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A B S T R A C T

In the present study, polyvinyl alcohol (PVA) nanofibres having uniformly distributed, well aligned, and highly
inter-connected silver nanowires are electrospun. Using the approach, a very high amount of nanowires (up to
34.5 wt%) could be successfully incorporated into the nanofibres. A free standing, highly conducting nanoweb is
fabricated with the conductivity of approximately 655 S/cm. These conductive nanowebs are of interest for a
number of electronic devices such as sensors or energy storage systems requiring flexibility and high surface
area.

1. Introduction

Flexible electrically conductive electrospun nanowebs are emerging
as promising materials due to their high surface area per unit mass, high
porosity and light weight. These properties make such nanowebs ap-
propriate for a wide range of applications, such as lithium-ion battery
electrode, supercapacitor electrodes [1], transparent electrodes for fuel
cells and solar cells [2], paper displays, energy storage devices [3],
wearable devices, photodetectors, soft robotics [1], scaffolds for tissue
engineering [4] and brain machine interfaces (BMI) [5]. Over the past
few years different approaches have been reported for making con-
ductive nanowebs [1].

These include [6,7] either coating a nanofibre web using conductive
materials or spinning nanofibre webs containing conductive nanofillers.

Using the first approach, a commercially available conductive ma-
terial,3,4-Ethylenedioxythiophene (EDOT), was polymerized [8] over
electrospun poly(vinylpyrrolidone) (PVP) fibre. On dissolving the PVP
core, the nanofibres shrank to exhibit a conductivity of 60 ± 10 S/cm.
Pure polyaniline (PAni) nanofibres were fabricated by coaxial electro-
spinning of PAni/poly(methyl methacrylate) (PMMA) nanofibres. On
subsequent removal of PMMA sheath [6] by selective dissolution, they
showed a conductivity of 50 ± 30 S/cm. Polyvinylidene fluoride
(PVDF) electrospun webs with a ~40wt% coating of PAni displayed
electrical conductivity values, which were very similar to that observed
for neat PAni, i.e. 0.1 S/cm [9]. Merlini et al. [9] polymerized aniline
over PVDF nanofibres leading to a conductivity of 3.3 ± 0.2 S/cm.
Wang et al. reported [10] a conductivity of 9.5× 10−4 S/cm for

nanostructured poly(pyrrole) (PPy) coated electrospun polystyrene fi-
bres. Similarly, 50% of PPy in the form of [PPy(SO3H)-DEHS] with
1.5 wt% polyethylene oxide (PEO), on calcination, has been reported to
show conductivity of 3.5× 10−4 S/cm [11].

Similarly, low conductivity values have been reported when metal
precursors or metallic nanostructure were coated on nanofibre webs.
Park et al. [7] reported a surface resistance of 0.6Ω/sq for stretchable
electrospun fibres coated either by placing them in a metal precursor
solution or exposing them to the vapours of a precursor. Similar sheet
resistance was reported for electrospun polyurethane (PU) nanofibres
coated with high amount of silver nanowires (AgNWs) using their dis-
persion [12].

Low conductivity values have also been reported using the second
approach, where composite nanofibres were electrospun from blends of
conducting fillers in non-conducting polymers. Conductivity of 10−3 S/
cm was observed for PAni/PVP composite nanofibres [13] and of
4.8× 10−8-1.7× 10−5 S/cm for PEDOT:polystyrenesulphonate-PVA
nanofibres [14]. Nanofibres of PPy/PEO have been reported to show a
conductivity of 2.45×10−4 which improved a little as a function of
decreasing PEO concentration and increasing treatment temperature
[5].

Similarly, Kai et al. [15] reported that the addition of 2% carbon
black to segmented PU could reduce the resistance from 3.6 GΩ/mm
shown by the bare polymer to 1.8 kΩ/mm. Incorporation of 40% multi-
walled carbon nanotubes (MWCNTs) in electrospun fibres [10] could
only show a conductivity in the range of 10×10−10 S/cm. Highest
conductivity of 3.7× 10−4 S/cm has been reported for polystyrene
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nanofibres incorporated with 5 wt% single-walled carbon nanotubes
(SWCNTs). Naeem et al. [16] incorporated 0.1–1mg/ml of functiona-
lized SWCNTs into PEO and achieved a conductivity of 1 S/m. Though,
MWCNTs and SWCNTs have high conductivity, however, this does not
get translated when blended with other polymers. This is because they
exist in highly entangled form and are difficult to disperse in solvents
and polymers. They also impart dark color to the polymer system affect
their aesthetics. A web of metallic nanofibres, such as copper nano-
fibres, with a low sheet resistance of 12Ω/sq have been reported [2],
which were obtained by electrospinning copper acetate/polyvinyl
acetate into precursor nanofibres followed by their calcination and re-
duction in H2 atmosphere.

Silver is another promising metal to investigate at the nano-level
because of its extremely high electrical conductivity of 6.2× 105 S/cm
in the bulk state [17]. Among various available nanostructures of silver,
nanowires are likely to impart better conducting properties compared
to nanoparticles, rods or tubes. This is because, at the same level of
loading, the high aspect ratio of nanowires will form significantly fewer
number of junction points while creating a conducting path. PU na-
nofibres with a surface deposition of 44 and 222 μg/cm2 AgNWs [12]
have been reported to show a resistance of 510 and 0.7Ω, respectively.

Incorporation of Ag nanostructures inside polymer nanofibres has
also been reported for imparting antimicrobial activity [18], catalytic
activity [19] and for surface enhanced Raman spectroscopy (SERS)
applications [20]. Thus, it is of great interest and importance to in-
vestigate and explore the incorporation of AgNWs in polymer nano-
fibres for making flexible conducting nanowebs.

Herein, we report, fabrication of electrically conductive, free-
standing nanofibre web of PVA incorporated with high loading of
AgNWs inside the PVA nanofibres to create an efficient conducting
network desirable for use in many applications.

2. Experimental section

2.1. Materials

Silver nitrate (AgNO3) and sodium chloride (NaCl) were obtained

from Merck, India. PVP of grade K-30 with M‾ w 40000 and PVA of M‾ w

125000 (degree of hydrolysis ~86–89%) were purchased from Central
Drug House, India. Glycerol was procured from Fisher Scientific, India.
All the chemicals were used without further purification. Double
deionized water was used for all the studies.

2.2. Methods

2.2.1. Synthesis of AgNWs
AgNWs were synthesized by solvothermal process previously re-

ported in the literature [20]. Briefly, in this process, glycerol (190ml)
was heated to 90 °C. To this, 5.8 g PVP (0.052mol) was added and
stirred vigorously to make a homogeneous solution. Thereafter, the
temperature of the solution was lowered to 50 °C and 1.58 g of AgNO3

(9mmol) was added and the contents were stirred for another 15min.
Subsequently, a solution containing NaCl (1 mmol, 59mg), water
(0.5 ml) and glycerol (10ml) was added in the reaction mixture and the
temperature was raised to 230 °C. After 25min, the reaction was
quenched by pouring the reaction mixture into 200ml of deionized
water. The AgNW dispersion was washed several times with lukewarm
water to remove free PVP and glycerol. Then the mixture was left un-
disturbed to allow settling of the AgNWs.

2.2.2. Preparation of AgNW-PVA solutions
8wt% PVA solutions containing varying concentrations of AgNWs

were prepared by mixing 0.4 g of PVA with appropriate amounts of
aqueous AgNW dispersion and water to obtain 5.75, 11.5, 17.25 and
34.5 wt% of AgNWs on the weight of polymer. The solutions were
stirred at room temperature for 18 h to make homogeneous dispersion
of AgNWs in PVA. Freshly prepared solutions were used for electro-
spinning.

2.2.3. Electrospinning of AgNW-PVA solutions
Electrospinning was carried out using a bipolar electrospinning

system connected to a high voltage (80 kV) power supply (D-ES40PN-
10W, Gamma High Voltage Research, Ormond Beach, FL, USA) and
with an infusion syringe pump (KDS-100-CE, KD Scientific, Holliston,

Fig. 1. (a) SEM micrograph of AgNWs at 80000× (b) TEM micrograph of individual AgNW of diameter 49 nm, (c) UV and (d) Raman spectrum of synthesized
AgNWs.
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MA, USA) fitted with a 2ml syringe having a blunt needle of 24 G.
Electrospinning was performed at minimum electrospinning voltage
(MEV) [21] with a flow rate of 0.5 ml/h and the nanofibres were col-
lected on an aluminum foil placed at a needle to collector distance of
25 cm. The spinning chamber was maintained at a temperature of 35 °C
and relative humidity of 50%. Both the needle and collector voltages
were controlled independently to maintain the MEV condition for the
spinning. The PVA nanofibres with different loadings of AgNWs were
coded as xAgNW-PVA, where x represents the wt% of AgNWs (i.e. 5.75,
11.5, 17.25 and 34.5 wt%).

2.3. Characterization

The morphology of AgNWs and nanowebs (PVA and AgNW-PVA)
were determined using a field emission-scanning electron microscope
(FE-SEM), FEI Quanta 200F (Eindhoven, The Netherland) and trans-
mission electron microscope (TEM), Jeol JEM- 1400 Plus (MA, USA).
The diameter of the nanofibres was determined as an average of 200
readings using Image J software. The optical absorption spectrum was
recorded on UV Spectrophotometer, Lambda 35, PerkinElmer

(Waltham, MA, USA). Elemental analysis was carried out using energy
dispersive X-ray (EDX) instrument, X-max 80mm2 with INCA energy
software, Oxford Instruments (Oxford, UK) attached to the above FE-
SEM. Raman analysis was carried out by micro Raman spectrometer,
INVIA, Renishaw (Gloucestershire, UK) using 785 nm laser and laser
power of 100% (except for AgNW/PVA nanowebs and films, which
were recorded at 10% laser power). Exposure time of 10 s with 5 ac-
cumulations was used in all the experiments. The resistance of the as-
obtained and treated nanowebs was measured using ISO-TECH
Multimeter IDM 97. In order to expose the incorporated AgNWs for the
measurement of electrical response, the nanowebs were treated by
placing a filter paper soaked with hexane over the nanoweb for 2 s.
Thereafter, another filter paper soaked in ethanol was placed over the
hexane treated nanoweb for 2 s. This sample was dried in air before
testing.

3. Results and discussion

AgNWs were synthesized using solvothermal process. The obtained
AgNWs were observed to be uniform in size with diameter of

Fig. 2. SEM micrographs of PVA and AgNW-PVA composite nanofibres with 5.75–34.5 wt% AgNWs at 40000×magnification.
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55 ± 9 nm and length ranging from 5 to 13 μm as confirmed by SEM
and TEM micrographs shown in Fig. 1(a) and (b), respectively. Fig. 1(c)
shows the UV–visible spectrum of the as-synthesized AgNWs dispersion
in water. Typical absorptions for AgNWs were observed at 295, 350 and
383 nm, which correspond to complexation of PVP molecules and Ag+,
out of plane quadruple resonance and out of plane resonance of NWs or
surface plasmon resonance (SPR) of AgNWs with five-fold symmetry,
respectively [22]. Raman spectrum (Fig. 1 (d)) of dried isolated AgNWs
showed peaks at 242, 1597 and 2943 cm−1, which correspond to Ag-O
stretching, C=O stretching and CH2 asymmetric vibrations, respec-
tively, confirming the interaction of PVP with AgNWs.

PVA solutions having 5.75, 11.5, 17.25 and 34.5 wt% of AgNWs on
the weight of polymer were electrospun. The electrospun PVA and
AgNW-PVA nanofibres were investigated for fibre morphology and in-
corporation of AgNWs through SEM analysis (Fig. 2).

PVA nanofibres had an average diameter of 307 ± 50 nm.
Electrospun composite nanofibres had average diameters in the range
291 ± 65 to 365 ± 76 nm. At 5.75 and 11.5 wt% loadings of AgNWs
in PVA, AgNWs were very clearly seen to be present inside some of the
nanofibres along the fibre axis and the diameters of the two nanofibres

were nearly same i.e. 291 ± 68 and 291 ± 65 nm, respectively. This
value is similar to that observed for neat PVA nanofibres. The bright-
ness variation visible in the SEM images could be related to the position
of AgNWs in the electrospun web. This is due to the difference in the
electron charge transport properties between the conducting AgNWs
and insulating PVA polymer. With increase in the loading of the AgNWs
to 17.25 wt %, AgNWs were observed to be present inside all the na-
nofibres and the diameter of the nanofibres was observed to increase to
365 ± 76 nm. Volumetrically, 17.25 wt% of AgNWs corresponds to
just 2 vol% on the basis of PVA and 1.7 vol% on the basis of fibre, which
indicates that the increase in diameter of the nanofibres is possibly due
to interaction of PVA chains with AgNWs. This interaction may tend to
increase the elasticity of the spinning system resulting in increase in
fibre diameter. On further increasing the AgNWs loading to 34.5 wt%,
which is equivalent to ~3.3% of the fibre volume, the diameter of the
nanofibres decreased marginally to 328 ± 85 nm. This may be attrib-
uted to extensive overlapping of AgNWs as observed in the SEM mi-
crograph. SEM micrographs (Fig. 2) show a large number of highly
interconnected AgNWs which are uniformly present (embedded) inside
the nanofibres throughout the nanoweb and were also aligned along the

Fig. 3. Elemental carbon and silver mapping of AgNW-PVA composite nanofibres having different loadings of AgNWs.
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axis of the nanofibres.
The EDX mapping of PVA nanofibres with incorporated AgNWs was

carried out to confirm the location of AgNWs. The electron micrographs
along with carbon and silver mapping for different concentration of
AgNWs are shown in Fig. 3. It can be observed from the images, that

carbon was found to be homogenously distributed over the entire image
of the nanofibre while the silver (Ag) was present at the locations where
nanowires were seen in the SEM images. EDX mapping further con-
firmed the presence of AgNWs inside the fibres as well as their align-
ment along the axis of nanofibres.

Fig. 4. Raman spectra: (i) 100–300, (ii) 500–800 and (iii) 1500-1800 cm−1 for (a) PVA solution, (b) aqueous AgNW dispersion and (c) AgNW/PVA dispersion, (iv)
Schematic showing interaction mechanism of AgNW with PVP and PVA, Raman spectra: (v) 100–3200 and (vi) 1700-1800 cm−1 for (a) PVA nanoweb, (b) AgNW-
PVA film and (c) AgNW-PVA nanoweb.
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To understand the incorporation and uniform distribution of large
quantities of nanowires inside the electrospun fibres, Raman spectra of
synthesized AgNWs aq. dispersion, PVA solution, AgNWs/PVA disper-
sion, PVA nanoweb, AgNW-PVA nanoweb and AgNW-PVA film were
compared and their overlays are shown in Fig. 4. As can be observed
from the spectra shown in Fig. 4(i), the as-synthesized AgNW dispersion
exhibits peaks at 109 and 230 cm−1. The Ag−O vibrational feature at
230 cm−1 corresponds to the interaction of Ag surface with the ad-
sorbed capping agent, PVP, used for synthesis. Because of the low
concentration of PVP, this peak appears at a very low intensity. PVP
gets adsorbed on AgNWs via its O atoms and charge transfer occurs
from PVP to Ag (as shown schematically in Fig. 4 (iv)). PVP interacts
with Ag through the non-bonding electrons of O of CO groups forming
Ag-O bonding. It has been suggested using XPS and TGA by Gao et al.
[23] that PVP molecules form a monolayer on the outer surface of Ag
nanowires. The skeleton chain of the PVP molecules lies on the surface
of Ag nanowire while the pyrrolidone ring is tilted towards the surface.

Interestingly, an intense peak is observed in AgNW/PVA solution at
~234 cm−1. This implies that the free electrons on O atoms of PVA also
interact with Ag to form Ag-O bonds similar to that observed in PVP.
Since, the intensity of this peak is significantly higher, it indicates much
higher levels of interactions of Ag with PVA molecules.

This interaction is further supported by the fact that PVA has also
been used as a capping agent in combination with PVP for synthesis of
silver nanowires [24]. Also, Raman shift corresponding to ɤw(OH),
ɤt(OH) in PVA solution, which is observed at 633 cm−1, gets shifted to
694 cm−1 (Fig. 4 (ii)). Similarly, the C=O stretching peak of PVP ob-
served in the aqueous AgNW dispersion shifts from 1653 cm−1 to
1679 cm−1 (Fig. 4 (iii)) when the AgNW is dispersed in PVA solution.
These results indicate that strong interactions also exist between the
PVP present on AgNW surface with PVA present in the AgNW-PVA aq.

dispersions.
Fig. 4 (v), illustrates a comparison between PVA nanofibres, AgNW-

PVA nanofibres and AgNW-PVA film. PVA nanofibres barely show any
vibrational features in Raman. However, the intensities of all Raman
peaks of PVA nanofibres increase observably in the presence of AgNWs,
demonstrating the strong SERS effect of Ag surfaces. It is interesting to
note that the enhancement of Raman peaks is more profound in AgNW-
PVA nanofibres than in AgNW-PVA films. This probably can be ascribed
to the alignment of AgNWs in AgNW-PVA nanofibres. The incorpora-
tion and uniform distribution of AgNWs within PVA nanofibres (even at
very high loading of 34.5 wt%) can be attributed to the strong inter-
action of AgNWs with PVA, as explained above, which facilitates good
dispersion of AgNWs in PVA spinning solution. Similar observations
have been reported by Nain et al. [25], who have shown that the in-
teraction between zinc oxide nanorods–polymer-solvent system is a key
to the uniform dispersion of anisotropic nanomaterials in the solution
and their incorporation in nanofibres.

The proposed mechanism for alignment of AgNWs in electrospun
PVA nanofibres is depicted in Fig. 5. As illustrated, the high electric
field applied between the needle and the collector during the electro-
spinning process may cause the polarization of the polymer-capped
anisotropic AgNWs in the Taylor cone or electrospun jet. This is ex-
pected to result in self-assembly of AgNWs to form aligned linear
structure along the electric field. Additionally, as mentioned above,
there is a strong interaction between the AgNWs and the polymer ma-
trix. Because of this, a strong force is likely to be exerted on the high
aspect ratio nanowires by the moving polymer matrix in the spinning
zone. This elongational flow of polymer matrix may also direct the
alignment of AgNWs inside the electrospun fibres. Due to the combined
effect of the interaction of high aspect ratio of AgNWs with the polymer,
the elongational flow of the polymer and electrical forces on the
AgNWs, these AgNWs, even at very high concentration, were able to
align well along the axial direction of the fibre. This demonstrates that
electrospinning is a facile technique to assemble anisotropic silver na-
nostructures on a large scale. Dian et al. [26] have shown alignment of
silver nanoparticles in PVA by electrospinning and Zhang et al. [27]
have demonstrated the aligned gold nanorods of diameter 19 ± 1 nm
and length: 78 ± 6 nm in PVA nanofibres. Both these studies have
confirmed enhanced SERS activity by alignment of metallic nanos-
tructures. This study demonstrated the successful incorporation of large
amounts of AgNWs inside the PVA nanofibres without any agglom-
eration. To the best of our knowledge this is the highest loading of such
long AgNWs reported so far inside the nanofibres.

Electrospinning of AgNW-PVA solutions for 20min resulted in free
standing, self-supporting nanowebs of 5×2.5 cm2 size. A re-
presentative nanoweb is shown in Fig. 6 (i). Sample 34.5 AgNW-PVA
showed the presence of AgNWs in all the fibres with high connectivity,
therefore, this sample was selected for evaluation of electrical proper-
ties. In the nanoweb PVA is encapsulating all the AgNWs. PVA being an
insulating polymer, needs to be partially removed in order to create
AgNW network and expose a few AgNWs for generating conductive
paths for electrical testing. In order to achieve this, sample surface was
briefly treated with a combination of hexane and ethanol, which al-
lowed only partial removal of PVA. Fig. 6 (ii) shows the glowing LED
with 34.5 wt% AgNWs incorporated PVA nanoweb placed in series with
the LED and the connecting wires kept 1 cm apart. For this sample, a
resistance of value of 46Ω was observed (at 1 cm distance) as shown in
Fig. 6 (iii).

SEM micrograph of the treated sample is shown in Fig. 6 (iv). The
figure shows formation of a well connected network of AgNWs em-
bedded in partially deformed PVA nanofibre web. The conductivity and
sheet resistance for 34.5AgNW-PVA nanoweb were calculated to be
655 S/cm and 18.5Ω/sq, respectively. The conducting samples were
observed to retain their high flexibility. The conductivity achieved for
these AgNWs incorporated PVA nanofibres is much higher than that
reported for electrospun nanofibres containing conductive fillers [20].

Fig. 5. Schematic representation of alignment of AgNWs inside electrospun
nanofibres.
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The free-standing flexible PVA nanowebs with aligned AgNWs can
also find application as SERS substrate. The electrospinning technique
can also be used to fabricate aligned AgNW-PVA nanofibres with
AgNWs aligned in the same direction. These aligned structures can be
used for sensors and various other applications.

4. Conclusions

The present work demonstrates successful incorporation of very
high amount of AgNWs (up to 34.5 wt% on the weight of polymer)
inside PVA nanofibres. The incorporated AgNWs were very well dis-
persed and aligned in the nanofibres along the fibre axis. This was at-
tributed to the strong interaction of PVP capped AgNWs with PVA and
the high elongational and electrical forces exerted on the nanowires
during the electrospinning process. The sample showed highly inter-
connected AgNWs within nanofibres resulting in highly flexible, free-
standing, self-supporting, conductive nanoweb. High conductivity of
655 S/cm with low sheet resistance of 18.5Ω/sq could be achieved.
These nanoweb membranes can find applications in flexible electronics.
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