
1. Introduction

Recent studies have focused on the fabrication of
electrospun (e-spun) nanofibers from solution blends
of various polymers and/or polymer nanocompos-
ites as binary multifunctional matrix/partner poly-
mer systems [1–7]. Polymer nanofibers fabricated by
electrospinning method have great importance be-
cause of their unique properties, i.e. high surface
area-to-volume ratio, nanoscale fiber diameter and
nanoporous surface morphology [8, 9].

Water-soluble poly(vinyl alcohol) (PVA) has impor-
tant chemical and physical properties such as film-
and fiber forming, emulsifying, surfactant and adhe-
sion. PVA containing intra- and internal hydrogen
bonding hydroxyl groups easily forms network and
branched structures when it reacts with other func-
tional polymers and compounds. It is also used to
fabricate unique nanofiber compositions as a matrix
polymer [10, 11]. Some properties of polymers such
as thermal, mechanical, and optical properties are
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significantly improved by adding an organoclay
into a polymeric matrix [12, 13].
Due to their unique properties, homo- and co- poly-
mers of N-vinyl-2-pyrrolidone (VP) have attracted
considerable academic and industrial interest [14,
15]. Poly(N-vinylpyrrolidone) (PVP) receives spe-
cial attention among the conjugated polymers due
to its good environmental stability, easy process-
ability and moderate electrical conductivity. The re-
active pyrrolidone group of PVP easily forms com-
plexes with many inorganic salts, synthetic or natural
functional polymers, biomolecules and biomacro-
molecules. To synthesize alternating copolymers of
VP with maleic anhydride (MA), the solution homo-
geneous or heterogeneous radical copolymerization
is usually used by using various solvents such as ben-
zene, toluene [16], and 1.4dioxane [17]. In our previ-
ous study [18], poly(N-vinylpyrrolidone-alt-maleic
anhydride) (poly(VP-alt-MA)) was easily dissolved
in water. This dissolution process was accompanied
by the full hydrolysis of anhydride units and given
rise to the formation of strong hydrogen bonding in-
termolecular fragments.
Conductivity and thermal resistance properties of
solid polymer electrolytes can be improved with
chemical cross-linking, grafting, graft copolymer-
ization, functionalization of the polymer backbone
and side-chains, polymer-polymer interactions and
blending with other polymers and doping agents.
PVA and PVP-based solid polymer electrolytes are
potential materials exhibiting good charge storage
capacity and dopant dependent electrical and opti-
cal properties. The conductivity of neat PVA nano -
fibers was reported to be 1.25·10–15 S·cm–1 [19] com-
pared with that of PVP (7.42·10–8 S·cm–1) [20]. Hatta
et al. [21] observed that solvent casting PVA/PVP
thin-film solid electrolytes with a composition of
80% of PVA and 20% of PVP (v/v) exhibited the
highest conductivity (2.2·10–7 S·cm–1). The con-
ductivity of this system enhanced to 1.5·10–4 S·cm–1

when KOH (40%) was added. According to Inzelt
et al. [22] conductivity of functional polymer sys-
tems depend on degree of chemical charges (such as
dimerization, cross-linking, and ion-pair formation)
and structural properties of chosen polymer systems,
i.e. chain-segmental motions, changes in surface mor-
phology and slow relaxation. In a study, Rajeswari
et al. [23] prepared solvent casting polymer blend
electrolytes with different concentrations of PVA
and PVP. Maximum conductivity was found

1.58·10–6 S·cm–1 at room temperature for 70PVA:
30PVP (v/v) ratio without any doping agents. The
authors also found that the conductivity increased
to 5.49·10–5 S·cm–1 with increasing medium temper-
ature to 100°C.
Besides their electrical conductivities, ionic conduc-
tivity of polymer electrolytes is fundamentally due
to the covalent bonding between the polymer back-
bones with the ionizing groups. The electron donor
group in the polymer generates dissolution to the
cation constituent in dopant salt and then facilitates
ion separation, causing ionic hopping mechanism.
Thus, it generates the ionic conductivity. Novel ionic
conductive e-spun PVA-chitosan nanofiber mem-
branes were successfully fabricated using ionic liq-
uids by Datta et al. [24].  Laforgue et al. [25] investi-
gated ionic conductivity of Nafion-PVA and Nafion-
poly (ethylene oxide). nanofibers and found that
Nafion-PVA mats were found to be more conduc-
tive than the Nafion-PEO ones. Ionic conductivities
of different polymer systems were also investigated
by many researches [26–28].
Recently, many efforts have focused on the design
and fabrication of polymer/metal nanoparticle (like
silver) complexes due to their remarkable electronic,
magnetic, catalytic, thermal and optical properties
[29]. Basic principle for the fabrication of silver
nanoparticles (AgNPs) involves the reduction of
metal salts like silver nitrate (AgNO3) in an appro-
priate medium using various reducing agents and sur-
factants to produce colloidal suspensions integrated
by nanoparticles [29–32]. Unlike elemental silver, sil-
ver salts easily dissolve in water, and they increase
the rate of Ag+ ion formation over that from elemen-
tal silver. Hong et al. [33] prepared PVA nanofibers
by electrospinning of PVA/AgNO3 (1%, w/w) aque-
ous solutions, followed by short heat treatment.
Nguyen et al. [34] successfully synthesized PVA
nanofibers containing AgNPs (2% w/w) through a
combination of microwave irradiation and electro-
spinning. Several studies showed that electrical and
ionic conductivity of polymer electrolytes improved
in the presence of silver salts [35–38]. PVP has also
attracted a great deal of attention as a polymer that
can stabilize in situ generated Ag nanoparticles [39,
40]. In situ formation of Ag-nanoparticles during
electrospinning process of polymer-layered silicate
nanocomposites and the formation of cross-linking
fiber structures as colloidal electrolytes via phase
separation processing have been scarcely investi-
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gated in the presence of reactive alternating copoly-
mer of VP.
One goal of this work was to develop synthetic path-
ways for the fabrication of novel polymeric fiber-
based electro-active nanostructures with unique self-
assembled electron transfer sites via electrospinning
nanotechnology. PVA, PVP and poly(VP-alt-MA)
based multifunctional matrix/partner polymer sys-
tems incorporated with an organoclay and AgNPs
were fabricated and characterized. Another aim of
this work was to evaluate effects of structural factors,
origin and fraction of partner polymers, organoclay
and in situ generated AgNPs on surface morpholo-
gy and conductivity properties of nanofiber films.
This work described physical and covalent function-
alisation of octadecyl amine intercalated MMT clay
via complexing with functional polymers (PVA,
PVP) and AgNPs, and chemical cross-linking and
amidization reactions of poly(VP-alt-MA) as reac-
tive copolymer with octadecyl amine. All these in situ

interactions occurred in the silicate layered region.
Intercalated octadecyl amine as reactive surfactant
and effective compatibilizer and reactive copolymer
with alternating structures played important role in
the functionalization of nanofiber composites (NFCs)
before (dispersing solutions) and during electro-
spinning process to fabricate NFCs as electro-active
nanofiber platforms. The developed approach may
open up new possibilities to fabricate novel electri-
cally conductive nanomaterials and devices for var-
ious engineering, electronic and nanotechnology
applications.

2. Experimental

2.1. Materials

PVA (87–89% hydrolyzed, weight average molecu-
lar weight (Mw = 31000–51000 g/mol), poly(N-2-
vinylpyrrolidone) (Bioshop-PVP504, high purity
grade, average Mw = 40000 Da), ODA-MMT (con-
tent of ODA surfactant-intercalant 25–30%, particle
size of 8–10 µm, bulk density of 0.41 g/cm3 and
crystallinity of 52.8% (by, X-ray Diffraction), and
silver nitrate (AgNO3, 99.995%, m.p. 202 °C with
decomposition, (density) d = 4.35 g/cm3) were pur-
chased from Sigma-Aldrich (Germany). N-vinyl-2-
pyrrolidone (VP, Fluka, Germany) was purified by
distillation under moderate vacuum. Maleic anhy-
dride (MA, Aldrich, Germany) was purified by re-
crystallization from anhydrous benzene solution
and sublimation in vacuum. Azobisisobutyronitrile

(AIBN, Fluka, Germany) as a radical initiator was
recrystallized twice from methanol. All other solvents
and reagents were analytical grade and used without
purification. Chemical structures, compositions and
assignments of the materials used in electrospin-
ning are given in Table 1.

2.2. Synthetic procedures

Alternating partner copolymer of VP with MA
(poly(VP-alt-MA) was prepared by radical-initiat-
ed copolymerization in the presence of AIBN as an
initiator. The copolymerization was carried out in
1,4-dioxane solution into glass tube type micro re-
actor by using molar (1:1) monomer mixture under
nitrogen flow at 65°C. The copolymer was isolated
from the resultant mixture, purified by twice precip-
itation in the presence of 1.4-dioxane solution with
diethyl ether, and washed with benzene. After the
last extraction by diethyl ether, the copolymer was
isolated via centrifugation and dried at 40°C under
moderate vacuum to arrive constant weight. Syn-
thesized poly(VP-alt-MA) had the following aver-
age characteristics: acid number of 460 mg KOH/g
(by alkaline titration); nitrogen content of N =
7.15 mass% (by elemental analysis); molar monomer
unit ratio of m1 (VP)/m2 (MA) = 1.12 (m1 and m2

are relative amounts of VP and MA (in mol) in the
copolymer, respectively); intrinsic viscosity of [ƞ]in =
0.79 dL/g in deionized water at 25°C; glass transi-
tion temperature of Tg = 159,8 °C (by DSC); and
1H-NMR spectra (in CHCl3-d1), δ (ppm): 1.30–1.83
CH2 (backbone), 3.56–3.95 CH (CH–N backbone),
1.83–2.33 CH2 and 2.95–3.54 2CH2 (pyrrolidone
ring) for VP unit and 4.08–4.45 CH (backbone) for
anhydride unit.
PVA + ODA-MMT (3,5 mass%) nanocomposite as a
matrix polymer was prepared by dispersed solution
intercalating of PVA polymer chains between organ-
oclay galleries in pure water medium under inten-
sive mixing up to the formation of dispersed homo-
geneous viscous product at 40 °C for 3 h. Water
solutions of PVP (homopolymer) + ODA-MMT
(5 mass%) and alternating copolymer poly(VP-alt-
MA) + ODA-MMT (5 mass%) as an intercalated
partner nanocomposite were prepared by using a
similar procedure. Matrix/partner polymer/AgNO3

complexes were prepared by the addition of powder
AgNO3 (1 mass%) to the corresponding polymer so-
lution and each complex was additionally mixed at
room temperature for 1 h.
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Table 1. Chemical structures, compositions and assignments of the materials used in electrospinning

Materials composition Chemical structure Assignments

PVA
60 and 80 mass%

reactive matrix polymer

PVP homopolymer
40 and 20 mass%

non-reactive partner polymer-1

Poly(VP-alt-MA) copolymer
40 and 20 mass%

alternating copolymer as a
reactive partner polymer-2

Ag-carrying PVP complex 
in pure water solution

40 and 20 mass%
partner polymer-3

Ag-carrying poly(VP-alt-MA) copolymer
complex in pure water solution, 

40 and 20 mass%
reactive partner polymer-4 

ODA-MMT clay
3.5 and 5.0 mas %

reactive organoclay-nanofiller

Intercalated 
PVA + ODA-MMT nanocomposite, 

60 and 80 mass%
matrix nanocomposite

Intercalated 
PVP + ODA-MMT (3.5 mass%) 
nanocomposite 40 and 20 mass%

partner polymer 
nanocomposite-1

Intercalated 
Poly(VP-alt-MA) + ODA-MMT(5 mass%)

nanocomposite 40 and 20 mass%

partner copolymer 
nanocomposite-2



2.3. Fabrication of nanofiber electrolytes

Solution blends of matrix/partner polymer compos-
ites with various volume ratios in the presence and
absence of silver precursor were used to fabricate
polymer electrolytes with nanofiber structures by
electrospinning method. Electrospinning parame-
ters such as polymer concentration, applied voltage,
tip-to-collector distance, and flow rate were opti-
mized for each series of nanofiber composites. Ran-
domly oriented nanofibers were obtained by col-
lecting fibers onto an aluminum foil fixed on sta-
tionary collector. First series of e-spun nanofibers
was fabricated from PVA + ODA-MMT/PVP +
ODA-MMT as a matrix/partner polymer composite
system and its Ag-carrying composition. For sec-
ond series of nanofibers, poly(VP-alt-MA) copoly-
mer + ODA-MMT as a partner polymer was used.
Table 2 presents the composition of matrix/partner
polymers, their abbreviations, and optimized elec-
trospinning conditions.

Characterization and methods

The Fourier transfer infrared (FT-IR) spectra were
recorded on a FT-IR Nicolet 510 spectrometer in the
range of 4000–400 cm–1 with a resolution of 4 cm–1.
XRD tests were performed with a PANANALYTI-
CAL X-ray diffractometer equipped with a CuKα

tube and Ni filter (λ = 1.5406 Å). The XRD diffrac-
tograms were measured at the angle of reflection in
the range 1–70°. XRD data were analyzed using the
DIFFRAC-Plus EVA and High Score Plus (particle
size) programs, and the patterns were identified
using the ICDD PDFMaint computer reference
database.
Surface morphology of nanofibers was examined by
using a Field Emission Scanning Electron Micro-

scope (FESEM, ZEISS SUPRA 40). All specimens
were freeze-dried and coated with a thin layer of
platinum before testing. Average diameters of fibers
were calculated from SEM images of minimum a
hundred individual fibers by using ImageJ software
(NIH, Bethesda, MD) for each sample. The formation
of AgNPs in fibers was visualized by a high con-
trast transmission electron microscope (CTEM, FEI
Tecnai G2 Spirit BioTwin). Energy-dispersive X-ray
spectroscopy (EDX) analysis was used to investi-
gate the formation of AgNPs on fiber surfaces.
Thermo gravimetric (TGA) and differential scan-
ning calorimetric (DSC) analyses were performed
by using EXTRAR600 TG-DTA6300 and Diamond
DSC Perkin Elmer Thermal Analyzers at a linear
heating rate of 10°C/min under nitrogen flow. Sam-
ples were measured in a sealed alumina pan with a
mass of about 10 mg. The thermal degradation tem-
perature taking into account was the temperature at
onset (Tonset) and the temperature at maximum
weight loss (Td (max)).
Electrical conductivity and thermal resistance of
nanofiber samples as solid/colloidal electrolytes
were measured by using a test chamber (JANIS VPF
100 cryostat). Current through thin fiber film was
recorded with a Keithley 2400 current-voltage meas-
urement system. Square-shaped samples (0.25 cm2)
with four contact points at the corners were pre-
pared to carry out conductivity measurements which
were done according to the van der Pauw method.
Experiments were conducted in temperature range
of 20–50°C with 1 °C steps (Keithley 6487 Picoam-
meter/Voltage source) and pressure range of 50–
800 Torr (6.67 to 106.7 kPa). Sample temperature
was monitored regularly by using a Pt 100 sensor
close to the sample and measured with Lakeshore
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Table 2. Compositions of matrix/partner polymer, their abbreviations, and electrospinning conditions
PVA (9%, w/v) + ODA-MMT (3.5%, w/w)/PVP (9%, w/v) + ODA-MMT (5%, w/w)

[Matrix/partner]

Matrix/partner ratio

(v/v)
Abbreviation Electrospinning conditions

(6/4) NFC-1 23.5 kV; 0.7 mL/h; 17 cm

(8/2) NFC-2 23.5 kV; 0.7 mL/h; 15 cm

(8/2)+AgNO3 (1%, w/w) NFC-2/AgNPs 28 kV; 0.5 mL/h; 17 cm

PVA (9%, w/v) + ODA-MMT (3.5%, w/w)/poly(VP-alt-MA) (9%, w/v) + ODA-MMT (5%, w/w)

[Matrix/partner]

Matrix/partner ratio

(v/v)
Abbreviation Electrospinning conditions

(6/4) NFC-3 23 kV; 0.7 mL/h; 15 cm

(8/2) NFC-4 21 kV; 0.7 mL/h; 15 cm

(8/2) + AgNO3 (1%, w/w) NFC-4/AgNPs 23.5 kV; 0.7 mL/h; 17 cm



model 331-temperature controller with sensitivity
of ±0.1 °C. All measurements were performed with
a PC through a GPIB converter card.

3. Results and discussion

3.1. Synthetic pathways

The matrix nanocomposite was fabricated by inter-
calating of PVA between ODA-MMT organoclay
tetragonal 1:2 layers through –OH…NH2– complex
formation of hydroxyl groups of PVA with primary
amine groups of octadecylamine surfactant-inter-
calant. First intercalated partner nanocomposite
(PVP + ODA-MMT) was prepared through physi-
cal interaction (–C=O…NH2– complex-formation)
of carbonyl/amine groups of PVP (pyrrolidone unit)
and ODA-MMT (amine), respectively. Second part-
ner copolymer nanocomposite, poly(VP-alt-MA) +
ODA-MMT, was synthesized under similar interca-
lating conditions. In order to obtain Ag-carrying
matrix/partner nanocomposite complex, certain
amount of AgNO3 was added to solution of ma-
trix/partners nanocomposite and the resultant mix-
ture was additionally mixed for 1 hour. To fabricate
e-spun nanofibers, various solution blends of ma-
trix/partner polymer nanocomposites at different ra-
tios (10/0, 8/2 and 6/4 v/v) were used.

Synthetic pathways of nanocomposite nanofibers and
chemistry of polymer-polymer covalent crosslink-
ing are schematically represented in Figure 1. Mix-
ing of matrix and partner polymer nanocomposite so-
lutions in water and then the fabrication of nano -
fibers from different solution blends by electrospin-
ning was accompanied by various interfacial inter-
actions between functional groups of both polymer
nanocomposites and organoclay, most likely via hy-
droxyl-amine, hydroxyl-amide, carbonyl-hydroxyl
and carbonyl-amine hydrogen bonding, as well as sil-
ver cation-electrondonor functional groups. In the
presence of homopolymer in PVP + ODA-MMT
nanocomposite as a partner polymer, in situ physical
interfacial interactions between functional groups of
matrix (–OH and –C=O ester) and partner (–NH–C=O
amide from pyrrolidone ring) polymers, organic oc-
tadecyl amine fractions, and ionized species from
MMT clay were predominantly realized.
Number of physical interactions increased in the
presence of poly(VP-alt-MA) + ODA-MMT as a
partner copolymer due to additional presence of reac-
tive anhydride –C=O and carboxyl –COOH groups.
Moreover, these reactive groups provided effective
grafting (amidization of anhydride unit with octade-
cyl amine) and covalent cross-linking (esterification
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Figure 1. a) The synthetic pathways to fabricate nanocomposites and nanofibers, b) chemistry of covalent cross-linking ma-
trix and partner polymer chains via ring-opening esterification: (I) Ag-carrying polymer complex, (II) cross-
linked structure and (III) in situ generated AgNPs onto polymer chains



of anhydride unit with hydroxyl group of matrix
polymer) between matrix-partner polymer chains.
The observed covalent in situ interactions were im-
portant structural factors to enhance the stable ion
charged sites. Therefore the electrical conductivity of
nanofiber structures significantly increased. Polymer-
polymer, polymer-organoclay and polymer-silver
forces altered the hydrophilic/hydrophobic balance
and controlled the phase separation process, result-
ing in the formation of fiber webs with unique dis-
tributed cross-section fibrous morphology. Further-
more, the phase separation process also accelerated
significantly with the addition of silver ions through
the formation of stable complexes with anion active
functional groups as ion transfer sites onto matrix-
partner polymer chains. It was demonstrated that
the fabricated multifunctional electrolytes incorpo-
rated with organoclay and AgNPs exhibited unique
dispersed silver nanoparticles onto fiber surface.
Silver cations turned into in situ generated AgNPs
without the use of dominated annealing and UV-ir-
radiation procedures throughout phase separation
processing during electrospinning. This observation
can be described as a simple and effective method to
prepare AgNPs during electrospinning processing.

3.2. Chemical structures of nanofiber

composites

Figure 2 shows the IR spectra of the fabricated poly-
mer nanofiber electrolytes. Broad absorption bands
around 3314–3293 cm–1 in spectra of all fiber com-
positions were associated with hydrogen-bonded
OH and NH2 stretching from PVA and octadecyl
amine chains. Visible shift of this peak to the lower
frequency region (NFC-2/AgNPs) can be explained
by the increase of hydrogen bonding and complex-
formation with AgNPs. Weak C–O–H band appeared
around 1320 cm–1. These observations successfully
confirmed the formation of cross-linking structure
via ring-opening inter-macromolecular esterifica-
tion of maleic anhydride/carboxyl groups with hy-
droxyl groups of matrix PVA chains during electro-
spinning. Pyrrolidone unit (secondary amide) of
partner PVP polymer was characterized with the
following bands: C=O stretching around 1732 cm–1

for amide-I band, NH stretching around 1654 cm–1

for amide-II band, and C‒N stretching between
1421–1426 cm–1 for amide-III band. NH2 deforma-
tion and wagging bands between 848–855 cm–1 and

at 1495 cm–1 can be attributed to octadecyl amine
complex from ODA-MMT clay, and peak around
740 cm–1 can be related to –CH2– rocking band in
an octadecyl chain. C–H stretching bands around
2918 cm–1 were related to CH, CH2 and CH3 groups
from octadecyl group and backbone chains, and
their bending bands appeared at 1471 and 1374 cm–1.
Characteristic broad peaks between 1255–1272 cm–1

and around 1090 cm–1 were due to C–O and C–O–C
absorption bands from carboxyl and ester carboxy-
late groups, respectively. Silicate band appeared at
1029 cm–1 (Si–O–Si). The following absorption
bands were observed in FTIR spectra of nanofiber
composites containing poly(VP-alt-MA)+ODA-
MMT: Absence of characteristic absorption bands
from anhydride units of copolymer (1776 and
1840 cm–1) [41] in the carbonyl region of the
nanofiber’s spectra and appearance of C=O and C–
O–C bands from ester groups (1732 and 1087 cm–

1), and maleate ‒COOH (1716 and 1663 cm–1 for
C=O and 3312 cm–1 for hydrogen bonded OH in
carboxyl group) were observed.

3.3. Physical structures of nanofiber

composites

Physical structures of nanofibers were determined
by XRD method. Obtained XRD patterns and peak
reflection parameters are given in Figure 3. The
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Figure 2. FT-IR spectra of NFC-1, NFC-2, and NFC-2/
AgNPs nanofibers from PVA + ODA-MMT/PVP
+ ODA-MMT; and NFC-3, NFC-4, and NFC-4/
AgNPs nanofibers from PVA + ODA-MMT/poly
(VP-alt-MA) + ODA-MMT



well-known Scherrer equation (Equation (1)) was
used to calculate particle sizes (τsh, the mean thick-
ness) in fiber structures [42]:

(1)

where τ is the mean size of the ordered (crystalline)
domains, which may be smaller or equal to the
grain size; K is a Scherrer constant (Ksh of 0.89); λ
is the X-ray wavelength (λ = 1.5406 nm); β is the line
broadening at half the maximum intensity (FWHM),
after subtracting the instrumental line broadening,
in radians. The Bragg equation (Equation (2)) was
used to calculate the interlayer spacing (d):

(2)

where n is the order of reflection and 2θ is the angle
of reflection.

The figure shows polymer composites exhibited
semicrystalline structure since they contain crys-
talline and amorphous structure. Crystalline peaks
around 20° 2θ angle belonged to PVA, corresponding
to (110) reflection. The intensity of the XRD patterns
decreased since the amorphous nature of PVA in-
creased with the addition of PVP. The increase in the
amorphous nature of polymer electrolytes causes a re-
duction in the energy barrier to the segmental motion
of the polymer electrolyte resulting in high ionic
conductivity [23].
Pristine ODA/MMT clay exhibits a strong peak at
2θ = 4.45° with a distance (d-spacing) of 19.93 Å
(002) between two tetragonal layers and several
crystallite peaks related to the intermolecular interac-
tions of octadecyl amine and hydroxyl groups from
the clay structure via ‒Si–OH…NH2‒ hydrogen
bonding at edges [43]. The position of reflection peak
at 4.45° 2θ shifted to lower region (3.81 and 3.68°
2θ) with an increase in d-spacing from 19.93 Å
(002) to 23.17 and 23.96 Å for ODA-MMT (NFC-1
and NFC-2). This observation indicated the formation
of nanofibers with low degree of intercalation due to
the domination of the colloidal structures in NFCs.
The number of crystalline peaks increased with in-
corporating of AgNPs because of the formation of
the characteristic X-ray reflections from crystallinity
peaks in XRD patterns. The observed weak peaks at
2θ angles (38.4, 56.5 and 64.6°) can be related to the
(111), (200) and (220) planes of in situ generated
crystalline AgNPs [44]. These results indicated that
silver salts successfully turned into in situ generated
AgNPs during electrospinning process. Relatively
low crystallinity was observed in NFCs consisting
60–80 mass% of PVA compared with pristine PVA
polymer (around 30–50%) [45]. This fact can be ex-
plained by colloidal state of silicate region (broad
peak with higher amorphous area) in fiber composi-
tions and tendency of nanofibers to absorption and
swelling in applied aqueous medium. The presence
of microparticles with size of 2.172 µm confirmed
the above mention proposal.

3.4. Morphology of nanofiber electrolytes

The phase separation process during electrospin-
ning and properties of fabricated nanofibers strongly
depends on the applied electrospinning parameters,
matrix-partner polymer compatibility, chemical and
physical structural factors, and various interactions
such as hydrogen bonding, complex formation, and

cos

K
sh

sh
x
b i

m
=

sinn d2m i=
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Figure 3. XRD patterns and peak reflection parameters of
NFC-1, NFC-2, and NFC-2/AgNPs nanofibers

X-ray reflection parameters

Peak 2θ
D-spacing

[Å]
Intensity
(Counts)

FWHM
[°2θ]

Particle size
[Å]

NFC-1

1 3.81 23.175 100.00 0.444 115.68

2 10.09 8.765 35.58 0.933 96.60

3 19.55 4.537 28.74 0.090 14,260

NFC-2
4 3.68 23.963 40.16 0.090 21,720

5 19.89 4.459 100.00 0.948 73.835

NFC-2/

AgNPs

6 3.68 23.963 51.51 0.090 21,720

7 19.75 4.491 100.00 1.137 60.96

8 40.51 2.224 50.81 0.758 98.15

9 56.57 1.625 14.24 1.137 68.21



different chemical reactions between functional
groups of both polymers. Morphological character-
istics and diameters of nanofibers from NFC-1,
NFC-2, and NFC-2/AgNPs are given in Figure 4a–c.
It can be clearly seen that all fibers exhibit porous
surface morphology. Solvent evaporation happens
mainly from the surface of polymer jet. In addition,

the diffusion rate of solvent molecules from the core
to the surface is usually lower than that of the solvent
evaporation. The diffusion of water molecules from
the jet to the atmosphere changes the jet composition,
as well. Thus, the variation of the jet composition can
lead to the formation of heterogeneous regions
within the jet. We concluded that PVP molecules limit
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Figure 4. SEM morphology images and diameter distribution of a) NFC-1, b) NFC-2, and c) NFC-2/AgNPs, d) NFC-3,
e) NFC-4, and f) NFC-4/AgNPs nanofibers



the ability of the solution to fill the pores during
evaporation of the condensed moisture on the fibers
and result in a porous fiber. Whereas mean diameters
of the fibers were not affected significantly by fiber
composition, diameter distribution improved in the
presence of in situ generated AgNPs (Figure 4c). In
this system, silver salts easily transformed to nano-
particle form, which essentially accelerated the phase
separation process and improved the distribution and
size parameters of nanofibers. Silver salts into poly-
mer solution being ejected not only transformed eas-
ily into silver particles during fiber formation, but
also were well-dispersed onto the fiber surfaces due
to increase of the surface area of the fibers (white
points in Figure 4c).
Unlike PVP homopolymer containing nano-porous
nanofibers, the nanofibers containing reactive poly
(VP-alt-MA) copolymer had non-porous and smooth
surface morphology due to their covalent bonding
network structures which essentially prevented the
fast diffusion and elimination of water molecules
from inside area of fibers during electrospinning (Fig-
ure 4d–f). Fine surface morphology also indicated
that matrix and partner polymer show good compat-
ibility. In this composition, the mobility of PVA
chains in colloidal/amorphous region was restricted
by the presence of the covalent cross-linked frag-
ments in fiber structures. An increase in partner poly-
mer fraction essentially improved fiber diameter dis-
tribution and caused the formation of approximately

homogenous fiber size with maximum fraction of
82%. In situ generated AgNPs had significant effect
on the morphology and diameter distribution param-
eters of the fibers, as well (Figure 4f). When compar-
ing with the fibers fabricated without silver precursor
(Figure 4e), the diameter of NFC-4/AgNPs fibers not
only dramatically decreased from 315 to 244 nm, but
also their diameter distribution improved (Figure 4f).
TEM images reveal that AgNPs around 20–40 nm
were also successfully formed into the fiber structure
(Figure 5a). EDX analysis confirmed the formation
of AgNPs on the surfaces (Figure 5b).

3.5. Thermal behaviors of nanofiber

structures consisting poly(VP-alt-MA)

copolymer

Results of TGA and DTG analyses are given in Fig-
ure 6. The TGA-DTG curves of nanofiber film com-
posites showed two steps degradations: Td(max) =
330.3°C (first step), 437.1°C (second step), and total
weight loss = 81.31% for NFC-3 (Figure 7a);
Td(max) = 316.5°C (first step), 433.8°C (second step),
and total weight loss = 88.05% for NFC-4 (Fig-
ure 6b). NFC-4/AgNPs nanofiber composite was
also exhibited two-stage degradation with different
mechanism: 200.7 °C (first step), 324.2 °C (second
step), and total weight loss = 73.89% (Figure 6 c). An
increase in the fraction of partner copolymer from
20% to 40% increased thermal stability. NFC-4/
AgNPs also showed high thermal stability. High ther-
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Figure 5. TEM images of (a) NFC-2/AgNPs (Black points in red circles indicate AgNPs with nano-sizes around 20–40 nm)
and (b) EDX analysis of AgNPs



mal degradation parameters of poly(VP-alt-MA)
copolymer based NFCs (cross-linking structures)
were also confirmed by DSC analysis (data not
shown). DSC results indicated typical curves not in-
cluding any melting and/or glass-transition peak areas
from NFCs for the cross-linked polymer nanofiber
structures. The formation of several weak broad exo-
peaks in the curves of derivative of heat flow versus
temperature can be attributed to various chemical re-
actions formed in the applied isothermal conditions.
Thus, the organoclay and AgNPs incorporated PVA/
PVP and poly(VP-alt-MA) as matrix/partner poly-
mer nanocomposite complexes were formed in water
solution/dispersed medium due to the easy interac-
tion of silver cations with solvent molecules and reg-

ularly repeated free ‒COOH, ‒OH and pyrrolidone
NH–C=O groups from partner/matrix polymer chains,
as well as exchange reaction with clay cations.
These interactions which took place in the nano-
fiber structures with dominantly colloidal amor-
phous areas enhanced with multifunctional sites
easily realizing the charge transport process onto the
nanofiber surface after the elimination of highest
fraction of solvent molecules during electrospinnig.
Colloidal structure of nanofibers was due to partial-
ly swelling and water-absorption behaviors of ma-
trix PVA polymer and organoclay components in
the composites. This interpretation is in reasonable
agreement with well know Armand’s theory which
stated that ionic motion in salt-polymer complex
was not due to charges hopping from site to site, but
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Figure 6. TGA-DTG thermal degradation curves and ther-
mal stability of a) NFC-3, b) NFC-4, and c) NFC-4/
AgNPs (c) nanofibers consisting poly(VP-alt-
MA) copolymer

Figure 7. TGA-DTG thermal degradation curves and ther-
mal stability of a) NFC-1, b) NFC-2 and c) NFC-2/
AgNPs nanofibers consisting PVP homopolymer



also it was a continuous motion occurring in the
amorphous region of the polymeric material [46].

3.6. Thermal behaviors of nanofiber

structures consisting PVP (homopolymer)

Thermal analyses results of PVP containing fiber
samples are given in Figure 7. The comparative
analysis of TGA-DTG curves from Figure 6 and 7
shows that the thermal degradation parameters were
relatively higher in NFCs consisting reactive alternat-
ing copolymer as a cross-linker, and predominantly
chemical interactions occurred in isothermal growing
condition (Figure 6). Unlike this observation, thermal
degradation of NFCs consisting PVP (homopolymer)
proceeded by two step degradation mechanism with-
out any covalent interactions (Figure 7). Moreover,
multi-steps degradations were detected for NFC-2/
AgNPs. Both silver incorporated samples in struc-
turally different systems showed characteristic mid-
dle degradation peak at 152–200°C relating to de-
composition of silver contained complexion link-
ages.

3.7. Electrical properties of PVA nanofiber

composites with PVP homopolymer

nanocomposite and AgNPs

PVA is a low conducting polymer. However, PVP and
various hydrophilic functional copolymers of VP
contain ionizable functional groups and units, and
they may exhibit high electrical conductive proper-
ties. To improve the conductivity of PVA, many re-
searchers used functional polymers as conducting
partner polymers. Water solution blend of PVA/PVP
showed physical network structure due to hydrogen
bonding between –OH and –C=O groups from PVA
and PVP, respectively. The hydrogen bonds are also
formed between –OH (PVA) and Si–O (silanol of
MMT platelets) in PVAMMT clay aqueous suspen-
sion [47, 48]. This unique property improved poten-
tial applications of binary polymer systems com-
pared with homopolymers of PVA and PVP [49, 50].
Sengwa and Sankhla [50] synthesized PVA-PVP
blend-MMT clay nanocomposite films up to 10 wt%
clay loading by aqueous solution intercalation and
melt compounding. Their study revealed that the di-
electric constant values of these organic-inorganic
nano-composite films can be tuned by loading
MMT clay in the polymers matrix, which also im-
proved their physical and thermal properties. Here,
we presented a self-assembly approach to fabricate

polymer/organoclay nanofiber structures from the bi-
nary water solution blends of matrix polymer (PVA),
partner polymers (PVP, poly(VP-alt-MA), and Ag-
carrying matrix/partner nanocomposite complexes)
with colloidal dispersed octadecyl amine-MMT clay
sheets by green electrospinning nanotechnology. It
was proposed that the obtained self-assembled nano -
structures could be described as effective electrolyte
platforms with higher electrical conductivity, but with
lower thermal conductivity due to possible prevention
of the transport of thermal energy by interphase nano -
structure of clay sheets. To confirm this proposal, ef-
fects of composition, origin and fraction of the part-
ner polymers, the organoclay and in situ generated
AgNPs on the electrical conductivity properties of
nanofiber colloidal electrolytes at various tempera-
tures and pressures were investigated. Electrical con-
ductivity of nanofiber composite films was measured
by Equation (3) based on direct current conductivi-
ty (σdc) [51]:

(3)

where R is a resistance [Ω], d is a thickness [µm] and
A is a surface area (0.25 cm2) as a standard for each
testing sample.
Measurement of these parameters was carried out at
the different temperatures (22–50°C) and pressures
(around 50–800 Torr). Obtained results given in Fig-
ure 8 indicated that the fibers having different compo-
sitions (NFC-2, NFC-2/AgNPs and NFC-1) showed
higher electrical conductivity (1.04 10–9, 8·10–9 and
1.1·10–9 S·cm–1) at room temperature as compared
with conductivity of pristine PVA (1.25·10–15 S·cm–1)
[19] (Figure 8a–c). Incorporation of organoclay to
nanofiber structures significantly improved the elec-
tron interfacial interactions and enhanced conduc-
tivity performance of PVA/PVP based nanofiber
composites. In a study, PVA/PVP matrix/partner poly-
mer blend composites with volume ratios of 80:20
and 60:40 fabricated by solution casting method
showed relatively higher electrical conductivity
(2.2·10–7 and 7.3·10–8 S·cm–1) at room temperature
[21] and at 30°C (2.29·10–7 and 5.24·10–7 S·cm–1)
[23]. Thus incorporation of organoclay (5 mass%) to
nanofiber structures significantly improved the elec-
tron interfacial interactions and enhanced the con-
ductivity performance of PVA/PVP based nanofiber
composites. Several researchers also investigated the
effect of organoclay in various polymer nanocompos-

RA

d
dcv =
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ites on electrical conductivity. The hollow spherical
morphology of poly(diphenylamine) (PDPA) inside
the galleries of montmorillonite organoclay showed
different conductive property than PDPA formed by
the conventional method due to the confinement ef-
fect [52]. Kim et al. [53] evaluated effects of organo-
MMT clay in the matrix PEO/organoclay nanocom-
posite electrolytes on the ionic conductivity. They
observed that the polymeric electrolyte composites
exhibited higher conductivity than pristine Na+-
MMT mineral clay. According to the authors, elec-
trical conductivity of electrolytes depended on the
reduced crystallinity and enhanced ion-mobility by
the increased interlayer spacing of MMT clay.

Salahuddin et al. [54] reported that the electrical
conductivity of polyaniline/organoclay nanocom-
posites increased 30 times more than that of pristine
MMT clay.

3.8. Electrical properties of PVA nanofiber

composites with VP copolymer

nanocomposite and AgNPs

It was suggested that significant covalent bonds could
exist between octadecyl amine and partner poly-
mers via amidation of anhydride/carboxyl groups and
esterification of anhydride unit with hydroxyl groups
in the PVA/PVP (partner-1) and VP copolymer (part-
ner-2) based multifunctional nanofiber composite
systems. Comparative analysis results indicated that
electrical properties strongly depended on the loaded
reactive organoclay and in situ generated AgNPs,
which were significantly improved conductivity via
accelerating electron transport process. Unlike homo -
polymer of VP, alternating copolymer of VP con-
taining reactive anhydride units easily interacted
with hydroxyl groups of matrix polymer via ring-
opening intermolecular esterification-crosslinking.
NFC-4 nanofiber composites showed excellent con-
ductivity (Figure 9a) and low thermal resistance
(Figure 9b) at temperature ranges from 22 to 50°C
for applied voltages (around 0–2.5 V). This observed
phenomenon can be explained by the formation of
thermodynamically stable self-assembled negative-
ly charged sites caused by regularly distributed ion-
ized functional groups in alternating partner copoly-
mer. Thus, the ion transport essentially improved in
the cross-linked surface structure of the nanofibers.
On the other hand, an increase in the fraction of
partner copolymer nanocomposite dramatically de-
creased conductivity (Figure 9c) and increased resist-
ance properties of NFC-3 samples (Figure 9b) be-
cause of destroying of the self-assembled and or-
ganized ion transfer sites. In conclusion, ratio of
applied current [A]/voltage [V] and matrix/partner
nanocomposites, as well as origin (reactivity) of part-
ner copolymer significantly influenced conductivity
and resistance parameters of NFCs. Salamova et al.
[55] reported the effect of inorganic salts (co solute)
on main parameters of dilute aqueous PVP solutions
such as cloud points, phase diagram, low critical so-
lution temperature (LCST) and viscosity. Inclusion
of salts into aqueous PVP solution led to the de-
crease of the LCST and intrinsic viscosity which was
caused by the effect of the co solute ions in enhancing
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Figure 8. Current (A) versus voltage (V) curves of (a) NFC-2,
(b) NFC-2/AgNPs, (c) NFC-1, and (d) their elec-
trical resistance versus temperature curves. Effect
of temperature.



the segment-segment interactions. Cho et al. [56]
prepared fiber-based electrical systems based on
poly(vinyl alcohol) (PVA) as a fiber forming carrier
polymer, poly(styrenesulfonate) (PSS) as a conduct-
ing partner polymer, glutaraldehyde as a crosslinker,
and negatively charged poly(maleic anhydride-alt-
methyl vinyl ether) [poly(MA-alt-MVE)] as a doping
agent. They found that the cross-linked conducting
nanofibers exhibited high conductivity (4–8 S·m–1).
In solid electrolytes, ionic transport is more difficult
than electronic charge transport due to the resist-
ance assemblies in the electrode. Resistance, also
known as ohmic losses, is due to the losses occurred
during ionic and charge transport in amorphous poly-
mer nanofiber electrolyte. It was proposed that the ab-
sorption of water molecules in colloidal structure of
nanofiber electrolytes with high amorphous area
significantly improved ionic charges and their trans-
port, and therefore, increased the conductive sites in
polymer nanofiber surface structures. Moreover,
these obtained values were very important to evalu-
ate effects of composition, fraction and origin of part-

ner polymer nanocomposites and structural factors
from the comparative analysis of two series of dif-
ferent nanofibers structures.
Extremely high electrical conductivity of NFC-4
(Figure 9a) compared with other NFCs can be ex-
plained by taking into consideration the following
structural factors: (1) cross-linking and complexing
factors in this NFC played an important role due to
providing high degree of electro-active sites on the
nanofiber surface, (2) low conductivity of NFC-4/
AgNPs compared with NFC-4 was associated with
blocking by silver cations the cross-linking reac-
tions via the formation complexing linkages with
hydroxyl groups and salts with carboxyl groups of
maleic acid units from partner alternating copolymer,
and (3) all other NFCs were prepared from PVA/
PVA polymer systems which were not contained
chemically reactive units such as maleic acid, and
the formation of electro-active sites was limited by
only physical interaction between OH groups of
PVA with pyrrolidone units, as well as OH groups
with octadecyl amine from organoclay. In Figure 9b,
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Figure 9. Current versus voltage curves of (a) NFC-4, (c) NFC-3 and (b) their electrical resistance versus temperature;
(d) electrical conductivity of NFC-4 and NFC-3 at various temperatures and (e) their activation energy (Ea) calcu-
lated from plots of lnσdc versus reciprocal temperature (1/T [K–1]). Effect of temperature.



the temperature dependence of electrical resistivity
value did not show a linear increase. NFC-4 showed
an increase in resistance up to 30°C and saturated
up to 40°C and then it increased again. Similarly, the
electrical resistance of NFC-3 increased up to 37°C
and it dropped beyond that temperature. These ob-
served phenomena as step inflections in curves, can
be related to occurrence of lower sub-glass transition
processing, coil-glouble conformational changes of
polymer chains, elimination of absorbed water mol-
ecules and etc., as well as non-controllable in situ

processes in colloidal amorphous medium.
The plots of electrical conductivity versus tempera-
ture (Figure 9d) indicated that the conductivities of
NFC-3 and NCF-4 only depended on the applied
temperature (22–40°C). Following increase of tem-
perature did not influence the conductivity values.
Activation energy (Ea) can be calculated at above
mentioned temperature range by using well-known
Arrhenius equation (Equation (4)) [57]. Taking the
logarithms of both sides and separating the expo-
nential and pre-exponential terms yields Equa-
tion (5). Plots of lndc versus 1/T [K–1] given in Fig-
ure 9e clearly indicate that the thermal process
follows the Arrhenius equation.

(4)

where Ea is the activation energy, R is the universal
gas constant, σ0 is a temperature-independent con-
stant and T is temperature [K].

(5)

The plots showed a linear behavior between lnσdc and
1/T and a good fit to the Arrhenius equation. From
the plots of lnσdc versus 1/T the following activation
energy values were calculated: 0.226, 0.028 and
0.022 eV for NFC-4; 0.340, 0.076 and 0.017 eV for
NFC-3. The mobility of the charge carriers increased
with increasing temperature. Activation energy in-
creased with increasing of the partner copolymer
ratio. This can be explained by substantially re-
stricting of the mobility of macromolecular chains
in matrix/partner systems via polymer-copolymer co-
valent cross-linking during electrospinning.
Here, it was also investigated the effect of tempera-
ture, pressure and conducting time on the electrical
and resistance properties of Ag-incorporated nano-
fiber composites (NFC-4/AgNPs). According to the

results given in Figure 10, applied temperature
(Figure 10a) and pressure (Figure 10b) significantly
improved conductivity parameters of Ag-carrying
NFCs. Comparative analysis at 50 and 760 Torr (Fig-
ure 10c and d) showed that an increase in pressure
had an effect on the conductivity of the nanofiber
composites. Similar effect was also observed for con-
ductivity times. This observation indicated that NFCs
were thermodynamically stable covalent cross-
linked nanostructures. As resistance had a tendency
to decrease with increasing temperature (Fig-
ure 10e), the dependence on the pressure tended to
decrease (Figure 10 f). Several researchers reported
the effect of pressure on thermal conductivity of
various polymer melts, as well as poly(vinyl alcohol)
gels [58, 59]. The thermal conductivity of both amor-
phous and semi-crystalline polymers was found to in-
crease with increasing applied pressure and gener-
ally with increasing temperature. Herein, applied
pressure improved the accuracy of in situ physical in-
teractions. This process provided an increase in col-
loidal amorphous area, the mobility and ion-charge
ability of functional groups from the nanofibrous
structures. It was proposed that the use of pressure
improved accuracy of electro-active sites due to in-
creased temperature and across transition tempera-
ture, as well as increase of colloidal amorphous
area, mobility of functional groups from fibrous
structures, which significantly improved the electrical
conductivity of polymer nanofiber composites.

4. Conclusions

This work presented a new approach to fabricate
novel multifunctional nanofiber electrolytes with
linear and cross-linked polymer structures by using
PVA + ODA-MMT (matrix), PVP homopolymer +
ODA-MMT (partner-1), poly(VP-alt-MA) + ODA-
MMT (partner-2) and Ag-carrying matrix/polymer
system with varying the fraction of partner (co)
polymers in nanofiber composites. Morphology and
electrical properties strongly depended on the ori-
gin and fraction of partner polymer NFCs. Covalent
cross-linked nanofiber structures significantly in-
creased the conductivity and thermal behaviors of
NFCs. Ag-carrying polymer complexes and in situ

generated AgNPs onto nanofiber surfaces accelerated
phase separation process and considerably enhanced
the electrical parameters of NFCs. A covalent bridge
of partner alternating copolymer between PVA
macromolecules not only reinforced the network

-
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E
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a
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but also provided extra ion charge transport sites due
to its regularly repeated functional monomer units
onto polymer chains. High and excellent behaviors
were observed for the homopolymer and copolymer
of VP based fiber structures, respectively. The ob-
tained green nanomaterials with unique properties
and higher contact areas can open new avenue for
various applications in microelectronics, sensor de-
vices, electrochemical processing, fuel cell, nano-
lithography and power technologies, as well as in
various bioengineering processing as a reactive
platform.
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