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Superelastic Supercapacitors with High Performances

during Stretching

Zhitao Zhang, Jue Deng, Xueyi Li, Zhibin Yang, Sisi He, Xuli Chen, Guozhen Guan,

Jing Ren, and Huisheng Peng*

Wearable electronics and microelectronics have attracted
increasing attention to make our life more convenient and less
energy-consuming with higher quality in recent decades.'* To
satisfy their vigorous advancements in the future, it is critical,
while remains challenging, to find matchable energy devices
to power them.>®l As a result, more and more interests are
attracted to develop photovoltaic devices, lithium ion batteries,
and supercapacitors in a fiber format aiming at light weight
and weaveability in the next-generation electronic products.’-1%
They are proposed to be integrated into clothes or attached
directly onto the skin, possibly leading to a technical revolu-
tion in electronics. However, these fiber-shaped energy devices
have to experience a dramatically stretching process in practical
wearable applications. Therefore, it is necessary but unavail-
able yet to evaluate their properties when they are dynamically
stretched. On the other hand, a lot of efforts have been made
to fabricate stretchable solar cells, lithium ion batteries, and
supercapacitors based on elastic film-based electrodes to meet
the flexible and elastic nature in human body.'3-18 Although it
is rare to understand how their properties are varied during a
dynamically stretching process either, this stretchable strategy
provides a useful clue to study the wearable fiber-shaped
energy devices.'! To this end, they are further required to
exhibit a combined high stretchability and energy conversion/
storage efficiency, e.g., high and stable specific capacitances
for fiber-shaped supercapacitors under and after stretching at
large strains. However, it remains unavailable yet, which has
also been recognized as a bottleneck in the development of the
wearable electronics.['’]

Here we have developed a new superelastic fiber-shaped
supercapacitor (SES) that may pave the way for the advance-
ment of applicable miniature energy storage devices. The SFS
has been produced by using two aligned carbon nanotube
(CNT)/polyaniline (PANI) composite sheets as electrodes and
can be stretched by over 400%. As a demonstration, a high spe-
cific capacitance of approximately 79.4 F g™! is well maintained
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after stretching at a strain of 300% for 5000 cycles or 100.8 F g~!
after bending for 5000 cycles at a current density of 1 A g™!. The
specific capacitance of the SES can be maintained by 95.8% at a
stretching speed as high as 30 mm s7%.

The fabrication of the SFS is schematically shown in
Figure S1 (Supporting Information) and Figure 1. An elastic
polymer fiber electrode is first prepared by winding aligned
CNT sheets onto a superelastic fiber in a prestretched state
(the prestrain method proves efficient to fabricate superelastic
devices!'8)), followed by a release to the relaxed state. Here the
aligned CNT sheets have been produced from spinnable CNT
arrays that are synthesized by chemical vapor deposition.?0-22
A layer of PANI is then deposited onto the CNT sheet after elec-
tropolymerization of the monomer, i.e., aniline.>?*?* The mod-
ified fiber that serves as the inner electrode is then coated with
a thin layer of poly (vinyl alcohol) (PVA) gel electrolyte. Another
aligned CNT/PANI sheet that is generally prepared by electrode-
positing PANT onto a CNT sheet is further wound as the outer
electrode. The two composite sheet electrodes share both thick-
ness and weight. The second layer of PVA electrolyte is finally
coated to obtain the desired SFS. Repeated stretching—releasing
and vacuum treatments are used to improve the infiltration of
the electrolyte into the aligned CNT/PANI sheet during the fab-
rication. Here the aligned CNT sheet serves as both current col-
lector and active material to contribute to the capacitance.

Figure 2a shows a typical scanning electron microscopy
(SEM) image of the inner CNT layer that serves as the inner
electrode in the SFS. Obviously, the aligned CNT sheet is stably
attached onto the fiber substrate, mainly by van der Waals force
between the aligned CNTs and elastic fiber substrate.?>! The
helical angle of the aligned CNT sheet along the axial direction
of the fiber was maintained during the winding process when
the precession velocity of the aligned CNT sheet equaled the
moving velocity of the translation stage.'% A layer of aligned
CNT sheet displayed an average thickness of approximately
18 nm, and the thickness of the aligned CNT layer on the elastic
polymer fiber can be increased and accurately tuned by varying
the helical angle and width of the wound aligned CNT sheet
(Figure S2, Supporting Information). Figure 2b-d verifies that
the CNTs remain highly aligned in the CNT/PANI composite
layer. The following coat of the PVA gel electrolyte layer pro-
duced a smooth outer surface (Figure 2e). Figure 2f-h shows
cross-sectional images of an SFS, and the active layers are uni-
form in thickness on the surface of the elastic polymer fiber.

To produce a high-performance supercapacitor, it is the
key to preparing high-quality electrode materials. A pure
elastic polymer fiber that can be stretched by approximately
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Figure 1. Schematic illustration of the fabrication of an SFS.

900% (Figure S3, Supporting Information) had been carefully
made to produce elastic fiber electrodes. The measured diam-
eters are similar to the calculated values, indicating a uniform

st — 4 um

Figure2. SEMimages ofthe SFS. a) The inner aligned CNT sheet. b) Aligned
CNT/PANI sheet. c) After coat with the PVA gel electrolyte. d) After wrap-
ping with aligned CNT/PANI sheet. e) High magnification of an SFS after
coat with the PVA gel electrolyte. f-h) Cross-sectional images of an SFS at
increasing magnifications. The arrows show the aligned CNT sheet.
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deformation during stretching (Figure S4, Supporting Informa-
tion). The detailed diameter calculation on the elastic polymer
fiber during stretching is described in the Supporting Infor-
mation. The maximal strains of elastic fiber electrodes were
decreased with increasing helical angles (Figure 3a), which may
be explained by the soft nature of polymer fibers. After being
wound with the aligned CNT sheet, the elastic fiber became
smaller in diameter after release compared with the polymer
fiber without the CNT sheet on the surface (Figure S5, Sup-
porting Information). In other words, some deformations were
fixed to be irreversible by the wrapped CNTs. As expected,
the irreversible deformations would be increased at higher
helical angles. Since the volume of polymer fiber remained
unchanged, the resulting CNT/polymer fiber became longer
with increasing helical angles under the same other conditions
such as the same length of used polymer fibers. Therefore, the
elongation of the CNT/polymer fiber electrode was increased
with the increasing helical angle (Figures S6 and S7, Sup-
porting Information).

Electrical properties of elastic fiber electrodes had been first
compared by wrapping aligned CNT sheets with increasing
wrapping helical angles from 20° to 80° under the same condi-
tions including the diameter of 1160 pm for the elastic polymer
fiber, prestretched strain of 100%, and aligned CNT thickness of
approximately 460 nm (Figure S5, Supporting Information). For
the elastic fiber electrodes, as the CNT sheets at the sheath part
exhibited the same thickness, the electrical resistances of such
fiber electrodes were compared mainly on the basis of contact
resistances among CNTs without considering the resistances of
individual CNTs that were almost the same. As the above contact
resistances along the axial direction are increased with increasing
helical angles, the resistance of the elastic fiber electrode is also
increased from 0.56 to 5.8 kQ cm™! when the wrapping helical
angles are increased from 20° to 80°. Figure 3b has further
compared the change of fiber resistances during stretching. As
expected, due to the increasing resistances with increasing wrap-
ping helical angles, the changes in resistance are decreased at
higher wrapping helical angles under the same strain of 450%.
To obtain highly stretchable and stable supercapacitors, a wrap-
ping helical angle of 80° is studied below if not specified.

The electrical properties of elastic fiber electrodes also
depend on the prestretched strain (Figure S8, Supporting
Information). The resistance changes are calculated as 27.9%,
41.5%, and 35.6% for the elastic fiber electrodes at prestretched
strains of 50%, 100%, and 200% upon being stretched by 300%,
respectively. The lower resistance at a lower prestretched strain
is explained by the formed lower helical angle of the aligned
CNTs after release of the fiber electrode (Figure S9, Supporting
Information). As previously mentioned, a lower helical angle
reduced the resistances of CNT sheets at the same thickness.
A lower prestretched strain also enhanced the maximal strain
of elastic fiber electrodes (Figure S10, Supporting Informa-
tion). With the increasing prestretched strain, the elastic fiber
electrodes became thinner with increased lengths. Therefore,
a prestretched strain of 50% had been used in the following
study. The outer surface of the elastic fiber electrode has been
further traced under being stretched to 500%, and the CNTs
remain highly aligned and stably attached on the fiber substrate
(Figure S11, Supporting Information).
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Figure 3. a) Stress—strain curves of elastic fiber electrodes with different wrapping helical angles. b) Dependence of electrical resistance on the strain
(inserted, dependence of resistance ratio on wrapping helical angle at the same strain of 450%). Ry and R correspond to resistances before and after
stretching, respectively. ¢, d) Photographs of the elastic fiber electrode to power a light emission diode before and after stretching by a load, respectively.
e) Photograph of an elastic fiber electrode before and after stretching by 100%, 200%, 300%, 400%, and 500%.

Besides the wrapping helical angle and prestretched strain, the
resistance of the elastic fiber electrode can also be tuned by var-
ying the thickness of aligned CNT (Figure S12, Supporting Infor-
mation). The resistances are reduced from 2.32 to 0.18 kQ cm™!
with increasing thicknesses of aligned CNT sheets from 350 nm
to 3.5 pm. The resistances are increased below 70% at strains of
less than 400% and largely enhanced to 248% at a higher strain
of 500% (Figures S13 and S14, Supporting Information). For
the investigated thickness range of the CNT sheet, no obvious
effect of CNT thickness on the maximal strain was observed. For
practical applications, the resistances of fiber electrodes needed
to be further decreased. Some effective strategies had been pro-
posed to significantly reduce their resistances by lengthening
the CNTs or making a pressurized rolling post-treatment.2%%7]
After optimization, the elastic fiber electrodes were highly stable
and electrically conductive. They had been connected to lighten
up a light-emitting diode (LED) during dramatically stretching
(Figure 3c,d). No obvious damages in structure are observed in
the fiber electrode under SEM after repeated stretching by 400%
(Figure S10, Supporting Information, and Figure 3e).

The SFS is then fabricated from the elastic fiber electrode
and PVA gel electrolyte.l?!l Figure S15 (Supporting Informa-
tion) shows galvanostatic charge—discharge curves of the
SFS between 0 and 1 V at a current density of 0.1 A g™!. The
charge—discharge curves were nearly symmetric, indicating
a high reversibility between charge and discharge processes.

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

The specific capacitances are first increased from 18 to
19.6 F g! with the increasing thickness of CNT layers from
175 to 350 nm and then decreased to 13.2 F g™! with the fur-
ther increase in thickness. The formation of a platform may
be explained by the fact that it is difficult for the PVA gel
electrolyte to infiltrate into the inner aligned CNT sheet. The
active layer has not been fully used. As a result, the elastic
fiber electrode with the CNT thickness of 350 nm shows the
best overall performance and is used for the following study.
Figure S16 (Supporting Information) has compared galvano-
static charge—discharge profiles of SFSs based on different
PANI weight percentages at 1 A g7!, and the maximal spe-
cific capacitance appears at 50%. The specific capacitances
were gradually enhanced from 31.0 to 105.8 F g! with the
increasing PANI weight percentage from 15% to 50% due to
the improved pseudocapacitance from the PANI, and then
decreased to 80.3 F g due to the decreasing electrical con-
ductivities with the increasing PANI weight percentage to
70%. The maximal specific capacitance corresponded to the
length-specific capacitance of 0.90 mF cm™ or area-specific
capacitance of 3.08 mF cm™. The area-specific capacitance
can be further enhanced to 50.1 mF cm™ by increasing the
electrical conductivity (Figure S17, Supporting Information),
and it is much higher than the previous supercapacitors com-
pared in Table S1 (Supporting Information).**-*] The PANI
weight percentage of 50% is discussed below.
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Figure 4. a) Galvanostatic charge—discharge profiles at increasing current densities. b) Cyclic voltammograms with increasing scan rates. c) Depend-
ence of specific capacitance on cycle number at a current density of 1 A g'. d) Galvanostatic charge—discharge profiles with increasing strains from
0% to 400%. €) Nyquist plots with increasing strains from 0% to 400%. f) Dependence of specific capacitance on stretched number with increasing
strains from 100% to 300%. C, and C correspond to specific capacitances before and after stretching, respectively. The supercapacitor at a—f) was

fabricated with the PANI weight percentage of 50%.

Galvanostatic charge—discharge processes are further car-
ried out at the increasing current densities from 0.5, 1, 2,
4 to 8 A g! (Figure 4a),’%38 and the capacitances have been
maintained by 94.8%, 64.1%, 33.2%, and 12.8%, respectively.
The symmetric curves are well maintained, which further veri-
fies the good rate capability. Figure 4b shows cyclic voltammo-
grams with the expected PANI redox peaks for a pseudocapaci-
tance. In addition, the redox peaks are well maintained with the
increasing scan rate from 10 to 50 mV s7}, indicating a rapid
redox reaction of PANLB®3 To investigate the stability of the
SFS, a cyclic charge—discharge characterization is carried out at
a current density of 1 A g™t (Figure 4c), and the specific capaci-
tances are maintained by 90% after 2000 cycles. Figure 4d

Adv. Mater. 2015, 27, 356-362
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shows galvanostatic charge—discharge profiles with increasing
strains to 400%, and the specific capacitances remain almost
unchanged. Figure S18 (Supporting Information) shows the
photograph of the SFS with increasing strains from 0% to
400%. The PANI/CNT composite sheet was also traced by SEM
after stretching to 200%, and the structure had not been dam-
aged during the process (Figure S19, Supporting Information).
The stable electrochemical performance is also verified by the
same shape of Nyquist plots after stretching (Figure 4e). With
the increasing strain rate, the equivalent series resistance (cal-
culated from the high-frequency intercept of the semi-circle on
the real axis) was slightly increased. Differently, the diameters
of semi-circles were similar, indicating that the charge-transfer
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Table 1. Comparison of this SFS with previous stretchable supercapaci-
tors in terms of specific capacitance and stretchability.

References Electrode materials C Stretchability [%)]
c Ca
[Fg']  [mFcm?)
This study PANI/CNT 1116 £ 23 501+1.2 400
17 CNT/OMC 41.4 100
29 CNT 4.99 100
30 Graphene 7.6 0.006 40
42 CNT 59 20
43 PANI/graphene 261 30
44 Polypyrrole 125.1 100
45 CNT 54 30
46 CNT 53 140

Note. CNT: carbon nanotube; OMC: ordered mesoporous carbon; PANI:
polyaniline.

resistances between the electrode and electrolyte remained
stable.***ll Figure 4f shows the dependence of specific capaci-
tance on stretched number with increasing strains from 100%
to 300%, and the capacitance has been maintained by 74.9%
after stretching for 5000 cycles. The well-maintained struc-
ture can also explain the stable electrochemical properties
(Figure S20, Supporting Information). Figure S21 (Supporting
Information) shows galvanostatic charge—discharge profiles
when the SFS was stabilized at the stretched state with dif-
ferent strains, and a high electrochemical performance has
been well maintained. Figure S22 (Supporting Information)
shows the dependence of specific capacitance on stretched cycle
number at the strain of 400%, and the capacitance has been
further maintained by 92.8%. As the PVA gel electrolyte could
be stretched by 400%, the resulting SFS was stretchable at a
strain up to 400%.

The specific capacitance and stretchability of this SFS
and previous stretchable supercapacitors are compared in
Table 1. [17:293042-46] The SFS exhibits a relatively high specific
capacitance with the highest strain. As expected, the flexible
SFS can be easily woven into textiles also

with high electrochemical performances. g
120
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Figure 6b shows the dependence of specific capacitance on time
under both stretching and releasing at a speed of 10 mm s},
and the specific capacitance was well maintained, indicating a
stable electrochemical performance during the dynamic defor-
mation. The dependence of specific capacitance on stretching
and releasing time has also been studied (Figure 6¢), and it was
varied at below 10% in 500 cycles. Figure 6d displays the appli-
cations where a powering textile woven from the SFSs is used
to power an LED. The luminance of the light emission diode
remained almost unchanged during stretching with increasing
speeds up to 30 mm s,

A stretchable supercapacitor was proposed by sequentially
coating a PVA gel electrolyte and winding an aligned CNT sheet
electrode onto a CNT fiber, but it could be stretched at a strain
below 75% and repeated for several cycles. A low stretchability
of the electrodes prevented the realization of a superelastic
supercapacitor. Here the SFS can be stretched by as high as
400%, and the specific capacitance reached 111.6 F g™ at a cur-
rent density of 0.5 A g”!, compared with 41.4 F g! of the pre-
vious work. In addition, a high specific capacitance of approxi-
mately 79.4 F g”! had been well maintained after stretching at
a strain of 300% for 5000 cycles or 100.8 F g™! after bending for
5000 cycles at a current density of 1 A g™1. More importantly,
the specific capacitance of the SFS can be maintained by 95.8%
at a stretching speed as high as 30 mm s}, which has not been
previously explored yet.

In summary, an SFS has been developed with high electro-
chemical property by winding alighed CNT/PANI sheets onto
an elastic polymer fiber. In particular, the SFS, for the first
time, is produced for a stable powering performance under
dynamically stretching, which paves the way for their practical
applications in electronic textiles and various other wearable
devices.324748]

Experimental Section

Preparation of Elastic Fiber Electrode: A precursor solution, Ecoflex
30 (Smooth-On, USA), was injected into a heat-shrinkable tube, followed
by curing at 80 °C for 2 h. An elastic polymer fiber was then pulled out
of the heat-shrinkable tube. The aligned CNT sheet was wrapped onto

For instance, the specific capacitances have 1001

CIC, (%)

been maintained by 97% after stretching so.]
by 200%, and the deformations are highly 60|

reversible (Figure 5). In addition, the specific 0 50
capacitances are maintained by 98.5% even

after bending with the curvature of 2 mm b
(Figure S23, Supporting Information), and

T T T
100 150 200
Strain (%)

they can be further maintained by 95.2%

after bending for 5000 cycles (Figure S24,
Supporting Information).

Based on the super-stretchy property of

the continuous SFS, we had further traced
the specific capacitances during a dynami-
cally stretching process with increasing
speeds. Figure 6a shows that the specific
capacitance can be maintained by 95.8% even
at a stretching speed as high as 30 mm s7.

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1cm 1cm

Figure 5. a) Dependence of specific capacitance of the supercapacitor textile on strain. Cy and
C correspond to specific capacitances at 0 and the other strains, respectively. b, c) Photographs
of a flexible and stretchable textile before and after stretching by 100%, respectively.
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Figure 6. a) Dependence of specific capacitance on stretching speed. Cy and C correspond to specific capacitances at 0 and the other strain, respec-

tively. b) Dependence of specific capacitance on time during stretching and releasing at a speed of 10 mm s~

1 (inserted, from ~20to ~130s). c) Depend-

ence of specific capacitance on stretching and releasing number at a current density of 1 A g7'. d) Photographs of a light emission diode powered by
the flexible and stretchable supercapacitor textile without stretching and with stretching speeds of 10 and 30 mm s, For b, c), C, and C correspond

to specific capacitances before and after stretching, respectively.

the prestretched elastic polymer fiber,'%l and the fabrication details are
described in the Supporting Information. The synthesis of spinnable
CNT arrays that had been used to produce the aligned CNT sheet was
synthesized by chemical vapor deposition.?%-?2 The diameter calculation
of the superelastic fiber is discussed in the Supporting Information.

Fabrication of SFS: PANI was electrodeposited onto aligned CNT sheets
through an electropolymerization of aniline at a potential of 0.75 V in an
aqueous solution of aniline (0.1 M) and H,SO, (1 M) using potassium
chloride-saturated Ag/AgCl as a reference electrode and platinum wire
as the counter electrode. Bl A PVA gel electrolyte was prepared by mixing
a PVA aqueous solution and H;PO, with the PVA/H;PO, weight ratio of
1/1.5.2%1 An SFS was fabricated by first coating the PVA gel electrolyte onto
the aligned CNT/PANI composite on the polymer fiber, wrapping another
CNT/PANI sheet after drying of the PVA gel electrolyte and finally coating
the PVA gel electrolyte again. For the characterization convenience, the
ends of two electrodes were connected to the external circuit by copper
wires (Figure S25, Supporting Information). The calculations on the
weight of the PANI/CNT composite and specific capacitance of the device
are described in the Supporting Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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