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ABSTRACT: With the advantages of high stickiness and
stretchability of the hydrogel electrolyte as well as the resilient
properties of film electrodes, the facile “prestrain-stick-release”
strategy can be utilized for the assembly of a stretchable
supercapacitor. Two major issues of concern are the relatively
low mechanical strength of the hydrogel electrolyte and the
low energy density of the assembled device. Herein, vinyl
group grafted silica (CH,=CH—SiO,) nanoparticles were
used as a nanoparticle cross-linker for polyacrylamide
(PAAM), enhancing the tensile strength of 844 kPa at the
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strain of 3400% for the KCI—CH,=CH—SiO,/PAAM hydrogel electrolyte. Besides, carbon nanotube supported polypyrrole
(CNT@PPy) and manganese dioxide (CNT@MnO,) film electrodes are prepared to assemble the stretchable asymmetric
CNT@MnO,//KCl—CH,=CH—SiO,/PAAM//CNT@PPy supercapacitor, significantly enhancing the potential window to
0—2.0 V and achieving a high energy density of 40 Wh kg™" at the power density of 519 kW kg™" with the strain of 100%, which

is the best known for the reported stretchable supercapacitors.

KEYWORDS: stretchable asymmetric supercapacitor, stretchable hydrogel electrolyte, wrinkled electrodes, polypyrrole,

manganese dioxide

B INTRODUCTION

In the past several years, flexible/bendable energy storage and
conversion devices (ESCDs) are of great research interest with
the rapid development of consumer electronics, such as
wearable electronics, electronic papers, mobile phones, and
other collapsible gadgets.' ™ However, flexibility/bendability is
far from enough when the scope of research has further
expanded to more attractive and technically challenging
applications, such as biointegrated devices, space satellites,
electric vehicles, and even buildings with arbitrarily shaped
surfaces, which often induce strains far exceeding 1%. It
explains why stretchable devices, which can undertake not only
bending but also compressing, stretching, twisting, and others,
have become an emerging research area more recently and may
yield mainstream technologies in the near future.”'> Among
the various forms of ESCDs including batteries'>~"” and solar
cells,"®™>* supercapacitors'"**** show great potential for
practical application with their obvious advantages such as
excellent power performance, cycling life, and safety. Thus, the
stretchable supercapacitor has sprung up in the just few
years.” !

A fully stretchable supercapacitor device is commonly made
up of a stretchable solid electrolyte® (functioning as both the
electrolyte and separator) sandwiched by two electrodes.
Previous reports for stretchable supercapacitors indicate that
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they often rely on a stretchable rubber base such as
polydimethylsiloxane (PDMS)* to provide stretchability or
involve depositing electrochemically active materials on the
stretchable electrolyte preplated with a conductive base of
gold."> However, both require a complicated assembly process.
Recently, we developed a facile “prestrain-stick-release” strategy
to assemble a stretchable supercapacitor, which utilizes a highly
stretchable and sticky Na,SO,-anionic polyurethane acrylates/
polyacrylamide (Na,SO,-aPUA/PAAM) hydrogel electrolyte as
stretchable base, thus greatly simplifying the assembly process
and improving the mechanical performance of the device.”
Besides, the strong stickiness of the hydrogel electrolyte
ensures its close interface contact with the CNT@MnO, film
electrodes. However, there are still several major issues which
need to be better dealt with regarding the assembly of
stretchable supercapcitors so as to enhance the mechanical and
electrochemical performance.

First, in a comparison with traditional supercapacitors with
liquid electrolyte, the electrochemical performance of the
assembled stretchable device needs to be further enhanced. For
example, the highest energy density of the reported stretchable
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supercapacitor is 15.7 Wh kg™' with the use of an ionic-liquid-
based nonvolatile gel (ion-gel) electrolyte.” However, it is still
far behind the 10-200 Wh kg™' of traditional super-
capacitors.”” >° Assembling asymmetric supercapacitors with
different cathodes and anodes is an effective method to broaden
the operating potential window, showing great promise for high
energy density applications.30_33 For example, Liu et al.
reported an asymmetric supercapacitor with MnO,/graphene/
CNT cathode and polypyrrole/graphene/CNT anode with a
broad potential window of 1.6 V, delivering high energy/power
density.*® Thus, it can be anticipated that enhanced electro-
chemical performance can be achieved by assembling a
stretchable asymmetric supercapacitor based on hydrogel
electrolyte. Besides, in this case, it avoids the use of expensive
ion-gel electrolyte,” reducing the cost and facilitating the
assembly as well.

Second, as a significant component of stretchable super-
capacitors, the mechanical strength of the hydrogel electrolyte
needs to be improved while maintaining a high level of
stretchability and electrolyte adsorption ratio. Common
poly(vinyl alcohol) (PVA) hydrogel electrolytes,**™>® which
are applied in flexible storage-energy devices, generally exhibit
poor mechanical performance after adsorbing aqueous electro-
Iyte. With anionic polyurethane acrylates as a multifunctional
cross-linking agent, Na,SO,-anionic polyurethane acrylates/
polyacrylamide (Na,SO,-aPUA/PAAM) hydrogel electrolyte
exhibits improved mechanical strength of 74.5 kPa after
adsorbing 500% aqueous electrolyte.” As another important
method to enhance the mechanical properties of hydrogels,
nanoparticles can be introduced either as a cross-linking agent
or by being entrapped within the hydrogel network.*”~*

Herein, vinyl group grafted-silica (CH,=CH—SiO,) nano-
particles were used as a nanoparticle cross-linker for
polyacrylamide (PAAM), obtaining a nanocomposite hydrogel
electrolyte of KCl—CH,=CH—SiO,/PAAM with a high
strength of 844 kPa at the strain of 3400%. Besides, a high-
performance carbon nanotube supported polypyrrole (CNT@
PPy) film anode is prepared to match with the carbon nanotube
supported manganese dioxide (CNT@MnO,) film cathode.
On the basis of the as-prepared highly conductive, sticky, and
stretchable hydrogel electrolyte as well as the high-performance
electrodes, we follow the “prestrain-stick-release”” assembly
process to get the asymmetric stretchable CNT@MnO,//
KCl—CH,=CH—Si0,/PAAM//CNT@PPy supercapacitor.
As a result, the potential window of the device is significantly
enhanced to 0—2.0 V, and a high energy density of 40 Wh kg™
is achieved at the power density of 519 kW kg™" with the strain
of 100%, which is the best known for the reported stretchable
supercapacitors.

B EXPERIMENTAL SECTION

Synthesis of Vinyl Group Grafted Silica (CH,=CH—SiO,)
Nanoparticles. Vinyl group grafted silica is prepared following the
one-pot procedure“’42 shown in Supporting Information Figure S1.
Tetraethoxysilane (TEOS, bought from Aladdin) and vinyltriethox-
ysilane (VTEOS, Aladdin) are used as precursor and coprecursor,
respectively. Typically, 6 mL of NH;-H,O and 17.5 mL of H,O were
slowly added to 100 mL of C,H;OH at 40 °C to get homogeneous
mixed solution A. Then, 6.4 mL of TEOS in 7.5 mL of C,H;OH
(mixed solution B) was added suddenly to solution A under vigorous
stirring. When the reaction mixture become turbid, VTEOS was added
with different molar ratios of TEOS/VTEOS (95/5, 90/10, and 85/5),
respectively, and then kept stirring for 30 min. Finally, the precipitates
were washed with ethanol and dialyzed against deionized water for S

days so as to obtain CH,—=CH—SiO, nanoparticles. Also, pure SiO,
nanoparticles are prepared through a similar procedure without the
addition of VTEOS.

It should be noted that if without specific description, the CH,=
CH—SiO, nanoparticles are prepared with the molar ratio of TEOS/
VTEOS to be 90/10.

Preparation of KCI—CH,=CH—SiO,/PAAM Hydrogel Elec-
trolyte. CH,—=CH—SiO,/polyacrylamide (PAAM) hydrogel was
prepared with the as-synthesized CH,=CH—SiO, as a cross-linking
agent for PAAM, and the scheme is shown in Supporting Information
Figure S2. First, a certain amount of CH,=CH—SiO, nanoparticles
were ultrasonically dispersed in 12 mL of deionized water for 3 h, and
then 2.0 g of acrylamide (AAM, Sigma-Aldrich) was added under
ultrasonic dispersion for 2 h, during which argon gas was bubbled
continuously so as to remove the air in the reaction system. Also, the
amount of CH,=CH—SiO, was adjusted to 4, 8, 12, 16, and 20 wt %,
respectively. Second, 0.03 g of ammonium persulfate (APS, Aladdin)
was added to the reaction system, and this was kept bubbling with
argon gas to get rid of oxygen for 30 min. After that, the above mixed
solution was injected to the mold of 100 X 100 X 1 mm® and
evacuated to remove bubbles. Finally, the reaction was maintained
under 70 °C for 3 h to form CH,=CH—SiO,/ PAAM hydrogel.

To get KCl—CH,=CH—SiO,/PAAM hydrogel electrolyte, the
as-prepared CH,=CH—SiO,/PAAM hydrogel was immersed in
deionized water for 24 h to remove redundant monomer of AAM or
impurities, and then was dried under 50 °C. Finally, it was immersed
in 1 M KCI for different times so as to obtain KCl—CH,=CH—
SiO,/PAAM hydrogel electrolyte with various swelling ratios.

It should be noted that if without specific description, KCI—CH,=
CH—SiO,/PAAM hydrogel electrolyte used in this paper is prepared
under the optimal condition with 12 wt % CH,=CH—SiO,, and the
swelling ratio is 600%. All the swelling ratios of the electrolyte
mentioned in this paper are in the unit of mass.

Preparation of Carbon Nanotube Supported Polypyrrole
(CNT@PPy) Anode and MnO, (CNT@MnO,) Cathode. Both
CNT@PPy and CNT@MnO, electrodes were prepared by electro-
deposition method. Prior to electrodeposition, a CNT film (Suzhou
Creative Nano-Carbon Co. Ltd.) was ultrasonically treated in ethanol
and deionized water for 10 h so as to get a looser structure of the CNT
film. Then, the as-treated CNT film of 25 X 10 mm?, a platinum sheet
of 20 X 20 mm?, and saturated calomel electrode (SCE) were used as
the working, counter, and reference electrodes, respectively.

For the CNT@PPy anode, the cathodic electrodeposition was
carried out in a mixed solution of 0.02 M KCl, 0.001 M HCI, and 0.05
pyrrole at the constant potential of 0.7 V for 500, 1000, 1500, 2000,
and 2500 s. It should be noticed that, prior to electrodeposition, the
mixed solution was bubbled with argon gas so as to remove the
oxygen. CNT@MnO, anode was prepared similarly in a mixed
solution of 0.2 M KCI and 0.2 M Mn(OOCCH;), at the constant
potential of 0.6 V, and the electrodeposition time was controlled to
400, 800, 1200, 1600 s.

It should be noted that if without specific description, the CNT@
PPy and CNT@MnO, electrodes refer to those obtained at the
electrodeposition time of 2000 and 1200 s, respectively.

Device Assembly of the Stretchable Supercapacitor. The
assembly process of the stretchable supercapacitors followed the
“prestrain-stick-release” strategy as reported in our previous paper,”
and the process is also shown in Supporting Information Figure S3.
The as-prepared KCl—CH,=CH—SiO,/PAAM hydrogel electrolyte
with swelling ratio of 600% was prestretched to the tensile strain of
400%. Then, two CNT@PPy and CNT@MnO, films were adhered to
two sides of the stretched hydrogel electrolyte closely. A sandwich-like
CNT@MnO,//KCl—CH,=CH—Si0,/PAAM//CNT@PPy
stretchable supercapacitor was obtained by releasing the hydrogel
electrolyte to get buckled films on its two sides. To test its
electrochemical performance, two Pt sheets were covered closely on
the film electrodes to function as current collectors.

Characterization. The morphologies of the samples were
observed by field-emission scanning electron microscope (FE-SEM,
Hitachi $-4800). The Fourier transform infrared spectroscopy (FT-IR)

DOI: 10.1021/acsami.5b03148
ACS Appl. Mater. Interfaces 2015, 7, 15303—15313


http://dx.doi.org/10.1021/acsami.5b03148

ACS Applied Materials & Interfaces

W
3. T S~————
© CH2=CH-SiOzlPAAMW
~~
=
@ CH,=CH-Si0,
[O)
i<
= sio,
00115 0KV 10.2mm x50 0k SEM.LAO) " 4000 3500 3000 2500 2000 1500 1000

Wavenumber / cm

Figure 1. (A) FE-SEM images of CH,—=CH—SiO, and (B) FT-IR spectra of SiO,, CH,=CH—Si0O,, CH,=CH—SiO,/PAAM hydrogel and
PAAM hydrogel after drying.
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Figure 2. (A) FE-SEM images of CH,=CH—Si0,/PAAM hydrogel, (B) swelling ratio of KCI—CH,=CH—SiO,/PAAM hydrogel electrolyte
versus various immersion time with different CH,=CH—SiO, weight ratio, (C) stress—strain curves, and (D) ionic conductivity of KCI—CH,=
CH—SiO,/PAAM hydrogel electrolyte with different CH,=—CH—SiO, weight ratio at the swelling ratio of 600%, (E) ionic conductivity, and (F)
stress—strain curves for KCl—CH,=CH—SiO,/PAAM hydrogel electrolyte with 12% CH,=CH—SiO, under different swelling ratios.

spectra were collected using a Nicolet 6700 spectrometer equipped min~". Digital photos were taken by Nikon COOLPIX S6300. The
with a Smart OMNI sampler. Powder X-ray diffraction (XRD) ionic conductivity of the hydrogel electrolyte is obtained by the
patterns were performed in a Rigaku D/Max 2550 VB/PC X-ray equation of ¢ = I/RyA, where I is the thickness (cm) of the hydrogel, A
diffractometer using Cu (Ka) radiation. The mechanical properties of is the contact area (cm?) of the hydrogel electrolyte with the current
the KCI—CH,=CH—SiO,/PAAM hydrogel electrolytes was meas- collectors, and Ry, is the bulk resistance () obtained from the first
ured on a Zwick Roell testing system at a stretching speed of 100 mm intercept on the x-axis of the impedance figures (shown in Supporting
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Information Figure S4). Also, the bulk resistance (@) of R, is
measured by sandwiching the hydrogel with two Pt sheets of 10 X 20
mm? as current collectors on a CHI 660D electrochemical
workstation.

Electrochemical Measurements. Cyclic voltammetry (CV),
galvanostatic charge—discharge, and electrochemical impedance spec-
troscopy (EIS) measurements were performed on a CHI 660D
electrochemical workstation. Also, the cycling stability was measured
on a program testing system (LAND CT2001A).

For the three-electrode mode measurement, the prepared film
electrode was used directly as working electrode with a saturated
calomel electrode (SCE) reference electrode and a Pt counter
electrode. The electrolyte was 1 M KCl aqueous solution. The
specific areal capacitance of the film electrode is calculated by the
three-electrode data following

C, = C/A = IAt/AAV

where I is the discharge current, A is the area of the film electrode, At
is the discharging time, and AV is the voltage change during the
discharging time after IR drop. The two-electrode mode measurement
was carried out to get the electrochemical performance of the fully
stretchable supercapacitor device. Also, the specific areal capacitance of
the full supercapacitor device is calculated on the basis of the two-
electrode mode data following the equation below as well. For the
specific mass capacitance (Cr) of the supercapacitor device, it can be
calculated from charge/discharge curve according to

Cp = IAt/(mAV)

where I is the discharge current, At is the discharge time, and AV is
the voltage change upon discharge (excluding IR drop), and m is the
total mass of electroactive material (the supported MnO, and PPy
components) of two electrodes. The energy density (E) and power
density (P) for a supercapacitor cell can be estimated using the
following the equations of E = '/,CrAV? and P = E/At, respectively.

B RESULTS AND DISCUSSION

PAAM hydrogel is often used in solid electrolyte for
supercapacitors. However, the weak mechanical strength of
non-cross-linking PAAM after adsorbing enough aqueous
electrolyte restricts its application in stretchable super-
capacitors.”> Herein, vinyl group grafted silica (CH,=CH—
Si0,) is introduced as a nanoparticle cross-linker to strengthen
PAAM hydrogel. As shown in Figure 1A, CH,=CH—SiO,
nanoparticles exhibit a homogeneous diameter of about 70 nm,
while nonmodified SiO, nanoparticles (Supporting Information
Figure S5) show more random size distribution with both large
and small ones. The smaller and more homogeneous diameter
of CH,=CH—SiO, nanoparticles is due to the fact that
VTEOS is more prone to anchor onto the cores of primary
silica particles compared with TEOS, forming a vinyl organic
shell on the surface of silica cores and inhibiting the regrowing
of these particles and the Ostwald ripening process.*' From the
corresponding FT-IR spectra (Figure 1B), we can see that both
SiO, and CH,=CH-—SiO, nanoparticles exhibit main
characteristic peaks at about 1100, 950, and 795 cm™), which
are assigned to U(si_o—si) ¥(si—on) and S(si_o—si) respectively.®”
The peak at 3425 cm™' is ascribed to the V(o_p) of silica
nanoparticles and H,O. For CH,=CH—SiO, nanoparticles,
the additional peaks at 1415 cm™ correspond well to
assignment of the bending deformation of CH,=CH groups,
confirming the successful grafting of vinyl group to silica
nanoparticles.*’ For PAAM and CH,=CH—SiO,/PAAM
hydrogel, the bands at 1653 and 1606 cm™ are attributed to
the amide I vibration (Sy_g) and amide II vibration (vc—q) of
PAAM, respectively.** We also studied the effect of the TEOS/
VTEOS molar ratio on the morphology of the CH,—=CH—

SiO, as well as the mechanical performance of the KCI—CH=
CH,—SiO,/PAAM hydrogel electrolytes (Supporting Infor-
mation Figure S6). With the TEOS/VTEOS molar ratio from
95/5,90/10, to 85/15, the elongation at break decreases, while
the tensile strength of the CH=CH,—SiO,/PAAM hydrogel
first increases and then almost remains unchanged. Thus, the
TEOS/VTEOS molar ratio of 90/10 was chosen for further
study due to the optimal mechanical performance of the
corresponding KCl—CH=CH,—SiO,/PAAM hydrogel elec-
trolytes.

From Figure 2A, it is obvious that CH,=CH—SiO,
nanoparticles (with the red circles pointed) are homogeneously
distributed in CH,=CH—SiO,/PAAM hydrogel. From its
synthesis scheme shown in Supporting Information Figure S2,
end-vinyl groups of CH,—=CH—SiO, nanoparticles function as
cross-linking points for PAAM. To confirm the successful
chemical cross-linking of CH,=CH—=Si0,/PAAM hydrogel,
we also immersed it in deionized water at 50 °C for 12 h. It is
found that the CH,=CH—SiO,/PAAM hydrogel shows only
swelling (Supporting Information Figure S7A), while pure
PAAM hydrogel is severely damaged with most of its
component dissolving (Supporting Information Figure S7B).
The above results confirm the chemical cross-linking in the
CH,=CH-SiO,/PAAM hydrogel. Besides, we compared the
mechanical performance of KCl—CH=CH,-SiO,/PAAM
hydrogel with KCI—SiO,/PAAM hydrogel. We can see from
Supporting Information Figure S8 that the tensile strength of
the KCI—CH=CH,—SiO,/PAAM hydrogel increases to 843
kPa compared with 400 kPa of SiO,/PAAM hydrogel. Apart
from physcial cross-linking, the SiO,—CH=CH, nanoparticles
also function as chemical cross-linking points, leading to the
increase of tensile strength. Besides, larger chemical cross-
linking density restricts the movement of the polymer chain,
and the elongation at the break of KCl—CH=CH,-SiO,/
PAAM hydrogel shows a little decrease to 3400% compared
with KCl—SiO,/PAAM hydrogel of 4720%.

Furthermore, it is found that, with the amount of CH,=
CH—SiO, increasing from 4 to 20 wt %, KCl—CH,=CH-
SiO,/PAAM hydrogel electrolyte shows smaller swelling ratio
equilibrium (shown in Figure 2B), which is due to its higher
cross-linking density. Furthermore, in Figure 2C,D, it can be
seen that, with more CH,—=CH—SiO, nanoparticles added,
the elongation at the break of the as-prepared hydrogel
electrolytes gradually decreases from 5300% to 1800%, and the
electronic conductivity slightly decreases from 0.054 to 0.043 S
cm™! while for the tensile strength, it first increases with the
CH,=CH—SiO, nanoparticle content increasing from 4% to
12 wt %, and thereafter, it gradually decreases. On the basis of
the above results, 12 wt % CH,=CH—SiO, content is chosen
with a balance between mechanical and electrical properties.
Herein, with more CH,=CH—SiO, nanoparticles added from
4 to 12 wt %, the cross-linking density of the obtained hydrogel
electrolyte increases, leading to enhanced tensile strength.
However, with a further increase in the amount of CH,=—
CH—SiO, nanoparticles from 12 to 20 wt %, the cross-linking
density approaches saturation and CH,=CH-—SiO, nano-
particles tend to agglomerate which leads to the defect of the
hydrogel electrolyte, leading to a decrease of tensile strength.
Also, the decrease of the elongation at break is mainly
attributed to the larger chemical and physical cross-linking
density restricting the movement of polymer chains.

We also conducted experiments to determine the optimal
swelling ratio for the as-prepared hydrogel electrolyte. Figure
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Figure 3. (A) FE-SEM image of the CNT@PPy film electrode (inserted with the corresponding FE-SEM image of smaller magnification), (B)
Raman spectrum of CNT film and CNT@PPy film, (C) ATR-FTIR spectra of CNT@PPy film, the electrochemical performance of the CNT@PPy
film electrode with various electrodeposition times, (D) CV curves at a scan rate of 5 mV s™', (E) GCD curves at a current density of 1 mA cm™,
and (F) specific capacitance at various current densities from 1 to 40 mA cm™

2E shows that the electronic conductivity of the KCI—CH,=
CH—SiO,/PAAM hydrogel electrolyte significantly improved
from 7.82 X 107 to 0.050 S cm ™" with swelling ratio from 97%
to 576%, and further immersing it in aqueous electrolyte shows
no obvious enhancement for conductivity. While for mechan-
ical performance, it sharply decreases with larger swelling ratio
as shown in Figure 2F. Thus, 600% swelling ratio is viewed as
the most suitable for practical usage for stretchable hydrogel
electrolyte. To investigate the long-term stretchability of the
hydrogel electrolyte, we also conducted cycles of elongation—
relaxation experiments on the KCl—CH,=CH—SiO,/PAAM
hydrogel electrolyte. As shown in Supporting Information
Figure S9, the plastic deformation is only 10.1% after 2000
cycles, and the conductivity changes slowly, indicating its
excellent stability in the plastic deformation and conductivity.
Also, the slow decrease of the performance is mainly due to the
evaporation of water of the hydrogel electrolyte with the self-
constructed device.

From the above discussion, we can find that introduction of
CH,=CH—SiO, significantly improves the mechanical
performance of PAAM. Even in a comparison with highly
stretchable Na,SO,-aPUA/PAAM’ (tensile strength of 74.5
kPa, elongation at break of 970%), the KCl—CH,=CH—
SiO,/PAAM hydrogel electrolyte shows more excellent
mechanical strength with a high tensile strength of 843 kPa
and an elongation at break of 3400%, confirming that CH,=
CH—SiO, nanoparticles are more effective cross-linking agents
to improve the mechanical performance. Both physical cross-
linking with hydrogel bonding and chemical cross-linking
between CH,=CH—SiO, nanoparticles and PAAM con-
tributed to this significant strength enhancement.*”*>*¢ To
function as the hydrogel electrolyte, the strong stickiness of the
KCl—CH,=CH—SiO,/PAAM hydrogel -electrolyte should
also be ensured so as to have close interface contact with film
electrodes. As shown in Supporting Information Figure S10,

15307

after the hydrogel electrolyte was stretched to 200%, the film
electrode is still strongly adhered to it without separation.
Besides, after the hydrogel was stretched to break, the breaking
points lie in the hydrogel rather than at the interface with the
films, confirming the strong stickiness of KCl—CH,=CH—
SiO,/PAAM hydrogel electrolyte to the films. And the origin of
the strong stickiness has been explained with details in our
previous paper.7

In order to enhance the energy density of the stretchable
supercapacitor, we aimed to assemble an asymmetric device
with broadening potential window. PPy exhibits good electro-
chemical performance in the negative potential range, making it
a good candidate for the anodes of supercapacitors. Herein, PPy
is electrodeposited onto CNT film to obtain the CNT@PPy
anode. Supporting Information Figure S11 shows the pure
CNT film with a smooth surface, while the CNT@PPy film
(Figure 3A) exhibits a rough surface with PPy particles on the
CNT. The inserted image also shows the network structure of
the as-prepared film, which is beneficial for electrolyte
penetration to the surface of electrode. Besides, Raman and
ATR-FTIR spectra were utilized to study the structure of the
CNT@PPy film. In Raman spectrum (Figure 3B), CNT
displays two prominent bands at 1585 and 1355 cm™,
corresponding to the G and D bands, respectively. For the
CNT@PPy film, the peaks at 1570 and 1330 cm™" arise from
the 7 conjugated structure and ring stretching mode of the PPy
backbone, respectively. The broad peak near 1046, 927, and
977 cm™" corresponds to the C—H in-plane deformation, and
the quinoid polaronic and bipolaronic structure of the
deposited PPy, respectively.”” The weakening of the CNT-
related peaks can be ascribed to the fact that PPy is deposited
on the surface of CNT. The ATR-FTIR spectrum (Figure 3C)
of the CNT@PPy film exhibits characteristic peaks at 1552,
1478, 1305, 1040, 907 cm™', which are assigned to C=C
stretching, C—N stretching, C—N in-plane deformation, and
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the electrochemical performance of the CNT@MnO, film electrode with various electrodeposition times, (D) CV curves at a scan rate of S mV s},
(E) GCD curves at a current density of 1 mA cm™ and (F) specific capacitance at various current densities from 1 to 40 mA cm ™2
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C—H in-plane and out-of-plane deformation vibration in the
pyrrole ring,*** respectively. The above results indicate that
the PPy species are successfully deposited onto the surface of
CNTs.

The electrochemical performance of the as-synthesized
CNT@PPy films as the electrodes are investigated by cycle
voltammetry (CV) and galvanostatic charge—discharge (GCD)
tests. It is found that, with increasing electropolymerization
time from S00 to 2000 s, the CV curves (Figure 3D,E) show
larger integral area, and the GCD curves shows longer
discharge time in the negative potential window of 0 to
—0.95 V, which indicates the enhancement of the specific
capacitance with more deposited PPy. When further improving
the electropolymerization time to 2500 s, the CV and GCD
curves almost coincide with the ones for 2000 s, showing no
further increase of specific capacitance. This phenomenon may
be due to the deposited PPy tending to aggregate with longer
deposition time, decreasing the utilization rate of the
electrochemical active component. On the basis of the GCD
tests, the corresponding calculated specific capacitance is
provided in Figure 3F. At the electrodeposition time of 2000
s, the CNT@PPy film shows a large specific areal capacitance of
637 mF cm™ at the current density of 1 mA cm™' and good
rate performance with capacitance retention rate of 75% up to
40 mA cm™'. Thus, the electrodeposition time of 2000 s is
chosen as optimal for the CNT@PPy film.

To match the CNT@PPy anode, the CNT@MnO, film as
cathode is prepared with the similar electrodeposition process.
From Figure 4A,B, it is quite obvious that loosely packed MnO,
nanoflakes are grown on the surface of the CNT, significantly
increasing the diameter to about S00 nm compared with the
pure CNT of 10—50 nm. The XRD pattern (Figure 4C) of the
CNT@MnO, film exhibits two additional peaks corresponding
to (021) and (061) crystal planes of y-MnO, apart from the
broad amorphous holo of CNT at 15—40°.

From the CV curves (Figure 4D), the CNT@MnO, film
shows weak redox peaks in the positive potential window of 0—
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1.05 V, which is related to the valent state change during
charging and discharging. Also, the corresponding GCD
(Figure 4E) curves also exhibit a slight charging—discharging
plateau. Furthermore, for the assembly of the asymmetric
supercapacitor, it should follow the charge balance relationship
of q* = q— between cathodes and anodes. The charge can be
expressed according to q = C; X AV X A, where C is the
specific areal capacitance, AV is the potential window, and A is
the area of the electrode. Since the CNT@PPy anode and the
CNT@MnO, cathode exhibit the same film area, we should
make sure that they satisfy the equation “C,* X AV'= C; X
AV™”. Thus, the specific areal capacitance of the CNT@MnO,
cathode should be around 576 mF cm™ at the current density
of 1 mA em™ (C;*= C;” X AV"/AV"). From Figure 4F, we can
see that the electrodeposition time of 1200 s is suitable for the
CNT@MnO, cathode with appropriate specific capacitance of
580 mF cm™ at 1 mA cm™>

On the basis of the as-prepared KCl—CH,=CH—SiO,/
PAAM hydrogel electrolyte with excellent mechanical perform-
ance and the CNT@PPy anode and the CNT@MnO, cathode
with matching potential window, we followed the “prestrain-
stick-release” strategy” to assemble the stretchable asymmetric
supercapacitor. As shown in Supporting Information Figure S3,
the assembled CNT@MnO,//KCl—CH,=CH—SiO,/
PAAM//CNT@PPy stretchable supercapacitor exhibits a
sanwiched structure with two buckled film electrodes closely
adhered to the sticky hydrogel electrolyte (Figure SA). Besides,
taking advantage of the excellent stretchability of the hydrogel
electrolyte and the resilient property of the CNT-based film
electrodes, the as-assembled stretchable asymmetric super-
capacitor can be easily stretched to 100% strain (Figure SB) or
twisted to a large angle of 90° (Figure SC).

To investigate the electrochemical performance of the
CNT@MnO,//KCl—CH,=CH—SiO,/PAAM//CNT@PPy
stretchable asymmetric supercapacitor, the measurements for
CV and GCD curves were conducted within different potential
windows with the strain of 100%. With increasing potential
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Figure S. Digital photos showing different states of the CNT@MnO,//KCl—CH,=CH—SiO,/PAAM//CNT@PPy stretchable asymmetric
supercapacitor: (A) initial state, (B) stretchable state at the 100% strain, and (C) twisted state at 90°. Electrochemical performance of the CNT@
MnO,//KCl—CH,=CH—SiO,/PAAM//CNT@PPy stretchable asymmetric supercapacitor at the strain of 100%: (D) CV at a scan rate of §
mVs™' and (E) GCD curves at a current density of 1 mA cm™ within different potential windows, and (F) GCD curves at 1 mA cm™ and (G)
Nyquist plots in frequency ranging from 100 kHz to 0.1 Hz at 0 and 100% strains.

limit from 0.8 to 2.0 V, CV curves (Figure SD) exhibit more
obvious redox peaks and larger integral area, indicating more
pseudocapacitance. However, when the potential limit was
further improved to 2.2 V, the CV curves become distorted at
the high potential arising from decomposition of water. The
GCD curves (Figure SE) exhibit a symmetric charging and
discharging plot up to the potential of 2.0 V indicating the good
reversible properties of the electrochemical process. Besides, it
exhibits a negligible IR drop of 0.029 V (the enlarged figure
provided in Supporting Information Figure S12), while GCD
curves tend to flatten approaching 2.2 V, which is ascribed to
the irreversible electrochemical reaction and is in accordance
with the CV curves. Thus, 0—2.0 V is chosen as the safe
potential window for the assembled stretchable asymmetric
supercapacitor.

To study the influence of stretching, we compared the
electrochemical performance of the as-fabricated supercapacitor
at 0 and 100% strains. As shown in Figure S F, the GCD curves
at 0 and 100% strains are quite close to each other with almost
the same charging—discharging time. For the Nyquist plots
(Figure SG), the supercapacitors at 0 and 100% strains exhibit
small semicircle diameter followed by nearly vertical lines,
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indicating low charge transfer resistance due to the strong
stickiness of the hydrogel electrolyte to the film electrodes as
well as the relative ideal capacitive behavior. Besides, it is
interesting to find that the supercapacitor at 100% strain
exhibits a slightly smaller contact resistance of 0.8 Q (the
intercept at the real axis), and a lower charge transfer resistance
of 1.9 Q (the semicircle diameter) as well as a more vertical line
in the low frequencies. This phenomenon is in analogy with our
previous reports for stretchable supercapacitors,” and it may be
due to the film electrodes being more closely attached to the
hydrogel electrolyte under strains.

We also measured the electrochemical performance of the
CNT@MnO,//CNT@PPy stretchable supercapacitors after
various stretching—relaxation cycles. As can be seen from
Supporting Information Figure S13A, with more stretching—
relaxation cycles, the Nyquist plots exhibit a semicircle with
slowly increasing diameter, showing an increasing charge
transfer resistance of the stretchable supercapacitor. This
phenomenon is mainly due to the fact that the film electrodes
are more loosely attached to the hydrogel electrolyte. Even so,
we can still see from the Nyquist plot that, after 500
stretching—relaxation cycles, the CNT@MnO,//CNT@PPy
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Figure 6. GCD curves within different potential windows at the 100% strain for the (A) CNT@MnO,//CNT@MnO, and (B) CNT@PPy//
CNT@PPy stretchable supercapacitors. (C) Ragone plots at the 100% strain for the CNT@MnO,//CNT@MnO,, CNT@PPy//CNT@PPy, and
CNT@MnO,//CNT@PPy stretchable supercapacitors, and (D) cycling stability at a current density of 4 mA cm™ for the CNT@MnO,//CNT@

PPy stretchable asymmetric supercapacitor at the 100% strain.

stretchable supercapacitor exhibits a small contact resistance of
0.7 Q (the intercept at the real axis), and a low charge transfer
resistance of 3.2 Q (the semicircle diameter) as well as a vertical
line in the low frequencies, confirming the good supercapacitive
retention behavior. Besides, it still retains a specific capacitance
of 270 F ¢! after S00 stretching—relaxation cycles (calculated
from Supporting Information Figure S13B), which is 96% of
the initial state, confirming the excellent stretching—relaxation
cycling stability. This is mainly due to good stretching—
relaxation stability of the KCI—CH,=CH—SiO,/PAAM
hydrogel electrolyte as well as its strong stickiness to the film
electrodes.

To confirm the advantages of the asymmetric assembly of the
CNT@MnO,//KCl—CH,=CH—SiO,/PAAM//CNT@PPy
stretchable supercapacitor, we compared its electrochemical
performance with its corresponding symmetric devices of
CNT@MnO,//KCl—CH,=CH-SiO,/PAAM//CNT@
MnO, and CNT@PPy//KCl—CH,=CH—SiO,/PAAM//
CNT@PPy. In short, we neglected “KCl—CH,=CH—
SiO,/PAAM” in their titles for these three stretchable
supercapacitors in the next discussion for Figure 6 and
Supporting Information Figure S14. First, to determine the
appropriate potential windows for CNT@MnO,//CNT@
MnO, and CNT@PPy//CNT@PPy stretchable supercapaci-
tors with the strain of 100%, GCD curves within different
potential windows are shown in Figure 6A,B. It can be seen
clearly that their charging curves tend to flatten approaching
the potential limit of 1.2 and 1.8 V, respectively, indicating the
irreversible electrochemical reaction at these potentials. Thus,
0—1.0 and 0—1.6 V are chosen for CNT@MnO,//CNT@
MnO, and CNT@PPy//CNT@PPy stretchable supercapaci-
tors, respectively.

Besides, GCD curves for the assembled stretchable super-
capacitors of CNT@MnO,//CNT@MnO, in 0-1.0 V,
CNT@PPy//CNT@PPy in 0—1.6 V, and CNT@MnO,//
CNT@PPy in 0—2.0 V at different current densities from 2 to
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40 mA cm™* with the strain of 100% are provided in Supporting
Information Figure S14A—C. Also, the specific capacitances
(Supporting Information Figure S14D) for the three stretchable
supercapacitors are calculated on the basis of the GCD curves.
The CNT@MnO,//CNT@PPy stretchable supercapacitor
exhibits a specific capacitance of 281.3 mF cm™ at 2 mA
cm™ and a high capacitance retention rate of 67.3% up to 40
mA cm > Furthermore, the energy and power density
performance is the major evaluation criteria for the practical
application of energy storage devices. On the basis of the fact
that the specific areal masses of electroactive component for the
CNT@MnO, cathode and CNT@PPy anode are 2.4 and 1.4
mg cm™?, respectively, the Ragone plots (energy density vs
power density) are given in Figure 6C. It is quite obvious that
the CNT@MnO,//CNT@PPy stretchable asymmetric super-
capacitor exhibits much higher energy density than the
corresponding two symmetric devices, achieving 40.0 Wh
kg™' at 519 kW kg™ and still retaining 15.8 Wh kg™ at 8000
kW kg™, while for CNT@MnO,//CNT@MnO, and CNT@
PPy//CNT@PPy, they display 21.5 Wh kg™" at 558 kW kg™
and 6.8 Wh kg™" at 204 kW kg™, respectively. Thus, it can be
concluded that the asymmetric assembly based on the perfect
matching of CNT@MnO, and CNT@PPy can significantly
enhance the energy density of the device. This improvement is
mainly due to the broadening of the potential window to 2.0 V
and the full utilization of the capacitance of both the cathodes
and anodes.

In addition, we compared the electrochemical performance
of the CNT@MnO,//CNT@PPy stretchable asymmetric
supercapacitor with previously reported stretchable super-
capacitors. The highest energy density having been reported
for stretchable supercapacitor is 15.7 Wh kg™" with the use of
an ionic-liquid-based nonvolatile gel (ion-gel) electrolyte with a
broad potential window of 0—3.0 V.” The symmetric
pseudocapacitors with polyaniline-based electrodes and
H,SO,/PVA hydrogel electrolyte display 9 and 11 Wh
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kg™>"** Other reported stretchable ones exhibit much smaller
energy densities mainly in the range 0.9—4.5 Wh kg™1.7?%3
Thus, it is quite obvious that the as-assembled CNT@MnO,//
CNT@PPy stretchable asymmetric supercapacitor displays the
most excellent energy performance ever reported.

As for practical application, specific volumetric capacitance
and energy density are also of great significance. The assembled
stretchable supercapacitor is about 1.5 mm. On the basis of the
above data, we also calculated the specific volumetric
capacitance and energy density of the CNT@MnO,//CNT@
PPy stretchable supercapacitor as shown in Supporting
Information Figure S15. It exhibits a specific volumetric
capacitance of 2.2 F cm™ at 2 mA cm™2 Besides, it obtains a
high energy density of 0.31 mWh cm™ at the power density of
4.0 mWh cm™. The obtained electrochemical performance of
the CNT@MnO,//CNT@PPy stretchable supercapacitor is
relatively excellent compared with those of previously reported
stretchable ones. For example, the PANI-based stretchable
device exhibits specific volumetric capacitance of about 1.4 F
cm ™ and an energy density of 0.15 mWh cm™ at 2 mA cm 2>
and the MnO,/carbon particles-based one shows an energy
density of 0.09 mWh cm™.%*

Finally, we measured the capacitance retention rate of the
CNT@MnO,//CNT@PPy supercapacitor within 5000 cycles
as cycling stability is the key property for the practical
application of supercapacitors. As can been seen from Figure
6D, it shows an initial capacitance decrease of 9% in the first
1000 charging—discharging cycles. After that, the capacitance
tends to stabilize, and the whole supercapacitor retains 85% of
its capacitance after 5000 cycles, confirming its excellent cycling

stability.
B CONCLUSION

In summary, we have prepared a nanocomposite hydrogel
electrolyte of KCl—CH,=CH—SiO,/PAAM with the end-
vinyl group grafted-silica (CH,=CH—Si0,) nanoparticles as a
nanoparticle cross-linker for the polymerization of acrylamide,
significantly enhancing the tensile strength of PAAM to 844
kPa at the strain of 3400%, which is the most excellent reported
for hydrogel electrolytes. Besides, taking advantage of the
excellent stickiness and stretchability of the prepared hydrogel
electrolytes, we matched the CNT@MnO, film cathode with
the CNT@PPy film anode which shares compatible potential
windows, and followed the “prestrain-stick-release” strategy” to
assemble the CNT@MnO,//KCl—CH,=CH—SiO,/
PAAM//CNT@PPy stretchable asymmetric supercapacitor.
As a result, the asymmetric device displays remarkably
enhanced energy density of 40.0 Wh kg™' within the broad
potential window of 2.0 V at 100% strain, which is several
factors or even orders higher than previous reported stretchable
supercapacitors. The whole supercapacitor cell also exhibits
good cycling stability of 85% capacitance retention rate after
5000 charging—discharging cycles. Thus, it can be anticipated
that the excellent mechanical and electrochemical performance
of the as-assembled stretchable asymmetric supercapacitor may
provide a hint for the practical application of highly stretchable
devices.
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Synthesis procedure for the vinyl grafted silica nanoparticles.
Synthesis scheme for the CH,=CH—SiO,/polyacrylamide
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release” process for the assembly of the CNT@MnO,//KCl—
CH,=CH—SiO,/PAAM//CNT@PPy stretchable supercapa-
citor. Nyquist plots of KCl—CH,=CH—SiO,/PAAM hydro-
gel electrolyte with different CH,—=CH—SiO, weight ratio at
the swelling ratio of 600% and with different swelling ratio.
Digital photos of CH,=CH—SiO,/PAAM and PAAM
hydrogel after immersion in deionized water at 50 °C for 12
h. FE-SEM image of nonmodified SiO, nanoparticles. FE-SEM
image of pure carbon nanotube (CNT) film. Electrochemical
performance of the assembled CNT@MnO,//CNT@MnO,,
CNT@PPy//CNT@PPy, and CNT@MnO,//CNT@PPy
stretchable supercapacitors at different current densities from
2 to 40 mA cm ™2 The Supporting Information is available free
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