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Quasi-solid-state highly stretchable circular
knitted MnO,@CNT supercapacitory
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and Seon Jeong Kim @*

Flexible and stretchable fiber supercapacitors have been progressively improved for wearable electronic
devices. However, they should be further improved with respect to stretchable range and stable
electrochemical performance during dynamic movement when considering the tensile range for
wearable applications. Here, we report a quasi-solid-state circular knitted MnO,@CNT supercapacitor
with high tensile range. To fabricate this, CNT fibers were knitted into a circular shape using a knitting
machine then subsequently electrochemically deposited by a pseudocapacitive material, MnO..
Consequently, the knitted MnO,@CNT fiber supercapacitors were structurally 100% stretchable, and
their energy storage performance remained stable during knitted capacitor stretching of up to 100%.
Maximum linear capacitance and area capacitance are considerably large (321.08 mF cm™, 511.28 mF
cm™2). In addition, the supercapacitor showed negligible loss of capacitance after 10 000 repeated
charge/discharge cycles and dynamic stretching cycle testing. Furthermore, we also provided double-
walled knitted MnO,@CNT supercapacitors by symmetrically inserting one knitted supercapacitor into
another. The double-walled supercapacitor also exhibited a stable stretchability of up to 100% without
loss of capacitance. Therefore, this highly stretchable fiber-type supercapacitor could be utilized for

energy storage in wearable devices.

Introduction

Construction of next-generation wearable technologies from
textiles incorporating fiber-type sensors, energy harvesters, and
supercapacitors has been attempted.*™ Flexible and stretchable
supercapacitors have attracted great attention for application
due to their enhanced movement in wearable devices. Hence,
a number of supercapacitors have been proposed to increase
movement and improve energy performance.>® However, there
are still limitations to supercapacitors with high performance
over a wide tensile range.>?

In wearable supercapacitors, increasing the flexibility and
stretchability are the most important elements.***” Therefore,
many attempts have been conducted to improve the flexibility
and stretchability in fiber-type supercapacitors. Initially, several
studies showed flexible and stretchable supercapacitors
produced by combining elastic polymers in the conductive
electrodes.®* These elastomer-based supercapacitors exhibit
high tensile range, but electrical performances are significantly
lower than those of other supercapacitors. As an alternative
attempt, stable and improved flexibility and stretchability have

Center for Self-powered Actuation, Department of Biomedical Engineering, Hanyang
University, Seoul 04736, Korea. E-mail: sjk@hanyang.ac.kr
(ESI) available. See DOI:

T Electronic  supplementary  information

10.1039/d0ra01398f

This journal is © The Royal Society of Chemistry 2020

been achieved by coiling the fiber-shaped supercapacitors,
providing structural stretchability.>* However, the structural
stretchability is limited by tensile range. In fact, coiled super-
capacitors are limited to a maximum of 50% of the tensile
range."”*® Because the tensile range for wearable application
requires a maximum of 100%, the tensile range of fiber-shaped
supercapacitors should be improved.*>™®

In the present study, a new supercapacitor structure with
high tensile range and stable capacitance retention has been
attempted. The knitted structures are built by interloping of
yarns with anisotropic shape. Since the yarn loops can easily
move across each other, the knitted structure is elastic and
easy to shape. Hence, the knitted structure makes stretch-
ability with high tensile range possible. In addition, the
knitted structure would exhibit no change in capacitance
during the tensile changes induced by structural movement.
Therefore, this knitted structure offers great advantages in
achieving high flexibility and stretchability of the
supercapacitor.

Here, we report a stretchable double-walled supercapacitor
with circular knitted structure. The electrodes with circular
knitted structure were fabricated by a knitting machine with
carbon nanotube fibers that have high conductivity in order to
exhibit excellent capacitance and sufficient mechanical
strength to withstand the torsional stress during the knitting
process.'®™ To improve intrinsic capacitance, the knitted CNT
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electrodes were electrochemically deposited by using a transi-
tion metal oxide, MnO,, as a pseudocapacitive material.’” The
application of MnO, in supercapacitors is highly attractive due
to high capacitance, environmental compatibility, natural
abundance, and low cost.” Two cylindrical MnO,@CNT elec-
trodes were symmetrically overlapped in the form of a single
body, similar to the double-wall structure, and then a PVA/LiCl
gel electrolyte was coated between the electrodes.”®**' Conse-
quently, the double-walled MnO,@CNT supercapacitor was
able to stretch to 100% structurally, and its maximum linear
and areal capacitance values are 321.08 mF cm ™ * and 511.28 mF
cm 2. Areal energy density and power density are, respectively,
45.44 yW h em™? and 648 pW cm ™2, higher values than those of
other stretchable supercapacitors. Moreover, the supercapacitor
showed negligible capacitance loss after 500 repeated stretching
cycles.

Results and discussion

Fabrication of a knitted double-wall MnO,@CNT
supercapacitor

A knitted double-wall MnO,@CNT supercapacitor is illustrated
in Fig. 1a. As an electrode, CNT yarns were knitted into circular
shape by using a knitting machine. Thereafter, the knitted CNT
electrodes were electrochemically deposited by using a transition
metal oxide, MnO,, as a pseudocapacitive material. The knitted
MnO,@CNT supercapacitor is cylindrical, and this structure
enables combination of two electrodes. Therefore, the electrodes
were symmetrically combined and then coated using PVA/LiCl
gel electrolyte. Finally, silicone was coated on the gel electrolyte
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to prevent the gel electrolyte from escaping. Electrochemical
deposition was performed during 20 minutes in the condition of
0.03 M manganese(n) acetate tetrahydrate and 0.1 M lithium
chloride solution using the potentiometric method. The loading
level of guest MnO, was controlled by deposition time. Longer
deposition time resulted in higher capacitance values due to
higher loadings, but it showed a reduced capacitance retention
(Fig. S51). The MnO, loading level of MnO,-coated knitted CNT
fiber is 84.6 wt% through electro-deposition. Fig. 1b shows the
stretching of the knitted structure. The knitted structure makes it
possible to structurally increase and decrease the length. This
stretching motion is altered by a change in the shape of the inner
ring; thus, no physical change of the fiber occurs with the change
in length. Thus, the knit structure is structurally movable, and so
there is no need to combine other elastomers with the electrodes.
Fig. 1c is a scanning electron microscope (SEM) image showing
deposited MnO,, on yarn loops of knitted CNT yarns. The figure
shows that manganese is deposited evenly across the rings. In
Fig. S4,7 the cross-section SEM image of MnO,@CNT fiber shows
the deposition in the form of a core-shell. Furthermore, the
MnO, was characterized by Energy Dispersive X-ray Spectroscopy
and EDS mapping (Fig. 1d and S17t). The EDS analysis in Fig. S1f
shows that the atomic ratios of C, O, and Mn are 38.63%, 42.54%,
and 14.93%, respectively, indicating that manganese is deposited
on the CNT fibers. Elemental mapping analysis for C, O, and Mn
atoms was performed on the Fig. 1d image to detect the locations
of specific atoms within the knitted MnO,@CNT fiber. Fig. 1d
shows that the green, yellow, and red dots represent C, O, and Mn
atoms, respectively, and that the atoms of Mn and O are evenly
distributed on the CNT fiber.

Knitting &

Double-wall electrode

Fig. 1 Fabrication scheme and images of a knitted MnO,@CNT fiber supercapacitor. (a) Schematic illustration of a double-wall structure of
knitted MNO,@CNT fiber supercapacitor. (b) Optical image of non-stretched (¢ = 0) and stretching (¢ = 100%) state knitted structure (scale bar: 1
mm). (c) SEM image of a knitted MnO,@CNT fiber (scale bar, 500 pm & 50 pm). (d) EDX mapping images of knitted MnO,@CNT fiber super-

capacitor (scale bar: 20 pm).
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Electrochemical performance of a knitted MnO,@CNT
supercapacitor

The electrochemical performance of a knitted double-wall
MnO,@CNT electrode is shown in Fig. 2. Measurement of
cyclic voltammetry (CV) showed the rectangular dependence of
current density on applied potential, which was retained for
scan rates up to 100 Vs~ ', and CV graphs at different scan rates
are shown in Fig. 1a. The rectangular CV curves without any
faradaic redox peaks are consistent with the energy storage
process using a combination of the electrochemical double-
layer capacitance (EDLC) of the CNTs and the pseudo-
capacitance of MnO,. Galvanic charge/discharge curves for the
capacitors exhibited triangular charge/discharge patterns that
are consistent with energy storage by electrochemical double-layer
charging capacitance of the CNT and the pseudo-capacitance of
MnO, (Fig. 2b). Fig. 2c shows areal and linear capacitance as
a function of scan rate from 10 mV s~ ' to 100 mV s * for the
knitted MnO,@CNT supercapacitor. The highest values of the
area and linear-normalized specific capacitances from the CV
graph are 511.28 mF cm ™2 and 321.08 mF cm ', respectively, at
avoltage scan rate of 10 mV s~ *. The normalized value for the area
is a value with significant loss, as a characteristic of the knit
structure. This is because the knit structure contains many holes
on the surface, and the normalized value for the area also
includes the area of these holes. Likewise, normalization for
volume is not accurate because the interior is empty. The knitted
MnO,@CNT supercapacitor exhibited negligible loss in capacity
after 10 000 repeated charge/discharge cycles, indicating the
stability of capacitance retention for 10 000 cycles (Fig. 2d).*>**
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Electrochemical impedance spectroscopy measurement is shown
in Fig. 2e. A vertical line of the Nyquist curve indicates an excellent
capacitive characteristic of the knitted MnO,@CNT super-
capacitor. The initial equivalent series resistance (ESR) of the
Nyquist curve was 54 Q em ™", which is lower than that of the CNT
yarn with the same weight. Resistance increases as the fiber
lengthens, but resistance decreases due to contact within the fiber
when the same weight of fiber forms a knit structure. The inset
shows the equivalent circuit. The real axial section at high
frequencies corresponds to electrolyte resistance (R;) and is also
called equivalent series resistance (ESR). Cyq; is a constant phase
element (CPE) that exhibits double layer capacitance occurring at
the interface between a solid and an ionic solution due to sepa-
ration of ionic or electron charges. W is the Warburg factor rep-
resenting the diffusion of ions from the intermediate frequency
domain to the porous electrode. As shown in Fig. 2f, negligible
changes were observed in the resistance curves of the knitted
MnO,@CNT supercapacitor when strains of 20, 40, 60, 80, and
100% were applied. Taken together, these results indicate that the
energy storage performance remains stable during knitted
capacitor stretching up to 100%.

Stretchability of a one-body double-wall knitted MnO,@CNT
fiber supercapacitor

Furthermore, we attempted to symmetrically combine two
knitted MnO,@CNT supercapacitors, inserting one knitted
supercapacitor into another. Since the cylindrical knit structure
is hollow inside, it is possible to combine two electrodes into one.
The PVA/LICl gel electrolyte is then coated onto the fabricated
one-body electrode. The coated gel electrolyte was also able to
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Fig. 2 Electrochemical performance of a knitted MnO,@CNT fiber supercapacitor (a) CV curves measured from 10 to 100 mV s~* for knitted
MnO,@CNT fiber. (b) Galvanostatic charge/discharge curves measured from 0.16 mA cm™ to 0.96 mA cm™2 current densities. (c) Linear
capacitance and areal specific capacitance of knitted MNO,@CNT fiber. (d) Capacitance retention of supercapacitor during 10 000 charge/
discharge cycles. (e) Nyquist curve for the frequency range from 0.01 to 1 kHz. Inset: equivalent circuit. (f) Resistance of knitted MNO,@CNT fiber

supercapacitor in various stretching ranges (0-100%).
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Fig. 3 Stretchability of a double-wall knitted MnO,@CNT fiber supercapacitor (a) CV curves (at 10 mV s~) measured for the initial (¢ = 0%) and
statically stretched states (e = 30, 50, 70, 100%) of the stretchable supercapacitors made from knitted MnO,/CNT fiber coated with PVA/LICl gel
electrolyte. (b) Galvanostatic charge/discharge (GCD) curves measured for symmetric one-body knitted MnO,/CNT fiber supercapacitor from
0.27 mA cm~2 to 0.59 mA cm™2 current densities. (c) Dynamically measured CV curves (at 10 mV s* scan rate) during 100% strain stretching/
releasing cycles. Non-stretched (¢ = 0) a double-wall knitted supercapacitor CV curves are denoted for comparison (black line), while

dynamically measured CV curves with stretching (¢ = 100%) state (red

line). (d) Capacitance retention measured for the initial (¢ = 0%) and

statically stretched states (¢ = 100%) of a double-wall knitted CNT/MnO, supercapacitor during repeat straining cycles. (e) CV curves (at 50 mV
s~ for non-deformed, bent, twisted one-body knitted MnO,/CNT fiber supercapacitor. (f) Nyquist curves measured for initial (¢ = 0%) and
statically stretched states (¢ = 100%) of a double-wall knitted CNT/MnO, supercapacitor.

prevent shorting between two knitted supercapacitors. Fig. 3
shows the electrochemical performance and the stretchability of
a one-body double-wall knitted MnO,@CNT fiber supercapacitor.
Fig. 3a shows the CV graph for the stretching length of a one-body
double-wall knitted supercapacitor. Despite the overlap of the
two knitted supercapacitors, it exhibits stable stretchability up to
100% without change of capacitance. Fig. 3b shows a galvano-
static charge/discharge curves of the performance in a PVA gel
electrolyte with a symmetrical knit structure. Fig. 3c shows
dynamically measured CV curves (at 10 mV s~ ' scan rate) during
100% strain stretching/releasing cycles. It exhibits 98% capaci-
tance retention during dynamic stretching. It is demonstrated
that dynamically applied cyclic strains during capacitor charge
and discharge do not degrade supercapacitor performance.
Fig. 3d shows the stability of the supercapacitor during repeated
stretching cycles. The figure exhibits a negligible change in
capacitance over 500 cycles. To evaluate flexibility, the double-
wall knitted supercapacitor was bent to a maximum 160° and
twisted at approximately 2.27 rad cm ™" (Fig. 3e). The double-wall
knitted supercapacitor was completely unaffected by dynamic
application of twisting and bending. As shown in the Nyquist
curves of Fig. 3f, negligible changes in the initial equivalent series
resistance of the knitted MnO,@CNT supercapacitor were
observed compared to when 0 and 100% strains were applied.
Overall, the double-wall knitted MnO,@CNT supercapacitor
exhibited a remarkably stable electrochemical performance

14010 | RSC Adv, 2020, 10, 14007-14012

during dynamic cycles of 100% stretching. It is likely that its
stability is attributed to structural movement without change in
total length of the knitted structure when stretched.

Conclusion

In summary, the present study presented a double-wall knitted
MnO,@CNT supercapacitor that exhibits high electrochemical
stability and excellent structural stretchability without the need
for elastic polymers. In addition to high stretchability of up to
100%, a knitted MnO,@CNT supercapacitor showed high areal
capacitance (511.28 mF cm™?) and linear capacitance (321.08
mF cm ). This performance is superior to those of other
stretchable supercapacitors with elastomers. The super-
capacitor is easy to fabricate and scale up for applications in
electronic textiles because current supercapacitors can be
simply knitted by knitting machines. Furthermore, quasi-solid-
state MnO,@CNT supercapacitors can be sewn as a single
thread into textiles to power small electronic devices.

Experimental section
Preparation of knitted MnO,@CNT fiber electrode

Commercial CNT fiber (C-type, 55 mm diameter and 40° twist)
from Muratec (JP) was used as a current collector. The knitted
CNT fiber was fabricated by a knitting machine (ST2B/HS-R)

This journal is © The Royal Society of Chemistry 2020
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from LAMB Knitting Machine Corporation (USA). After knitting
the commercial CNT fiber, the knitted CNT fiber was 2 mm in
diameter. The electrochemical deposition was performed using
0.03 M manganese(i) acetate tetrahydrate and 0.1 M lithium
chloride solution. All materials were purchased from Sigma-
Aldrich (USA). Electrochemical deposition of MnO, onto the
knitted CNT fiber electrode was performed using a potentio-
static method. Approximately 1.3 V (vs. Ag/AgCl as a reference
electrode and Pt mesh as a counter electrode in a three-
electrode system) was applied for 20 minutes using an electro-
chemical analyzer (CHI 627b system, CH Instruments, Austin,
TX).

One-body supercapacitor assembly

The PVA/LICl gel electrolyte was prepared by heating a mixture
of 3 g PVA (M,, 146 000-186 000) and 6 g LiCl in 30 mL deionized
water at 90 °C for several hours. First, one knitted electrode was
coated with PVA/LIiCl gel electrolyte to assemble a one-body
supercapacitor. The other knitted electrode was combined,
and the gel electrolyte was coated onto the electrodes. After that,
silicone was coated on and dried. All chemicals for electrolyte
synthesis were purchased from Sigma-Aldrich (USA).

Characterization

Electrochemical measurements of the knitted MnO,@CNT fiber
supercapacitor utilized an electrochemical analyzer (CHI 627b,
CH Instruments). Dynamic measurements of CV curves were
made on a fiber supercapacitor by cycling at 50 mV s~ *, while
the supercapacitor was stretched and released at set strain rates
of 6.25% per second by using a specially constructed machine
for applying tensile deformations. SEM images were obtained
by using a Hitachi SEM-S4700 microscope. The length of the
supercapacitor was measured using a digital Vernier caliper
(500 Series, Mitutoyo), which was incorporated into the
stretching machine. Stress-strain curves were obtained by using
a mechanical analyzer (Shimadzu model: EZ-SX, Japan).

Specific capacitance calculation

The capacitance of the knitted MnO,@CNT fiber supercapacitor
was calculated from the CV curves. From C = I/(dV/dt), I is
average current and dV/d¢ is the voltage scan rate. The specific
areal capacitance for each electrode in a supercapacitor having
equal anode and cathode capacitances was calculated using Cy
= 4C/A, where A is the total surface area of the anode and
cathode. Additionally, the specific volumetric capacitance for
each electrode in a supercapacitor having equal anode and
cathode capacitances was calculated using C, = 4C/V, where Vis
the total volume of the anode and cathode. For a given constant
scan rate v and initial discharge voltage (V;), the average power
was calculated by integrating the current (I) versus voltage (V)
curves;

0
P, = V;lJ wdv

"
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The energy was calculated by using equation;

1 0
E: mJVIIVdV
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