@ Energy Storage gl ]1d4

o

Deutsche Ausgabe: DOI: 10.1002/ange.201508293
Internationale Ausgabe: DOI: 10.1002/anie.201508293

A Shape-Memory Supercapacitor Fiber
Jue Deng, Ye Zhang, Yang Zhao, Peining Chen, Xunliang Cheng, and Huisheng Peng*

Abstract: A shape-memory, fiber-shaped supercapacitor is
developed by winding aligned carbon nanotube sheets on
a shape-memory polyurethane substrate. Despite its flexibility
and stretchability, the deformed shapes under bending and
stretching can be “frozen” as expected and recovered to the
original state when required. Its electrochemical performances
are well-maintained during deformation, at the deformed state
and after the recovery.

P ortable and wearable electronics have been rapidly devel-
oped and may be widely used in future life.’*) To meet the
diverse demands of these electronic devices, it is critical to
fabricate high-performance, multifunctional, adaptable
energy storage systems to power them.*'! To this end,
flexible energy storage devices have attracted abundant
attention and can be deformed into specific shapes that are
recovered to the previous states upon the removal of external
forces."*"¥l However, it is also necessary while unavailable to
“freeze” the deformed shape in a variety of fields,*?? for
example, the same fiber-shaped devices are expected to
satisfy non-standard surfaces such as bodies of different
people by performing deformations under an external force
and further maintaining them after removing the
external force.

Herein, for the first time, a new shape-
memory, fiber-shaped supercapacitor (SFSC) is
produced by wrapping aligned carbon nanotube
(CNT) sheets onto a shape-memory polyur-
ethane (SMP) substrate. As shown in Figure 1,
the SFSC can be transformed and “frozen” into
user-required shapes and sizes; it can recover to
the original shape and size automatically once
the temperature exceeds the thermal transition
temperature (7y,,).***! The electrochemical
performances are well maintained during defor-
mation, at the “frozen” state and after the shape
recovery. The SFSCs have been further woven in
electronic textiles to fabricate smart clothes for
flexible electronic devices.
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The fabrication process of the SFSC is schematically
shown in Figure S1 in the Supporting Information. An SMP
fiber was first prepared through a wet spinning method and
wound with aligned CNT sheets to produce the shape-
memory electrode. Here the aligned CNT sheet had been dry-
drawn from an aligned CNT array synthesized by chemical
vapor deposition.*?¥ The shape-memory electrode was
coated with a layer of poly(vinyl alcohol) (PVA) gel electro-
lyte, followed by winding another layer of aligned CNTs as
the outer electrode. Another thin layer of gel electrolyte was
further coated to obtain the SFSC. The gel electrolyte also
served as a separator, and it should be dried before winding
the second layer of CNT sheets to prevent short circuits.

Figure 2a shows a typical scanning electron microscopy
(SEM) image of the shape-memory fiber that served as the
inner electrode. The aligned CNTSs can be stably attached on
the polyurethane fiber and the smooth surface of the fiber
substrate was favorable to uniformly wrapping aligned CNT's
and maintaining the orientation (Figure 2b and S2). Figure 2¢
and 2d verify that the gel electrolyte could serve as an
effective separator as the two layers of aligned CNT sheets
were efficiently infiltrated with and separated by the gel
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Figure 1. Schematic of the SFSC and the resulting textile that are reversibly trans-
formed into flexural or elongated states and recovered to the original shape.

electrolyte. This coaxial architecture provides a high stability
in both structure and property for the SFSC during and after
deformation.

The stability of the shape-memory electrode during
deformation played a critical role for the SFSC. Three
different helical angles of 45, 60, and 75° were compared
with the other parameters remaining unchanged, that is,
a diameter of 900 pm for the shape-memory fiber and
a thickness of 560 nm for the aligned CNT layer. After
being deformed and fixed with different radii of curvatures,
no detectable resistance changes were observed for the three
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Figure 2. Scanning electron microscopy (SEM) images of the SFSC. a,b) Shape-memory
electrode at low and high magpnifications, respectively. c) The surface of the PVA gel
electrolyte and the border between the PVA gel electrolyte and aligned CNTs. d) Cross-
sectional image of the SFSC (inset, high magnification). e,f) A flexural shape of SFSC
electrode at low and high magnifications, respectively. g,h) An SFSC electrode being
stretched by 50%. i,j) A recovered shape of the SFSC electrode at (g).

helical angles (Figure S3). The stable structure at flexural and
recovered states was also verified by Figure 2e and 2 f. Owing
to the physical crosslink in the switching phases, the shape-
memory electrode was able to deform and maintain the
elongated states at strains of 25, 50, 75, and 100%. The
electrical resistances of the shape-memory electrodes were
slightly increased by about 0.5 kQ during stretching with
a strain of 100% at both 60° and 75°, and they were also
returned after the shape recovery. However, the electrical
resistances were dramatically and irreversibly increased by
about 2000% at a low helical angle of 45° (Figure S4).
Considering the relatively lower resistance at 60° than 75°,
a wrapping helical angle of 60° was used below unless
otherwise specified. The SEM images also verified the stable
structure of the shape-memory electrode at elongated and
recovered states (Figure 2 g—j).

The SFSC was then fabricated from the shape-memory
electrode and PVA gel electrolyte. To obtain high-perfor-
mance SFSCs, the thickness of the CNT electrode was first
investigated. The specific capacitances calculated from the
galvanostatic charging and discharging curves were increased
from 11 to 24 Fg~' with the increasing thickness of CNT layer
from 140 to 560 nm and then decreased to 17 Fg™! with
further increase in thickness because of the inadequate
contact between the inner CNT and gel electrolyte (Figur-
es S5 and S6). Therefore, the shape-memory electrode with
the CNT thickness of 560 nm was used for the SFSC. The
length and volumetric specific capacitances were
0269 mFem™' and 423 mFem™, respectively. They were
comparable with the other supercapacitors based on carbon
materials.™ > Cyclic voltammetry (CV) measurement was
then performed to characterize the electrochemical property,
and the CV curves shared a rectangular shape that indicated
a double-layer capacitor. With the increasing scan rates of 50,
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100, and 300 to 500 mVs™', the rectangular
shapes were well maintained, indicating a low
internal resistance and high performance
during the rapid charging and discharging
process  (Figure S7). The  galvanostatic
charge—discharge curves retained a symmetri-
cal triangle shape at increasing current den-
sities from 0.1 to 1.0 Ag™', indicating a high
stability (Figure S8). Moreover, the coulombic
efficiencies of the supercapacitor were main-
tained by over 90 % at the current density from
0.1to 1 Ag', indicating a high reversibility. To
understand the electrochemical stability of the
SFSC, the cyclic charging and discharging
characterization was carried out at a current
density of 1 Ag~!, and no obvious attenuations
in capacitance had been observed after 12000
/. cycles (Figure S9).

The SFSC can be programmed into a vari-
ety of shapes to adapt to different working
conditions. As shows in Figure 3a, the SFSC
was deformed and shaped with increasing radii
of curvatures under external bending stresses
when the temperature exceeded T, After
cooled down to room temperature, the poly-

mer network of polyurethane was physically cross-linked and
“frozen” to maintain the flexural shape. Upon heating at
a temperature equal to or beyond 7T,,,, the physical crosslinks
in the middle phase were cleaved, and the full recovery of the
SFSC was achieved. The T, values can be tuned to satisfy
various applications by choosing different shape-memory
materials such as the other polymers or alloys.

The electrochemical performances of the SFSC under
different flexural deformations were carefully investigated.
After being shaped into flexural shapes with increasing radii
of curvatures ranging from 1.5 to 4 cm, the SFSC was able to
work properly; the overlapped galvanostatic charging and
discharging curves also verified that the specific capacitances
remained unchanged in flexural shapes (Figure 3b). After
being heated to T.,, or higher, the flexural SFSC was
recovered to the original linear shape, and almost the same
CV curves indicated a high stability before and after shape
recovery (Figure 3¢). Furthermore, the dependence of the
specific capacitance on deformation and recovery cycle
number was traced, and no detectable decrease in specific
capacitance had been found after repeating shape deforma-
tion and recovery for twenty cycles (Figure 3d). Even under
a dynamically shape-recovering process, the SFSC can work
effectively (Figure 3e). The smooth galvanostatic charging
and discharging curve demonstrated that the electrochemical
performance of the SFSC was stable.

Besides deforming into different flexural shapes, the
SFSC can be programmed into elongated states. The strain
recovery rate plays an important role in studying the ability of
the SFSC to memorize its original shape.?!! Here the strain
recovery rate (R,) was calculated accordingly to the equation
of R.=AL/AL,x100%. Here AL was the length change
when the shape-memory effect occurred, while AL, was the
length change when the SFSC was programmed into an
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Figure 3. SFSC under flexural deformation and shape recovery. a) A photograph and

b) galvanostatic charging and discharging curves of the SFSC at different flexural
shapes. The galvanostatic charging and discharging tests were performed at a current
density of 0.1 Ag™". c) Cyclic voltammetry (CV) curves of the SFSC before and after
flexural deformation and shape recovery. The CV tests were carried out at a scan rate of
0.5 Vs~'. d) Dependence of the specific capacitance on deformation cycle number. The
specific capacitance was calculated from the charging and discharging curve at the
current density of 0.2 Ag™". e) Galvanostatic charging and discharging curves of the
SFSC under a dynamic shape-recovering process at a current density of 0.2 Ag™".

elongated state. Figure 4a shows that the elongated states
with strains of 25, 50, 75, and 100% have been well
maintained, and the strain recovery rate exceeded 90 % for
each case. As shown in Figure 4b, the capacitance of the SFSC
was also well maintained. SEM images under stretching had
further verified its stability (Figure S10). Even at the strain of
100 %, the capacitance can be maintained by above 80 %.
Beyond the transformation temperature, the SFSC can fully
recover to the original length, and the galvanostatic charging
and discharging curves were overlapped before and after
elongation and shape recovery (Figure 4c). The performance
of the SFSC was traced for 500 cycles of deformation and
recovery at a strain of 50%, and no obvious decreases in
electrochemical property had been detected (Figure 4d).
The SFSC can be also deformed into various complex
architectures by combining the bending and elongating
process, for example, hexagram and helix (Figure 5a).
Besides, the fiber shape provided the SFSC with several
promising advantages, for example, it can be further woven
into electronic textiles. The electrochemical performances of
SESC textiles that were connected in series and parallel were
also investigated. As shown in Figure 5b and 5c, when three
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Experimental Section

Preparation of shape-memory fiber: Thermoplastic
polyurethane (TPU, Huntsman A70e4675) was dis-
solved in dimethyl formamide (DMF) with a concen-
tration of 0.6 gmL ™" at 80°C for 1 h under mechan-
ical stirring. After cooled down to room temperature,
the resulting viscous solution was injected into
a DMF/water coagulation bath (v/v, 6/4) at a speed
of 3.5 mmmin~' through a 20 mL single-hole spin-
neret” The resulting polyurethane fiber was
immersed in the coagulation bath for 10 minutes and then transferred
to distilled water for further coagulation. The shape-memory fiber
was finally prepared after drying at 60°C for 1 h.

Fabrication of shape-memory supercapacitor fiber: Spinnable
CNT arrays were first synthesized by chemical vapor deposition.”!]
Two ends of the polyurethane fiber were then fixed on two motors,
and a CNT array was stabilized on a motorized translation stage.
Continuous aligned CNT sheet (thickness of ca. 18 nm) was drawn
from the CNT array and attached on the fixed shape-memory
polyurethane fiber with angles of 45, 60, and 75°. The two motors and
the translation stage were operated simultaneously. The winding
velocity of aligned CNT sheet was maintained to be equal to the
moving velocity of translation stage, so the helical angle of the aligned
CNT sheet was maintained across the fiber during wrapping. PVA
(1 g) was dissolved in distilled water (9 g) at 90°C for 2 h, followed by
addition of H;PO, aqueous solution (85 wt %, 1 g) and cooling down
to room temperature.”® The PVA gel electrolyte was uniformly
coated onto the fiber, followed by vacuum heating at 80°C for
10 minutes. The above coating process was repeated for three times.
The CNT sheet was wound again onto the electrolyte as the other
electrode, followed by coating another layer of electrolyte to obtain
the SFSC. The specific capacitance (C) for SFSC was calculated from
the equation of C=4xIxt/(M x U), where I, t, M, and U correspond
to the discharge current, discharge time, the mass of one CNT
electrode, and the potential window, respectively.
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Figure 4. SFSC under elongated deformation and
shape recovery. a) Dependence of shape recovery ratio
on shape recovery cycle number. The inserted stress-
strain curves compared the shape-memory effect

(part 1, stretching to the maximum strain at T,,,,;
part 2, cooling down to room temperature when the

maximum strain was maintained; part 3, releasing the
stress; part 4, heating up to T,.,,.). b) Dependence of
capacitance ratio on deformation ratio. c) Galvano-
static charging and discharging curves of the SFSC
before and after elongated deformation with a strain
of 50% and shape recovery. The galvanostatic charg-
ing and discharging tests were performed at a current
density of 0.2 Ag™". d) Dependence of the capacitance
ratio on the deformation cycle number. C, and C
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Figure 5. a) Photographs of an SFSC transformed into different shapes
and sizes. b,c) Galvanostatic charging and discharging curves of
SFSCs arranged in series and parallel, respectively. The galvanostatic
charging and discharging tests were performed at a current density of
0.5 Ag™". d) Photographs of the same smart clothes woven from
SFSCs that were “frozen” into different shapes and sizes.
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correspond to specific capacitances before and after
stretching at both (b) and (d), respectively.
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