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Summary

Stretchable supercapacitors were fabricated using silver nanowire-

polyurethane (AgNW-PU) hollow fibers. The stretchable AgNW-PU hollow

fibers were produced in a single step using a modified dry-jet-wet spinning

process, wherein the inside of the hollow fibers was in situ coated with a thin

highly conducting layer of AgNWs. The as-spun hollow fibers were assembled

parallelly to create supercapacitor devices. The fiber wall morphologies, such

as fiber diameter, wall thickness, and porosity, were altered and observed to

have a dominant role in the capacitance of the device. The engineered hollow

fibers could result in a specific capacitance of 38 F/g. The devices were found

to have good mechanical and electrochemical stability to repeated deformation

cycles of 20% strain. This has been attributed to the unique three-layered struc-

ture of AgNWs deposited in the inner wall of the hollow fiber electrode. These

stretchable and conductive supercapacitor assemblies may be of great interest

for the wearable and stretchable electronics.
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1 | INTRODUCTION

Recent technological developments in the area of super-
capacitors are moving in the direction of flexible and stretch-
able devices with the consideration of a large level of
deformation without a change in the electrochemical
response. Scientists have fabricated one-dimensional
(1D) linear fiber-based,1-3 two-dimensional (2D) planar film-
based,4-6 and three-dimensional (3D) stereo Kirigami
technique-based7,8 supercapacitors. Among them, 1D
fiber-based supercapacitors aremore desirable owing to their
ability to get sewn or integrated into textiles, thus, making
wearable electronics possible. The stretchable supercapacitor
devices are made up of stretchable electrode/current collec-
tor and electrolyte. To fabricate a stretchable fiber-based
supercapacitor, principally two approaches have been

investigated in the literature to make flexible/stretchable
electrodes. In the first approach, the electrode materials such
as carbon-based nanomaterials, mainly carbon nanotubes
(CNT),9 graphene,10-12 metallic nanostructures of silver,13

gold,14 and conducting polymers like poly(3,4-ethylene
dioxythiophene):poly(styrene sulfonate) (PEDOT: PSS)15 are
deposited onto prestrained stretchable fiber tomake the elec-
trodes2,9,16-18 and in the second approach, the fiber electrodes
are intertwined around another stretchable polymer fiber/
yarn.19-22 The stretchable fiber electrodes are then assembled
into supercapacitors in either parallel,23 coaxial,24,25 helical26

or twisted27,28 configuration.
Using the first approach, Choi et al have deposited

CNT sheets over two sides of 300% prestrained rectangu-
lar ecoflex fiber, which on relaxation forms buckled CNT
layer, however, the size of the electrode is restricted due
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to the kind of the fabrication technique where rectangu-
lar strips were cut out of the polymer film. Also, to avoid
the short-circuiting, a PU masking was done at the two
axial sides of the rectangular fiber that requires precisely
controlled coating which in case of normal circular small
diameter textile fibers would be difficult.

Guo et al23 parallelly laid two manganese dioxide
(MnO2) nanoparticle-coated carbon fibers on to
poly(dimethylsiloxane) (PDMS) film and covered with
lithium chloride-poly(vinyl alcohol) (LiCl-PVA) electro-
lyte, which resulted in very high volumetric capacitance
of 409.4 F/cm3 with retained electrochemical response till
40% stretchability. However, the resultant fabricated
assembly is in film form, thus, it lacks the advantage of
being integrated into wearable textiles.

In the second approach, researchers have developed
stretchable supercapacitors by twisting CNT sheets
around prestrained elastic fiber followed by coating with
PEDOT: PSS for enhanced conductivity and high specific
capacitance of 30.7 F/g.14 In another work,20 silicone rub-
ber fiber was firstly coiled to thousands of turns and then
stretched to 1000% followed by a coating of CNT, thus,
leading to highly stretchable supercapacitor assembly.
Yang et al23 have wrapped the CNT sheet around the
stretchable rubber fiber and coated with electrolyte show-
ing specific capacitance of 18 F/g. Xu et al17 have wrap-
ped two twisted carbon fibers coated with H3PO4-PVA
electrolyte over prestrained spandex fibers leading to a
volumetric capacitance of 11.4 mF/cm3, which remained
unchanged after 100% strain. However, in all of the above
systems, the conductive fiber electrodes were coated with
the electrolyte and the two electrodes were placed close
to each other with only a thin layer of electrolyte separat-
ing the two conducting fibers. This configuration
enhances the possibility of short-circuiting of the two
electrodes if the thin electrolyte layer fails even at a single
point. Also, the single carbon-based conductive fillers do
not show very good capacitance values; therefore,
researchers have tried combinations of several types of
conductive fillers to obtain higher capacitance.29 Yang
et al24 have worked on single coaxial fiber supercapacitor
by concentrically wrapping CNT arrays over elastic fiber
followed by coating with gel electrolyte and further wrap-
ping with the CNT sheets followed by electrolyte deposi-
tion. In this process also, the susceptibility to short-
circuiting is very high since the electrolyte itself can
impregnate the CNT layer and may lead to device failure
on the application of any form of compression. Also, the
above devices involve multistep processes, thus,
restricting the ease of scalability.

Recently, we had reported30 fabrication of highly
conducting stretchable hollow fibers, wherein AgNWs
were in situ deposited inside the polyurethane hollow

fibers during the spinning process. In this study, we
have used these stretchable conducting hollow fibers to
assemble supercapacitor devices in a parallel configura-
tion. Further, we have modified spinning parameters to
generate hollow fibers with different morphologies to
study the effect of fiber morphology on the device prop-
erties. The present approach leads to the formation of
highly stable devices with high capacitance, in which
the electrode fibers are not at all susceptible to short-
circuiting and, thus, can be integrated into wearable
textiles.

2 | RESULTS AND DISCUSSION

AgNW-PU hollow fibers shown in Figure 1A were
extruded using the dry-jet-wet spinning technique as dis-
cussed in one of our previous papers.30 In this process,
coaxial spinneret was used, where the polymeric solution
of 30 wt% PU in dimethylformamide (DMF) was pumped
through the outer needle at the flow rate of 20 mL/h and
0.2 wt% aqueous dispersion of AgNWs acting as the bore
fluid was pumped through the inner needle. The AgNWs
used had a diameter of 74 ± 15 nm and a length of
�9.3 ± 3 μm (shown in Figure S1). The bore fluid being
the nonsolvent for the polymer coagulated the fiber from
the inside, thus, creating hollowness. After the partial
coagulation in the air gap, the fiber was allowed to enter
into a coagulation bath which in this case was 100% water
to achieve full coagulation of the fiber into a hollow
structure as shown in Figure 1A. The inner fiber surface
was uniformly deposited with AgNWs as observed from
FE-SEM micrographs shown in Figure 1B. The thickness
of the deposited AgNWs was assessed using FE-SEM
micrograph captured at the fiber's cross section as shown
in Figure S2. The as-spun hollow fibers were evaluated
for the stretchability and found to be as stretchable as PU
solid fibers with elongation at break up to 400% (shown
in Figure 1C).

As explained in our previous study,30 during the spin-
ning process, the inside surface of these hollow fibers gets
coated with a thin, highly conducting layer of AgNWs.
This AgNW layer is composed of three distinct sublayers,
with top dense sublayer, middle interconnecting sub-
layer, and the bottom embedded sublayer (shown in
Figure S3). The bottom-most embedded layer is partly
fused with the PU wall and remains firmly adhered to
the wall as it is even when stretched. The interconnected
sublayer deforms to adjust with the stretching of the fiber
and keeps the entire AgNW layer connected at all times,
while the top dense layer may break into islands on
stretching but remains connected through the inter-
connecting layer. Interestingly, the hollow fibers remain
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highly conducting even on stretching and retain conduc-
tivity on repeated deformation cycles.

These AgNW-PU hollow fibers were used as an elec-
trode material for fiber-based supercapacitor devices. For
making a supercapacitor assembly, two AgNW-PU fibers
were placed next to each other and the mixture of
poly(vinyl alcohol)/phosphoric acid was taken as gel elec-
trolyte and coated over the surface of parallel fiber assem-
bly as shown in Scheme 1.

The electrochemical response of the conductive
AgNW-PU fiber, having 10 v/v% of phosphoric acid as an
electrolyte, was investigated using cyclic voltammetry
(CV). The voltammogram, as shown in Figure 2A, has a
very weak current, but did not show redox bumps, which

indicates the formation of a nonfaradic electric double-
layer capacitors- (EDLC) type capacitor.

Thereafter, the electrochemical responses were mea-
sured by varying the electrolyte concentrations from
10 to 30 v/v% of the phosphoric acid at the voltage scan
rate of 50 mV/s. The CV plots are shown in Figure 2B. It
can be observed that with the increase in the concentra-
tion of phosphoric acid from 10 to 30 v/v%, the area
under the CV plot is indicating an improvement of
capacitive behavior. The capacitance increased from
0.013, 0.384 to 1 F/g for 10, 20 and 30 v/v% of phospho-
ric acid, respectively. This can be attributed to the
increase in the ionic conductivity of the electrolyte. The
various concentrations of phosphoric acid were tried,

FIGURE 1 FE-SEM micrographs of (A) silver nanowire-polyurethane hollow fibers spun at bore fluid flow rate of 20 mL/h at 200×
magnification, (B) AgNWs deposited inner fiber surface and (C) load-strain curve for silver nanowire-polyurethane fiber [Colour figure can

be viewed at wileyonlinelibrary.com]
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however, the viscosity dropped significantly above
30 v/v% and the electrolyte coating was not stable on
the device. Therefore, a maximum concentration of
30 v/v% was used.

The stability of the fabricated supercapacitor device
with 30 v/v% of phosphoric acid was examined by subjec-
ting the device for 30 cycles at a higher voltage scan rate
of 200 mV/s. The obtained CV plot is shown in

SCHEME 1 Schematic diagram

showing the fabrication of parallel fiber

supercapacitor assembly [Colour figure

can be viewed at

wileyonlinelibrary.com]

FIGURE 2 Cyclic voltammogram of (A) 0.2NW-FR20-P10 at a voltage scan rate of 10 mV/s, (B) 0.2NW-FR20 supercapacitor assembly

using 10, 20, and 30 v/v% of phosphoric acid in the electrolyte at a scan rate of 50 mV/s, (C) 0.2NW-FR20-P30 for 30 repeated cycles at a

scan rate of 200 mV/s and (D) percentage retention of specific capacitance with the number of voltage scans [Colour figure can be viewed at

wileyonlinelibrary.com]
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Figure 2C. The specific capacitance obtained for the first
cycle and 30th cycles were 1.16 and 0.84 F/g, respectively,
which indicates that 72% of the specific capacitance was
retained even after performing 30 cycles suggesting good
durability of the fabricated device (Figure 2D). This grad-
ual reduction in capacitance with progressive cycles is
likely be due to the high voltage scan rate of 200 mV/s
used in the study. At this rate, all the ions may not be
able to move back to their original position during the
reverse (backward) voltage scan.

To evaluate the stability of the fabricated device, the as-
preparedAgNW-PU supercapacitor assembly was subjected
to a 20% strain for 10 cycles. This device was referred to as a
conditioned device. This conditioned device was subjected
to the CV at the voltage scan rate of 10 mV/s. The cyclic
voltammograms before and after the cyclic conditioning of
the devices are shown in Figure 3A. The obtained specific
capacitances were found to be 1.33 and 0.47 F/g, respec-
tively. There was a reduction of capacitance by about 65%,
however, still, the residual value of 0.47 F/g was high

enough to be in the range for supercapacitor application.
The stability of this conditioned AgNW-PU assembly was
also tested under cyclic voltage scans for 30 cycles. It was
observed that after just five initial cycles, all the CV curves
completely overlapped each other (Figure 3B).

The changes in morphology with deformation of the
electrodes were investigated to understand the reasons
behind stability of the devices. FE-SEM micrographs of
the longitudinal section of the inner surface of the hollow
fiber electrode (as shown in Figure 3C) were examined to
evaluate the effect of stretching on conducting AgNWs
layer. On stretching, fractures were observed at the top
portion of the deposited AgNW layer. The device retained
the capacitance because the connectivity in the AgNWs
deposited layer was maintained due to its unique three-
layered structure developed during the spinning of the
hollow fiber as explained above. This was attributed to
the connectivity provided by the flexible NWs in the
intermediate layer. The intermediate layer is highly
entangled network of AgNWs, which is able to deform

FIGURE 3 Cyclic voltammogram (CV) plot of (A) as-prepared and conditioned supercapacitor, (B) conditioned supercapacitor

assembly for 30 number of voltage scans and (C) FE-SEM micrographs of the longitudinal section of the conditioned silver nanowire-

polyurethane hollow fiber showing the cracked top AgNW layer [Colour figure can be viewed at wileyonlinelibrary.com]
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without losing its electrical connectivity. This in turn is
attached on one side to the PU embedded layer of AgNWs
and on the otherside to the dense AgNW layer. This connec-
tivity through the intermediate layer has been explained in
our previous study.30 Further, the electrolyte layer was also
studied for its integrity. After the deformation cycles, only
very fine cracks were observed on the electrolyte surface as
shown in Figure S4, indicating the mechanical stability of
the gel electrolyte. The above two factors resulted in good
integrity of the fabricated supercapacitor device toward
repetitivemechanical deformation.

The capacitance was also evaluated for a device
wherein, along with the surface, the core of the hollow
fiber electrode was filled with electrolyte as shown in the
schematic diagram (Figure 4A).

The capacitance value increased from 1.16 to
3.75 F/g as exhibited by the CV plots in Figure 4B. This
223% increase in the capacitance value may be attrib-
uted to easy mobility and access of the free ions avail-
able in the core to the electrode-electrolyte interface.
Since these ions are present in the electrolyte filled in
the core, they do not have to penetrate or diffuse
through the polymeric layer as in the case of only sur-
face coated electrodes. The ions, in this case, are directly
able to form the interface. Therefore, higher charge
accumulation and easy mobility of ions to form the dou-
ble layer may be contributing to a significant increase in
the capacitance value.

To further improve the capacitance of the device, the
morphology of the AgNW-PU hollow fiber electrode was
tailored by tuning the bore fluid flow rate (BFFR). The
flow rate of bore fluid, the aq. AgNW dispersion was
increased from 20 to 40 mL/h, which resulted in an
increase in the hollow fiber diameter (both inner and outer
diameter) along with a decrease in the fiber wall thickness
(Figure 5A). On increasing the BFFR, the outer diameter
increased from 884.57 ± 8.1 to 980.99 ± 10.37 μm, while
the inner diameter increased from 578.07 ± 7.7 to
792.37 ± 10.91 μm. The increment in the fiber inner and
outer diameter can be attributed to the increase in the out-
ward force exerted by the bore fluid injected at a high flow
rate inside the spinning hollow fiber. The current gener-
ated upon application of voltage was measured and is
shown in Figure 5B. The straight line in the current-
voltage (I-V) graph indicates the Ohmic behavior of the
fiber. The conductance of the fiber was observed to be
0.04, compared to 0.03 S for the fiber spun at BFFR of 20.
The calculated electrical conductivity of a 5-cm-long
AgNW-PU (at BFFR 40) fiber was found to be very high at
3.4 × 104 S/cm, which is just one order of magnitude
smaller than the pure silver.

The CV of the parallelly assembled surface coated-
core filled supercapacitor for AgNW-PU spun at BFFR
20 and 40 mL/h is shown in Figure 5C. The
voltammograms show an increase in the specific capaci-
tance by 136% from 3.75 to 8.81 F/g. This increase can be

FIGURE 4 (A) Schematic diagram of surface coated-core filled parallel fiber supercapacitor assembly and (B) CV plot of supercapacitor

fiber assembly with surface coated and surface coated-core filled configurations for 0.2NW-FR20 [Colour figure can be viewed at

wileyonlinelibrary.com]
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attributed to the change in the morphology of the fiber at
higher BFFR. The increase in the inner diameter of the
fiber leads to an increase in the surface area of the active
conducting material, thus, enhances the number of elec-
trolyte ions that can have direct contact with the elec-
trode surface. This improves the overall conductivity of
the fiber, making it a better electrode for the super-
capacitor device. Additionally, the decrease in the fiber
wall thickness reduces the gap between the two elec-
trodes assembled in parallel combination in the super-
capacitor device, leading to a faster response.

The effect of the voltage scan rate on the specific capaci-
tance of the supercapacitor device prepared using the
AgNW-PU sample spun at BFFR 40 mL/h was also investi-
gated and shown in Figure 5D.With an increase in the volt-
age scan rate from 20 to 100 mV/s, the specific capacitance
decreased from 22 to 4.56 F/g. The decrease in the capaci-
tance could be attributed to the decrease in response time
available for the ions to move. To evaluate the response
time of the fabricated supercapacitor, the galvanostatic
charge-discharge measurement was also performed. When
the maximum voltage was kept at 1 V, instantaneous IR
drop in the discharging cycle was obtained. Therefore, in
order to record the response of the fabricated device on the
internal resistance, the initial charging voltage was lowered

down to 0.8 V. The capacitor was charged till 0.8 V with
100 μA current and held there for 10 seconds before per-
forming the discharge. Figure 5E shows that the fabricated
device can be charged within a few seconds, showing a fast
capacitive response, which indicates efficient ion transfer in
the device.31 The observed triangular shape of the curve is
characteristic of a good capacitor.

The performance of the supercapacitor is known to
be governed by the electrode surface area and the ease of
movement of the electrolyte ions toward the electrode,
and the morphology of the electrode surface was further
modified by varying the air gap during the fiber spinning.
The air gap was reduced from 10 to 2.5 cm, which
resulted in an increase in the inner and outer diameters
of the fibers from 817.8 μm to 1.32 mm and 1.01 to
1.49 mm, respectively, and a decrease in the thickness of
fiber wall from 193 to 173 μm (Figure 6A,B). It was
observed that the inner fiber surface area of the fiber
increased by 62% from 1.28 to 2.07 cm2 for 5-cm-long
fiber.

In the fiber spun at a lower air gap of 2.5 cm, the number
of pores was observed to increase significantly. Also, these
pores were observed to be bigger as compared to fibers spun
at an air gap of 10 cm as shown in FE-SEM micrographs in
Figure 6C,D. Further, these FE-SEM micrographs show the

FIGURE 5 (A) FE-SEM micrograph of hollow fiber spun at BFFR of 40 mL/h, (B) I-V plot of the 0.2NW-FR40 fiber sample, (C) Cyclic

voltammogram plot of 0.2NW-FR20 and 0.2NW-FR40 supercapacitor fiber assemblies, (D) plot showing specific capacitance vs voltage scan

rate and (E) charging-discharging profile of 0.2NW-FR40 supercapacitor fiber assembly [Colour figure can be viewed at wileyonlinelibrary.com]
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formation of a dense layer inside the fiber wall with no or
very few pores. The thickness of this compact layer was
observed to decrease from �90 to �30 μm (Figure 6E,F) as
the air gap was decreased from 10 to 2.5 cm. This is because,
at a higher air gap, the fiber has more time to form a harder
cuticle or amore compact fiber wall.

This resulted in an increase of the specific capacitance
of the fiber spun at 2.5 cm air gap to 13.48 F/g
(Figure 6G), which is nearly 53% higher than that of the

device fabricated using fiber spun at an air gap of 10 cm.
This increase in specific capacitance can be attributed to
the improvement in the charge transfer or storage of the
device due to the increase in the number of pores in the
outer wall and the reduction in the thickness of the com-
pact layer inside the wall, which otherwise is likely to act
as a barrier to the movement of electrolyte ions.

It is known32 that the formation of the pores is
governed by the thermodynamics and kinetics of phase

FIGURE 6 FE-SEM micrographs of the cross section of 0.2NW-FR40 fibers spun at an air gap of (A) 10 cm, (B) 2.5 cm; longitudinal

section of fiber at an air gap of (C) 10 cm, (D) 2.5 cm; cross section of the fibers showing the presence of compact layer inside the fiber wall

when spun at (E) 10 cm, (F) 2.5 cm and (G) Cyclic voltammogram plot of the fabricated supercapacitor device with these two fibers [Colour

figure can be viewed at wileyonlinelibrary.com]
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inversion or liquid-liquid demixing. Therefore, it was
decided to change the composition of the coagulation
bath to further improve the pore size distribution
throughout the fiber wall. For this, 20 wt% of solvent
(DMF) was incorporated in the aqueous coagulation
bath. It was observed that the incorporation of DMF
resulted in the formation of smaller-sized pores, which
were uniformly distributed from the inner surface to the
outer surface throughout the wall of the fiber in contrast
to the bigger pore sizes observed inside the wall in case of
fiber spun with 100% water as coagulation medium
(Figure 7A,B). However, the compact layer was observed
to be of similar size of �30 μm.

The addition of solvent in the coagulation bath
decreases the concentration gradient between the fiber
and the coagulation bath, which reduces the diffusion

flux and alters the path of solvent polymer demixing lead-
ing to a more homogeneous fiber structure with uniform
pores. The effect of a large number of small pores in the
fiber wall could be related well to the improvement in
the electrochemical response (Figure 7C) represented by
a high specific capacitance of 38 F/g at a voltage scan rate
of 50 mV/s. The response of the fabricated device for
10 repeated cycles was also evaluated at a high voltage
scan rate of 200 mV/s, and the device was observed to
retain the capacitance for repeated cycles by confirming
its performance and stability for repeated use
(Figure 7D).

To further modify the porous structure of the AgNW-
PU hollow fibers, a small percentage of poly(vinyl
pyrrolidone) (PVP), a porogen, was added to the spinning
dope. PVP as a porogen was selected in this study to

FIGURE 7 FE-SEM micrographs of the cross section of hollow fibers for 0.2NW-FR40 fibers spun at an air gap of 2.5 cm with

coagulation bath concentration of (A) 100% water, (B) 80:20 water: dimethylformamide ratio; Cyclic voltammogram plot of the

(C) supercapacitor assembly made with the fibers spun using 20% dimethylformamide in the bath, and (D) cyclic voltage scans for

10 number of cycles [Colour figure can be viewed at wileyonlinelibrary.com]
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obtain better pore size distribution and connectivity
among the pores. Among various hydrophilic polymers,
PVP is known to act as macrovoid suppressant.33 Litera-
ture reports generation of a greater number of pores in
case of PVP as compared to PEG.34 PVP is known to have
narrower pore size distribution compared to PVA which
is probably due to its fast adsorption kinetics.33

1-5 wt% of PVP was incorporated in the PU dope
while keeping the total solid content fixed at 30 wt%. The
morphologies of the resultant fiber walls are shown in
Figure 8A-C. The modification resulted in the formation
of large/finger-shaped pores spread toward the two edges
(inner and outer surfaces) of the hollow fiber separated
by the presence of thick compact boundaries/regions (ie,
inter-pore walls). However, the size of pores and the
thickness of the inter-pore walls were observed to be
minimum for the sample with 2 wt% PVP. The formation
of large-sized pores may be because of rapid leaching of
the PVP from the fiber in the water-based coagulation
bath. The presence of PVP may also result in a rapid ther-
modynamic immiscibility, which may further play the
role in creating these large-sized pores with compact

boundaries.35 As mentioned above, the fiber prepared
with 2 wt% PVP, which had smaller pores with thinner
compact regions, was selected for fabrication of the
device and its electrochemical response was measured
(Figure 8D). The capacitance of the device formed from
these fibers (ie, AgNW-PU/PVP) showed a significantly
lower specific capacitance value of 24.19 F/g compared to
38 F/g for the earlier device prepared using AgNW-PU.
This indicates that even the presence of large pores did
not help the mobility of the electrolyte ions as these were
separated by compact inter-pore walls. The presence of
compact layer appeared to have an overriding effect on
the charge transport, and thus, on the storage capacity of
the supercapacitor. Fibers having thinner compact layer
irrespective of the density or size of the pores showed bet-
ter capacity. Thus, a large number of small pores with
very thin inter-pore walls are favorable for easy transpor-
tation of the electrolyte ions and the performance of the
device.

Unlike the devices reported in the literature,14,29,36-39

the stretchable electrodes used in the present device have
been fabricated in one step using coaxial wet spinning

FIGURE 8 FE-SEM micrographs of cross sections of silver nanowire-polyurethane (AgNW-PU)/poly(vinyl pyrrolidone) (PVP) hollow

fiber spun at air gap of 2.5 cm with varying concentration of PVP (wt%) (A) 1, (B) 2 and (C) 5; and (D) CV plot of supercapacitor assemblies

prepared using AgNW-PU and AgNW-PU/PVP fibers [Colour figure can be viewed at wileyonlinelibrary.com]
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and are able to maintain their structural integrity on
repeated deformations. By tailoring the fiber mor-
ophology, a value of 38 F/g could be obtained in parallel
configuration of the fabricated devices. In comparison,
the capacitance values of 5 to 274 F/g have been reported
in the literature for devices fabricated in parallel/twisted
configuration using multistep processes and prestretched
nonconducting elastic fibers as core. In this study, the
focus was to demonstrate the role of fiber morphology on
device performance. It is expected that enhanced values
of capacitance may be realized on optimization of the
device configuration.

3 | CONCLUSION

The present work reports the fabrication of stretchable
supercapacitors assembled parallelly using well-insulated
AgNW-PU hollow fiber electrodes. The entire fabricated
supercapacitor device was made in such a manner that it
included components that are individually stretchable. The
base polymer of polyurethane, the engineered design for
the deposition of conductive AgNW layers and the poly-
meric gel electrolyte, together led to significant retention of
capacitance on repetitive stretching of the fabricated super-
capacitor to 20% strain. The unique deposition of the
AgNWs inside the hollow fibers in a three-layered structure
formed the stretchable electrodes and was mainly responsi-
ble for maintaining the integrity of the device. The pore
morphology across the fiber wall was tailored by changing
the air gap, the coagulation bath concentration and incor-
poration of PVP as a porogen during the spinning process.
The pore morphology and the presence of compact
nonporous layer were found to have a tremendous effect on
the specific capacitance of the device. The use of fibers with
finely porous walls and thin compact layer could enhance
the specific capacitance to a value of 38 F/g suggesting that
the morphology of the dielectric wall plays a dominant role
in improving the mobility of electrolyte ions.

4 | EXPERIMENTAL SECTION

4.1 | Materials

Ester-based fiber grade PU Estane 58 277 polyurethane
chips were procured from Lubrizol. Silver nitrate (≥99.5%),
sodium chloride (≥99%) and ortho-phosphoric acid (≥85%)
were procured fromMerck, India.N,N-dimethylformamide
(≥99.8%) and glycerol (>99%) were purchased from Fisher
Scientific, India. Poly(vinylpyrrolidone) of grade K-30 with
�Mw 40 000 and poly(vinyl alcohol) of �Mw 125 000 (degree
of hydrolysis �86-89%) were purchased from Central

Drug House, India. Double distilled water was used for
the synthesis of silver nanowires.

4.2 | Methods

4.2.1 | Synthesis of silver nanowires

AgNWs were synthesized using a solvothermal method.30

In brief, 5.8 g PVP (0.052 mol) was added into 190 mL
glycerol in a round bottom flask. The temperature of the
system was increased to 90�C and a homogeneous solu-
tion was prepared by stirring at 1000 rpm. Further, the
temperature of the solution was lowered to 50�C and
1.58 g AgNO3 (9 mmol) was added into it and the stirring
at 1000 rpm has been continued for another 15 minutes.
Thereafter, the solution turned yellow and subsequently
a mixture containing 59 mg NaCl (1 mmol), 0.5 mL
deionized water, and 10 mL glycerol was added into the
solution. Simultaneously, the temperature of the system
was increased to 230�C and the stirring speed was
reduced to �200 rpm. After 25 minutes, the solution was
taken out and quenched with an equal volume (200 mL)
of deionized water to stop the reaction. The obtained dis-
persion was washed several times using lukewarm water
to remove PVP and glycerol from the dispersion. The dis-
persion was kept undisturbed to isolate AgNWs, which
settle down in the process.

4.2.2 | The spinning of conductive
hollow polyurethane fibers

Co-axial spinneret set-up was used for the solution spin-
ning of hollow fibers. 30 wt% PU solution in DMF was
pumped at the flow rate of 20 mL/h using a syringe
pump through the outer spinneret, while aqueous
AgNWs dispersion was used as the bore fluid. The air gap
was maintained at 2.5 or 10 cm. Water or mixture of
water/DMF (80:20) was used as the coagulation media.
The extruded fiber was passed through the air gap before
immersing it into the coagulation bath. The coagulated
fiber was collected, washed and dried before their charac-
terization and use in device fabrication. To relate the spe-
cific area with the storage capacity of the fibers,
experiments were done to change the air gap, coagulation
conditions and the addition of a pore generator.

4.2.3 | Electrolyte composition

PVA was dissolved in water at a 1:10 (w/v) ratio. Further,
the as-prepared solution was mixed with 85% phosphoric
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acid in 10, 20 and 30 (v/v%) by adding the acid dropwise
to the PVA solution under constant stirring at 60�C. The
mixture was then stirred for another 3 hours to obtain a
homogeneous transparent solution.

4.2.4 | Device fabrication

Two conductive AgNW-PU fibers of 5 cm length each
were taken as electrode materials. A fine diameter copper
wire was used as a current collector and was firmly
secured at one end of the fiber electrode using conductive
silver paste. The two such fibers were assembled by plac-
ing them side by side in an antiparallel configuration and
coated over the surface using gel electrolyte to form the
device. As a modification in some devices, the gel electro-
lyte was also injected inside the hollow fibers to fill their
cores. The fabricated devices were dried overnight at
room temperature.

4.2.5 | Characterization

The morphologies of the hollow fibers were determined
using a field emission-scanning electron microscope (FE-
SEM), FEI Quanta 200F (Eindhoven, The Netherland).
I-V curves of the hollow fibers were evaluated using a tri-
ple voltage power supply to measure the currents at given
voltages. Electrochemical responses of the devices were
measured using Electrochemical Quartz Microbalance,
Biologic 150 (Seyssinet-Pariset, France). CV was per-
formed from 0 to 1 V at a voltage scan rate from 10 to
200 mV/s. Galvanostatic charging-discharging was per-
formed at 100 μA for voltage window of 0 to 0.8 V.
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