under an accelerating voltage of 5 kV. The surfaces
of the mats were coated with a thin layer of gold before observation. The diameters of the nanofibers
were obtained using the image processing software (Image]J 1.48) through measuring 50 randomly
chosen individual nanofibers from the FE-SEM images. To characterize the dispersion and size of Ag
nanoparticles in the electrospun fibers, high resolution transmission electron microscopy (HRTEM, FEI
Talos F200S, Hillsboro, OR, USA) operating at an accelerating voltage of 200 kV was used.

The crystalline structures of the electrospun nanostructures were determined using Bruker/
Siemens D5000 X-ray diffractometer (XRD-Siemens Co., Wittelsbacherplatz, Munich, Germany).
The experiments were conducted from 5° to 80° using a scan speed of 0.2° /min with Cu-K radiation
(A =1.54 A, Voltage = 45 kV, and I = 40 mA).

X-ray photoelectron spectroscopy (XPS) analysis was performed on a Specs PHOIBOS-100
spectrometer (SPECS, Berlin, Germany) with an Al-K, irradiation (1486.61 eV) at 10 kV and 10 mA
current. Survey spectra were recorded from 0 to 1200 eV with a pass energy of 40 eV and a step size of
1.0 eV.

An FTIR spectrometer (Alpha, Bruker Optics Inc., Billerica, MA, USA) was used to observe the
chemical structure of the electrospun nanostructures. The resolution of the IR spectrometer was 4 cm ™!
and each sample was scanned in the range of 4000-400 cm~1.

Thermal properties of the samples were studied with a SDT Q600 analyzer (TA Instruments,
New Castle, DE, USA). The spontaneous thermogravimetric (TG), differential thermogravimetric
(DTG), and differential scanning calorimetry (DSC) data of the samples were recorded from room
temperature to 800 °C at a heating rate of 10 °C/min. The test was conducted in N, atmosphere
(flow rate = 100 mL/min).

For the SERS tests, p-ATP was used as the probe molecule. A sample of 10 mg from each prepared
nanostructure material was immersed in 1.0 x 10~% mol/L of p-ATP solution for 30 min. Then, the
material was dried at 60 °C and attached to silicon substrates for measurement. The SERS spectra of
each nanostructure containing p-ATP probe molecules were acquired at a randomly selected spot on
the substrates using a LabRAM HR800 confocal Raman spectroscopy (Horiba Jobin Yvon, Bensheim,
Germany) from 400 to 1800 cm~l. An yttrium aluminum garnet (YAG) laser 532 nm was used as
excitation source.

3. Results and Discussion

3.1. Properties of Electrospinning Suspension

The most important factor for successful preparation of electrospun nanostructures is to form
a homogeneous precursor suspension. In this study, homogeneous suspensions consisting of PAN,
CNCs, AgNPs, and SiNPs were obtained using DMF as solvent. The shear viscosities of the precursor
suspensions at the range of 0.1-1000 s~! are shown in Figure 1.

The PAN solution showed the Newtonian behavior at low shear rates. At higher shear rates,
the PAN solution viscosity decreased with increase in the shear rate. During this process, the PAN
molecular chains were gradually disentangled by increased shear stress, and thus a pseudoplastic
behavior of the solution was observed at higher shear rates. For PAN/CNC suspension, the plateau
disappeared and the viscosity displayed nearly Newtonian behavior within the whole investigated
shear region. The viscosity of PAN/CNC suspension was much lower compared to that of PAN,
which might be caused by the distortion of PAN molecular chain-chain interactions with the CNCs.
Compared to PAN/CNC, the PAN/CNC/Ag and PAN/CNC/Ag/Si suspensions showed almost the
same viscosities except that these two suspensions had slightly higher viscosity at low shear rates,
which was caused by the increased concentrations of the electrospinning suspensions after the addition
of Ag NPs and Si NPs.
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Figure 1. Shear viscosity-shear rate relationships for PAN, PAN/CNC, PAN/CNC/Ag, and
PAN/CNC/Ag/Si.

3.2. Morphologies of Electrospun Nanofibers

Figure 2 shows the SEM pictures of pure PAN, PAN/Ag, PAN/CNC/Ag, PAN/CNC/Ag/Si,
and p-PAN/CNC/Ag fiber mats. It can be seen that all the spun nanofibers exhibited smooth
surfaces (except Figure 2E), uniform diameters. The nanofiber mats had highly porous structures.
For p-PAN/CNC/Ag, many AgNPs were found on the surfaces of nanofibers from the electrodeless
deposition of Ag on silicon for the HF/ AgNOj3 system [30]. The reaction can be outlined by the two
half-cell reactions. First, anodic reactions (Equations (1) and (2)) occurred through Si atoms oxidization
and then the electrons were supplied for the Ag* reduction (cathode reaction, Equation (3)).

Si(s) 4+ 2Hy0 — SiO, + 4H™ +4de™ 1)
SiO, + 6HF — H,SiFg 4+ 2H,O ()
AgJr +e  — Ago(s) (3)

The corresponding size distributions of the above nanofibers are listed in Figure 2 (next to each
SEM picture). The average diameter of pure PAN, PAN/Ag, PAN/CNC/Ag, and PAN/CNC/Ag/Si
were 129 + 14, 118 £ 14, 214 £+ 12, and 237 £+ 11 nm, respectively. The average diameter of
PAN/Ag nanofibers was lower compared to that of PAN nanofibers because of the increased electrical
conductivity of PAN/Ag suspensions, which led to the increase of the surface charge of the polymer
jet. The polymer jet in the electrospinning process experienced stronger elongation forces, resulting
in a thinner diameter of the nanostructure [31]. The inset in Figure 2B is the high-resolution TEM
micrograph of the PAN/Ag fibers. As shown, Ag NPs dispersed well in the electrospun nanofibers and
had diameters about 20 nm. The increasing tendency of the average diameters of PAN/CNC/Ag, and
PAN/CNC/Ag/Si nanofibers (compared with PAN/Ag system) might be caused by the addition of
inorganic particles (AgNPs and SiNPs) in the precursor suspensions [32]. The introduction of inorganic
particles led to lower viscosity of the electrospun suspension, resulting in larger diameter electrospun
nanofibers. For the p-PAN/CNC/ Ag electrospun nanostructure, no obvious change of the diameter
was observed because the HF acid treatment process did not change the macroscopic structure of the
electrospun nanofibers.
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Figure 2. FE-SEM micrographs and corresponding fiber diameter distribution of electrospun nanofibers.
(A) PAN; (B) PAN/Ag; (C) PAN/CNC/Ag; (D) PAN/CNC/Ag/Si; and (E) p-PAN/CNC/Ag. Inset in
(B) is the TEM micrograph of PAN/Ag showing Ag particles.

3.3. Crystalline Structure

The crystalline structure of electrospun nanostructures was verified by XRD as shown in Figure 3.
For PAN and PAN/CNC/Ag nanofibers, a broad peak centered at 20 = 20° is indicative of the
amorphous nature of PAN. While there was no obvious diffraction peaks that can be assigned to
AgNPs for both PAN/CNC/Ag and PAN/CNC/Ag/Si nanofibers, XPS results proved the presence of
AgNPs (Supplementary Materials Figures S1 and S2). CNC diffraction peaks were also not found in
these electrospun nanofibers. The contents of actual AgNPs after the heat treatment and CNCs in these
electrospun nanofibers were most likely too low to be detected using the XRD technique. For both
PAN/CNC/Ag and PAN/CNC/Ag/Si nanomats, the concentration of Ag ions in the electrospun
precursor suspension was 30 wt % based on the weight of PAN weight (10%). During the 15-min heat
treatment process, only a small number of Ag ions were converted to solid AgNPs and their content
was below the detection limit of the XRD technique [33]. The PAN/CNC/Ag/Si nanostructures
exhibited three diffraction peaks with 20 values at around 28.5°, 47.4°, and 56.2°, corresponding
to the (111), (200), and (311) crystal planes of SiNPs, respectively [34]. Apparently, XRD methods
detected Si in the fiber more effectively at 3% silicon loading level in the fiber. After HF acid treatment,
a typical XRD pattern of p-PAN/CNC/Ag nanofibers showed diffraction peaks with 26 values located
at around 38.2°, 44.2°, 64.4°, and 77.4°, which, respectively, corresponded to the (111), (200), (220),
and (311) crystallographic planes of the face-centered cubic structure of AgNPs [3,35]. This result
indicates that additional AgNPs were formed during the HF acid treatment process, which allowed
XRD technique to successfully detect them and the results are consistent with the SEM results.
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Figure 3. XRD patterns of PAN (a); PAN/CNC/Ag (b); PAN/CNC/Ag/Si (c); and p-PAN/
CNC/Ag (d).

3.4. Chemical Composition and Structure of p-PAN/CNC/Ag Nanofibers

XPS measurement was used to analyze the chemical composition and electronic structures of
the prepared p-PAN/CNC/Ag nanofibers (Figure 4). As shown in Figure 4A, peaks for C, N, O, and
Ag were found in the p-PAN/CNC/Ag nanofibers. The high-resolution XPS of Ag 3d is shown in
Figure 4B, p-PAN/CNC/Ag nanomats exhibited two specific peaks with binding energies of 369.6
and 375.6 eV, corresponding to Ag 3d5,, and Ag 3d3/, energy levels, respectively. The spine energy
separation is 6 eV, reflecting the metallic nature of Ag [1,3,35]. The N 1s levels (Figure 4C) exhibited
only one peak at 398.4 eV, which is assigned to nitrogen atoms present in nitrile structures (CN) [36].
Figure 4D is the high resolution XPS of Ols, the peak of -OH in the nanomat located at 532.0 eV.
It shifted to lower values from literature reported values because of the decreased electron cloud
density of O in -OH of the p-PAN/CNC/Ag system, suggesting that O chelated with silver ions [1].
It suggested that Ag ions were chelated between the hydroxyl sites of CNCs and Ag ions, not with the
cyano groups of PAN. CNCs in these electrospun nanostructures acted as a bridge between PAN by
H-bonds and the metallic nanostructure, laying a good foundation for preparing metallic/CNC/PAN
nano composites. The other two peaks located at 530.9 eV and 529.5 eV were assigned to C=0 and
Al,O3, which may be caused by the residual solvent and aluminum foil used to collect the fibers [1].

The FTIR spectra of the electrospun nanostructures are shown in Figure 5. For pure
PAN nanofibers, distinctive peaks at 2244, 1451, and 1096 cm ! corresponded to CN stretching
vibration, CH; bending vibration, CH wagging, and skeletal vibration of the PAN molecular chain,
respectively [32,37,38]. The peaks around 1658 cm~! are attributed to the O-H bending of adsorbed
water. The peaks at 1340-1380 are assigned to the aliphatic CH group vibrations of CH,. Compared
to those of pure PAN, the spectra of PAN/CNC/Ag and PAN/CNC/Ag/Si nanofibers show new
peaks at 1034 cm ! and 824 cm ! corresponding to the characteristic absorption bands O-H of CNCs
and C-H rock respectively [31], which indicates the CNC existence in the electrospun nanofibers.
There was no observable -CN-bond vibration shift, suggesting that there were no chemical bonds or
interactions between -CN- groups in the PAN and AgNPs. After HF acid treatment, more AgNPs
were formed on the surface of the nanofibers.
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Figure 4. XPS full scan spectra of P-PAN/CNC/Ag nanofibers (A); the XPS spectra of Ag 3d (B); XPS
spectra of N 1s (C); and XPS spectra of O 1s (D).
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Figure 5. FTIR spectra of the electrospun nanofibers: (I) PAN; (II) PAN/CNC/Ag; (IIT) PAN/CNC/
Ag/Si; and (IV) p-PAN/CNC/Ag/Si.

3.5. Thermal Properties

The TGA, TGC, and DSC curves of the electrospun nanostructures are shown in Figure 6. For the
PAN nanofibers, there was no obvious weight loss before 288 °C. The temperature range between 288
and 450 °C was the main decomposition stage, due to the disconnection of polymer chains [38]. For the
PAN/CNC/Ag and PAN/CNC/Ag/Si nanofibers, there were two decomposition stages. The first
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stage was between 167 °C and 220 °C, which may be caused by the decomposition of CNCs in the
nanofibers. The onset temperature of these two samples was 167 °C, which was lower than that of pure
PAN (288 °C). After the HF treatment, the onset temperature of the p-PAN/CNC/Ag material was
306 °C, which was higher than that of PAN/CNC/Ag and PAN/CNC/Ag/Si materials. It may be due
to the formation of AgNPs during the electrodeless deposition process, which served as a protection
layer and increased the material’s thermal stability. This was consistent with the DTG peaks of the
as-spun nanofibers, which were also shifted toward higher temperatures.
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Figure 6. TG and DTG curves (A); and DSC curves (B) of the electrospun nanofibers.

The DSC curves of PAN nanofibers showed a sharp exothermic peak at 288 °C (Figure 6B), which
was caused by the cyclization reactions of nitrile groups in PAN [32,39]. The PAN polymer chains can
convert to a heteroaromatic ladder structure through the cyclization process [32]. After the addition of
CNCs to Ag and Si, the electrospun nanostructures for PAN/CNC/Ag and PAN/CNC/Ag/Si both
exhibited a wider peak and had cyclization reactions at higher temperatures (316 °C) than that of the
pure PAN (288 °C). This phenomenon may be caused by the changes of PAN cyclization mechanism
from a radical mechanism to a slower ionic mechanism, typical for PAN copolymers [39]. The CNCs,
Ag, and Si added to PAN and PAN/CNC slowed down the cyclization reactions of PAN, avoiding the
fusion of the electrospun nanofibers during the thermal process. For the p-PAN/CNC/Ag samples,
the cyclization reactions occurred at a lower temperature (306 °C) than these of the PAN/CNC/Ag
and PAN/CNC/Ag/Si systems. It might be caused by the structural changes of the polymers during
the HF treatment process.

3.6. SERS Activity of p-PAN/CNC/Ag Nanofilm as Substrates

The PAN/Ag nanofibers substrates without CNCs showed no SERS for p-ATP probe molecule
(Figure S3). The PAN/CNC/ Ag nanofibers substrates showed only poor SERS for the p-ATP probe
molecule (Figure S54). However, when the synthesized p-PAN/CNC/Ag system was used as an
SERS substrate, a remarkable enhancement was observed. The Raman spectra of p-PAN/CNC/Ag
nanomats with p-ATP as a probe molecule are shown in Figure 7. According to literature [1], the main
Raman peaks of solid p-ATP are located at 1091 cm ™! (C-S stretching mode ) and 1598 cm ! (C-C ring
breathing) [1]. In the recorded SERS spectra, v (C-S) at 1083 em™ !, § (C-H) at 1184 cm~!, v (C-C) and
8 (C-H) at 1327 cm !, § (C-H) and v (C-C) at 1499 cm !, and v (C-C) at 1584 cm~! were significantly
enhanced. It should be pointed out that the enhancement degree varied with different band width.
Thus, there is no single enhancement factor over the entire spectra. Since the band at 1583 cm ™! can
demonstrate the band for b2 bending modes [1], the band at the 1583 cm ! position was selected for
estimating the SERS enhancement factor (EF) values. The normal Raman spectrum of solid p-ATP
is shown in Figure S5. According to the reported method [1], the EF value for the current system
was estimated to be 3.9 x 10%. These results demonstrate that p-ATP adsorbed to the surface of the



Materials 2017, 10, 68 10 of 12

p-PAN/CNC/Ag nanomats and resulted in the remarkable Raman enhancement. The CNCs in the
PAN/CNC/Ag system acted as a coordination agent for the formation of AgNPs. In short, the as-spun
nanostructures can be used as effective SERS substrates for cost-effective SERS applications. The PAN
matrix allows the nanofibers to keep their morphology after immersing into sample solution, a distinct
advantage when compared with published data in other work [40].
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Figure 7. SERS spectrum of p-ATP (1 x 10~* M) recorded on randomly selected three spots on the
surface of p-PAN/CNC/Ag.

4. Conclusions

The p-PAN/CNC/Ag composite nanofibers were successfully fabricated by a convenient
electrospinning technique using PAN, AgNPs, SiNPs, and CNCs as main fiber composition. The fibers
exhibited excellent activities for SERS. Silver nitrate was reduced to AgNPs during the heat and the HF
acid treatment processes, which was confirmed by XRD and XPS results. The electrospun nanofibers
showed uniform diameters with a smooth surface, but for the p-PAN/CNC/Ag composite nanofibers
the surface became rougher with pores and the fiber diameter increased. In addition, the incorporation
of CNCs, AgNPs, and HF treatment increased the thermal stability of the electrospun nanofibers.
Ultimately, the novel material p-PAN/CNC/Ag composite nanofibers were successfully demonstrated
as a useful SERS substrate for applying to the p-ATP probe molecules. The functionalized nanofibers
pave a new way in developing a membrane for sensors, catalytic materials, and other devices.

Supplementary Materials: The following are available online at www.mdpi.com/1996-1944/10/1/68/s1.
Figure S1, The XPS spectra of Ag 3d for PAN/CNC/Ag. Figure S2, the XPS spectra of Ag 3d for PAN/CNC/Ag/Si.
Figure S3, SERS spectrum of p-ATP (1 x 10~* M) recorded on randomly selected spots on the surface of
PAN/Ag. Figure S4, SERS spectrum of p-ATP (1 x 10~% M) recorded on randomly selected spots on the
surface of PAN/CNC/Ag.
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