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ABSTRACT Linear (fiber or yarn) supercapacitors have demonstrated
remarkable cyclic electrochemical performance as power source for wearable
electronic textiles. The challenges are, first, to scale up the linear super-
capacitors to a length that is suitable for textile manufacturing while their
electrochemical performance is maintained or preferably further improved
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and, second, to develop practical, continuous production technology for

Twisting  Taking-up

AL

Core/sheath yarn

these linear supercapacitors. Here, we present a core/sheath structured carbon nanotube yarn architecture and a method for one-step continuous spinning

of the core/sheath yarn that can be made into long linear supercapacitors. In the core/sheath structured yarn, the carbon nanotubes form a thin surface

layer around a highly conductive metal filament core, which serves as current collector so that charges produced on the active materials along the length of

the supercapacitor are transported efficiently, resulting in significant improvement in electrochemical performance and scale up of the supercapacitor

length. The long, strong, and flexible threadlike supercapacitor is suitable for production of large-size fabrics for wearable electronic applications.
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lexible batteries and supercapacitors

are desirable power sources for light-

weight, portable, and wearable elec-
tronics that have become symbolic of
modern life. These flexible energy storage
devices may be of one-dimensional (1D, or
linear) or two-dimensional (2D, or planar)
architectures.' > Planar supercapacitors are
mostly built on metal sheets, plastic films,
papers, and textile fabric substrates.**>
After impermeable layers of active materials,
separation membranes, and current collec-
tors are deposited, the 2D supercapacitors
often become quite bulky, their flexibility
deteriorates considerably, and the resulting
supercapacitors lose their permeability to
ambient air and perspiration moisture, all
of which are essential for wearer comfort.5°
These problems will become major concerns
if the devices cover a large area of the
clothing system.

In comparison, linear energy storage de-
vices may be woven or knitted, alone or
in combination with textile yarns, into fab-
rics that are both robust and comfort-
able to wear.'"'® The freedom for body
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movement (fabrics can be bent or folded
easily) and permeability to air and moisture
(transport of body sweat vapor) in woven
and knitted fabrics originate from their in-
terlaced structures in which the constituent
yarns are free to move relative to each
other, and there are through-thickness holes
formed between the constituent yarns.
The fineness of linear supercapacitors range
from much finer than extrafine count textile
yarns used in high quality handkerchiefs'®""
to very coarse count yarns used in winter
sweaters and blankets.'*

Linear supercapacitor devices can be
built on linear substrates such as metal
wires,” 14716 plastic/rubber wires,'”'® car-
bon fibers,' carbon nanofibers,'® carbon
nanotube (CNT) yarns,”'%1"20723 CNT com-
posite fibers,'** graphene fibers,%® and gra-
phene composite fibers.2® These substrates
serve as the reinforcement as well as the
charge collector for the active materials.
Nonconductive substrates may be coated
with conductive (e.g., metal) materials so
that they can act as current collectors for
active materials."” Active materials used in
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linear supercapacitors may be carbon nanoparti-
cles,'*'%2* metal oxides,'"'>'%* and conducting
polymers.'®'32" Metal oxides and conducting poly-
mers are high performance materials because of their
high pseudocapacitance and the capability to charge
and discharge at high rates.>”’ 3! The electrochemical
performance of pseudocapacitance materials can
be further improved when they are made into nano-
wires, for example, polyaniline nanowires and ZnO
nanowires.'”"

Carbon nanotubes are electrical double-layer capa-
citor (EDLC) materials on their own. Vertically aligned
CNT arrays (CNT forests) have an ideal mesoporous
structure for high electrolyte accessibility.>*>* Carbon
nanotube yarns spun from CNT forests have excellent
textile properties (strong and flexible),> and have
been a popular substrate for constructing linear
supercapcitors.”'%12°=23 \When used as a substrate,
their high mechanical strength and stability can help
obviate degradation of mechanical and electrochemi-
cal performances of conducting polymer caused by
swelling and shrinking during the doping and dedop-
ing processes.'®*® Linear supercapacitors based on
carbon nanotube yarns have demonstrated remarkable
cyclic electrochemical performance over short lengths.
Their performance decreases rapidly as the yarn length
increases. Although carbon nanotube yarns have
much higher electrical conductivity®” than widely used
pseudocapacitance materials as current collectors,3®~*'
their conductivity is still 100s of times lower than that
of metal wires. A key challenge is therefore to scale
up them to a length that is suitable for textile manu-
facturing while their electrochemical performance is
maintained or preferably further improved.

Here, we present an architecture that can greatly
scale up the length and significantly improve the
electrochemical performance of CNT yarn-based linear
supercapacitors. These are achieved by embedding a
very thin metal wire (monofilament) in the center of a
carbon nanotube yarn. In the core/sheath structured
yarn, the carbon nanotubes form a thin surface layer
with high electrolyte accessibility and much shorter
routes for transporting charges produced on the main
active materials to the highly conductive metal core.
In this way, charges stored along the length of the
linear supercapacitors can be transported at very high
efficiency.

Solid-state multiwalled carbon nanotube (MWCNT)
forests used in this study were grown on silicon wafers
using a chemical vapor deposition method.** The
core/sheath-structured CNT yarn was manufactured
on a flyer spinner, as shown in Figure 1.3° The contin-
uous core yarn spinning operation is explained with
reference to the schematic in Figure 2. The CNTs
forming the sheath are drawn from the MWCNT forest
as a continuous web. The core material, which is a
25 um diameter platinum monofilament, is pulled out
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Figure 1. Continuous spinning of Pt/CNT core/sheath yarns:
(a) photograph of the flyer spinner; (b) schematics of work-
ing elements.
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l\

Core/sheath yarn

Figure 2. Schematic showing formation of the core/sheath
yarn structure.

from the supply bobbin (Figure 1) to merge with the
CNT web. The twisting action of the spindle at the
right-hand side causes the Pt filament and the CNT
web to rotate together, resulting in the wrapping of the
CNT web around the filament to form a core/sheath
structured yarn. The resulting core spun yarn is simul-
taneously collected onto the collection bobbin using
the flyer-spindle assembly shown in Figure 1. Because
of the very large width of the CNT web (~10 mm)
in relation to the diameter of the metal filament
(0.025 mm, or 25 um), the filament is completely
covered by the CNT sheath in the resultant core spun
yarn, similar to the conventional core yarn spinning
used by the textile industry.*~* The continuous
core yarn spinning process was recorded on video
and is included in the Supporting Information. When
the spindle is run at 5000 rpm, core/sheath yarns
with 5000 CNT wraps per meter can be produced
continuously at a rate of 60 m/h.

RESULTS AND DISCUSSION

The electrical conductivity of the Pt filament (9.4 x
10° S/m) is 300 times higher than that of a pure CNT
yarn (~3 x 10* 5/m).>” The electrical conductivity of
the resulting core/sheath yarn Pt/CNT is 5.5 x 10° S/m
because of the dominance of the highly conductive Pt
filament. The core/sheath yarn also shows a high tensile
strength (550 MPa), which is about 80% of the pure CNT
yarn strength (680 MPa). This is still much higher than
the strength of conventional textile yarns; for example,
high-quality extrafine count combed cotton yarns have
a typical tenacity (specific strength) below 30 cN/tex,*®
which translates into approximately 200 MPa.

To expose the yarn cross-sectional structures, we used
a focused ion beam (FIB) to mill a pure CNT yarn and a
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Figure 3. Yarn cross-sectional views: (a) cross-section of
pure CNT yarn; (b) cross-section of Pt/CNT/PANI core/sheath
yarn resulted from coarse FIB milling; (c, d) core/sheath
border regions of Pt/CNT/PANI yarn after polish-milling,
corresponding to the marked region in image b; (e, f)
enlargements showing CNT bundles and pores between
CNT bundles in the yarn cross-section.

Pt/CNT/PANI coated core/sheath yarn. The cross-
sectional morphology of the pure CNT yarn is exhibited
in Figure 3a, in which randomly distributed voids are
visible. SEM images for the Pt/CNT/PANI core/sheath
yarn taken at two stages of FIB milling are presented
in Figure 3b—d. The cross-section obtained from initial
coarse milling using a high beam current of 31 nA
(Figure 3b) did not provide clear views in the core/
sheath border region due to severe redeposition of
platinum sputtering onto the newly formed sectional
face. To obtain a clear sectional face, the coarse-milled
section was further processed by “polish milling” at a
much lower beam current (2 nA). This produced clear
sectional views in the core/sheath border regions
(Figure 3c,d).

There are no obvious differences between the
Pt/CNT core/sheath yarn and the pure CNT yarn in terms
of CNT packing observed from the sectional faces.
Enlarged views in Figure 3e,f show that pores between
constituent CNTs take different shapes, with the
majority greater than 100 nm. These pores appear to
orientate along the CNT length (following the general
direction of the twist helices in the yarn) and are pre-
sumably interconnected. The SEM images in Figure 3c,
d also show that the platinum filament core (bright arc
segments at the lower corners of the images marked
by “core”) is surrounded by the CNTs in the sheath.
No gaps between the CNT sheath and the Pt core could
be observed. This was because the CNT web was tightly
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Figure 4. SEM images of CNT yarn and Pt/CNT core/sheath
yarn: (a) as-spun CNT yarn; (b) as-spun Pt/CNT core/sheath
yarn; (c—f) Pt/CNT core/sheath yarn after 120 rubbing
actions.

wrapped round the Pt filament under tension during
spinning, resulting in compression between the two
components.

The surface morphologies of CNT and Pt/CNT yarns
were examined by scanning electron microscopy (SEM).
The pure CNT yarn has a diameter of approximately
16 um (Figure 4a) with well-aligned CNTs on the yarn
surface. The as-spun Pt/CNT core/sheath yarn shows
adiameter of about 29.5 um with similar CNT alignment
on the yarn surface (Figure 4b).

Typical textile processes require a yarn to slide
over machine parts, during which the yarn bends
and rubs against the parts. Such combined bending
and rubbing action can be simulated by a needle-and-
pin arrangement shown in Figure S1 (Supporting
Information). By moving the latch needle up and down,
the yarn is bent and rubbed against the needle and the
pins repeatedly while under a 10 cN/tex tension based
on the CNT component. The friction on the CNT sheath
applied by the needle and pins tend to tear the CNT
sheath off from its metal filament core, a failure mode
known as sheath slippage in the textile industry.** The
experiment provides an indication of the interfacial
strength between the CNT sheath and the Pt core.
SEM images of CNT/Pt core spun yarn specimens after
60 cycles of rubbing test (60 up-and-down actions,
giving a total of 120 rubs) are shown in Figure 4c—f.
There were no signs of sheath slippage or sheath being
stripped off the Pt filament core. The rubbing action
only caused some roughening of yarn surface, result-
ing in some CNTs being lifted up from the yarn surface.
This demonstrates that the interface between the
CNT sheath and the Pt core is very strong. In the final
supercapacitor, the CNT sheath is protected by the
polymer electrolyte coating (PVA—H3PO,); thus, the
CNT sheath will not be rubbed against machine parts
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Figure 5. Yarn surface characteristics after deposition of polyaniline nanowires: (a—c) SEM images at different magnifications;
(d) N, adsorption—desorption isotherms of CNT and Pt/CNT yarns with and without PANI nanowires; (e) mesopore diameter

distributions.

directly during textile processing and CNTs will not be
lifted off like the uncoated yarn shown in Figure 4c—f.

The CNT and Pt/CNT yarns were then coated in
polyaniline nanowire solution synthesized using a
known procedure with some minor modifications.??*
The coating was carried out using the continuous
coating and drying line displayed in Figure S2
(Supporting Information). Coating of the relatively
small amount of polyaniline nanowires (about 10 wt %)
resulted in little change of yarn diameter. The polyaniline
nanowires on the yarn surface in Figure 5a—c show
random orientation in contrast to the vertically aligned
ployaniline nanowire arrays obtained by the more so-
phisticated in situ deposition polymerization method
reported previously.'® The randomly orientated ployani-
line nanowires obtained in this work are quite uniform in
diameter (about 50 nm) but vary in length, mostly in the
range from about 2 to 5 um. The results of nitrogen
adsorption—desorption experiments show that the in-
corporation of the polyaniline nanowires introduced
mesopores of about 30 nm in dimension (Figure 5d,e)
and increased the surface area and pore volume of both
the CNT yarn and the Pt/CNT yarn (Table S1, Supporting
Information).

The four types of yarns (CNT, Pt/CNT, CNT/PANI,
and Pt/CNT/PANI) were then coated with poly(vinyl
alcohol)—phosphoric acid gel electrolyte (PVA—H3PO,)
using the continuous coating and drying line shown
in Figure S2 (Supporting Information). In addition, the
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bare Pt filament was coated with polyaniline nanowires
and PVA—H3PO, to form another type of electrode,
Pt/PANI. The take-up ratio of polyaniline nanowires for
the Pt/PANI yarn was low due to the poor adhesion of
PANI to the bare Pt filament (Figure S5, Supporting
Information). After PVA—H;PO, was coated, the di-
ameter of the pure CNT yarn and CNT/PANI yarn was
increased to about 24 um, the Pt/PANI yarn to about
31 um, and the Pt/CNT yarn and Pt/CNT/PANI yarn to
about 35 um, giving a similar PVA layer thickness of
about 4—5 um for all the yarns. These coated yarns were
then folded and twisted to form five types of two-ply
yarn supercapacitors using the twisting device shown
in Figure S3 (Supporting Information). An optical
image of a final two-ply yarn supercapacitor is shown
in Figure 6a. The final two-ply yarn supercapacitor
Pt/CNT/PANI has a diameter of about 70 um (Figure 6b),
which is still much finer than extrafine count textile
yarns (hundreds of micrometers in diameter) so that
the supercapacitor can be made into very thin fabrics
on its own or normal thickness fabrics in combination
with conventional textile yarns for use in wearable
electronic textiles.

It is recognized in the textile industry that knitting
requires highly flexible yarns. In weaving, one constit-
uent yarn is bent over a perpendicular yarn to form a
gentle arc-shaped curve. In knitting, the yarn is folded
on its own back to form a narrow heart-shaped loop.
To demonstrate the high flexibility and strength of
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Figure 6. Production of a weft-knit tubular fabric from the Pt/CNT/PANI two-ply yarn supercapacitor: (a) optical image of
two-ply yarn supercapacitor; (b) SEM image of the Pt/CNT/PANI two-ply yarn supercapacitor; (c) 10-needle fine gauge weft-
knitting machine used to produce the tubular fabric; (d) knitted tubular fabric containing the Pt/CNT/PANI supercapacitor
(middle black section) and a nylon monofilament (semitransparent end sections); (e, f) optical microscope images showing
loop structure of the Pt/CNT/PANI supercapacitor in the knitted tubular fabric.

the linear supercapacitor, a half-meter long Pt/CNT/
PANI two-ply yarn supercapacitor was knitted on a
fine gauge circular weft-knitting machine as shown in
Figure 6c. The linear supercapacitor forms the middle
section of the tube shown in Figure 6d. The successive
sections of the tube were knitted from a nylon mono-
filament to form a long tubular structure of about 2 mm
in diameter. The optical microscope images in Figure 6e,f
show the loop structure of the supercapacitor in the
tubular fabric at two different magnifications.

The five types of two-ply yarns are symmetric two-
electrode solid-state supercapacitors with the two
singles yarns as the two electrodes and the PVA—Hs_
PO, gel coating as both electrolyte and separator.
The electrochemical properties of these supercapaci-
tors were characterized by cyclic voltammetry (CV),
galvanostatic charge/discharge, and electrochemical
impedance spectroscopy (EIS). Figure 7a shows the
CV curves of these two-ply yarn supecapacitors. The
pure CNT and Pt/CNT yarn supercapacitors show near-
rectangular shape CV curves, which are typical
of electrochemical double-layer supercapacitors.*®
The Pt/PANI, CNT/PANI, and Pt/CNT/PANI yarn super-
capacitors demonstrate double-redox peaks which are
characteristic of PANI materials.* The incorporation of
Pt filament core in CNT yarn and the coating of PANI
increased the current density as indicated by the areas
of their CV windows. Figure 7b presents the CV curves of
the Pt/CNT/PANI yarn supercapacitor at different scan-
ning rates. The galvanostatic charge/discharge curves
in Figure 7c show that the incorporation of the Pt
filament core extended the charge/discharge times of
the CNT-containing supercapacitors significantly.

The specific capacitances of the five types of two-ply
yarn supercapacitors are plotted against the scanning
rate in Figure 7d—f. Overall, the Pt/CNT/PANI yarn
supercapacitor showed 3- to 9-fold increases in gravi-
metric capacitance over the pure CNT/PANI-, Pt/CNT-,
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and CNT vyarn-based supercapacitors, respectively.
The Pt/PANI supercapacitor showed a gravimetric ca-
pacitance lower than that of the Pt/CNT/PANI super-
capacitor but higher than the other three types of
supercapcitors. The length and areal capacitances of
the Pt/PANI supercapacitor were similar to that of the
CNT/PANI supercapacitor. The gravimetric capacitance
86.2 F g~ for the Pt/CNT/PANI two-ply yarn super-
capacitor measured at the scanning rate of 5 mV s~
is equivalent to an area capacitance of 52.5 mF cm™
(Figure 7f), which is significantly higher than the areal
capacitances of many recently reported linear super-
capacitors.'%147 182223 The equivalent capacitance
based on supercapacitor length is 241.3 uF cm™
(Figure 7e). Although a useful measure for linear super-
capacitors, the length-based capacitance is largely
biased toward thick supercapacitors which can carry
a large quantity of active materials in a unit length.

Figure 7g summarizes the individual and combined
effects of PANI nanowires and Pt filament on the
capacitance of the CNT yarn at the scanning rate
of 5 mV s '. The average individual effects were
41.2 F g~ ' for PANI and 35.0 F g~ for Pt filament,
respectively, giving a combined effect of 76.1 F g~ ".
The effect of incorporating Pt filament was seven
times greater for the CNT/PANI yarn supercapacitor
(61.7 F g~ ") than for the pure CNT yarn supercapacitor
(8.2F g "). By incorporating the Pt filament, the energy
density and power density of the supercapacitor
at scan rate 100 mV s~' were increased from 13.63
Wh kg™ to 35.27 Wh kg™ and from 2.39 kW kg™’ to
10.69 kW kg, respectively.

These four types of supercapacitors were further
characterized using electrochemical impedance spec-
troscopy (EIS). The Nyquist plots in Figure 7h departed
from each other at the low frequency range (higher
ends of the curves), with the imaginary components of
impedance following a ranking order opposite to that

2
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Figure 7. Electrochemical properties of two-ply yarn supercapacitors: (a) cyclic voltammograms of the different types of
supercapacitors at the same scanning rate of 100 mV s~ '; (b) cyclic voltammograms of the Pt/CNT/PANI supercapacitor at
different scanning rates; (c) galvanostatic charge/discharge curves of the different types of supercapacitors; (d) gravimetric
capacitances of the different types of supercapacitors as a function of scanning rate; (e) length-based capacitances as a
function of scanning rate; (f) areal capacitances as a function of scanning rate; (g) effects of polyaniline nanowire deposition
and Pt filament core on the gravimetric capacitance of the two-ply yarn supercapacitors; (h) electrochemical impedance

spectra (0.01 Hz—500 kHz).

of the specific capacitances in Figure 7d. The inset in
Figure 7h shows the impedances of the four super-
capacitors at the high frequency range (lower ends
of the curves). The x-intercept of the Nyquist plot
represents the equivalent series resistance (ESR) that
corresponds to charge transport resistance for two-
electrode supercapacitor.'® The inset results show that
incorporating the Pt filament core has reduced the
ESR of the supercapacitors significantly. The Pt/CNT
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yarn supercapacitor has a third of the ESR of the pure
CNT yarn supercapacitor, and the Pt/CNT/PANI super-
capacitor has a ESR that is 1 order of magnitude smaller
than that of the CNT/PANI yarn supercapacitor.

Figure 8a shows the size effect of the CNT, CNT/PANI,
and Pt/CNT/PANI two-ply yarn supercapacitors. With-
out the Pt filament core, the specific capacitances of
the pure CNT and CNT/PANI supercapacitors diminish
very quickly with the increase of supercapacitor length.
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The capacitances of these two supercapacitors at
100 mm length dropped to less than 20% of their base
values at 10 mm. In comparison, the Pt/CNT/PANI
supercapacitor maintained 93% of its base capacitance
at 10 mm when its length was increased to 100 mm,
and 51% when its length was further increased to
320 mm. This means that the Pt/CNT/PANI two-ply
yarn supercapacitor may be used as weft to produce
foot-wide woven fabrics.

Textile materials experience many cycles of bending
actions during fabrication and end use. The most
severe form of bending action is repeated folding
and unfolding (flattening). As part of a wearable
electronic system, two-ply yarn supercapacitors must
maintain their electrochemical performance after a
large number of folding—unfolding cycles. As shown
in Figure 8b, the capacitance of the Pt/CNT/PANI
supercapacitor had little change after being subjected
to 1000 cycles of folding and unfolding.

The above results suggest that the Pt/CNT core/
sheath yarn architecture played an important role in
improving the capacitance and up-scaling of the two-
ply yarn supercapacitors. CNT yarns have a porous
structure which favors ionic motion and rate perfor-
mance of electrodes.’ However, pure CNT yarns are not
highly conductive, with its electrical conductivity far
below metals. Charges generated on the active materi-
als (PANI nanowires and the CNTs) in the electrode
have to cross a very large number of CNT-CNT bound-
aries to be transported along the yarn length, resulting
in low efficiency.” With the incorporation of a metal
filament core, charges generated in the electrode only
need to cross a few CNT boundaries through the

METHODS

Production of As-Spun Carbon Nanotube Yarns. CNT forests were
grown on silicon wafer substrates bearing a thermal oxide
layer and iron catalyst coating using chemical vapor deposition
(CVD) of acetylene in helium. The synthesis procedures had
been optimized as reported previously.*> The resulting CNTs
had 7 £ 2 walls with an outer diameter of 10 nm and an inner
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thickness of the CNT sheath (2—3 um) to reach the
highly conductive metal core. The metal filament core
serves as a super highway that collects the charges
generated at every position of the electrode and
transports them efficiently along the yarn length. The
CNT sheath provides a porous substrate with which the
PANI nanowires can form an effective interface, as well
as provides the strength and flexibility to overcome
fatigue of the high performance PANI polymer caused
by repeated mechanical bending and due to swelling
and shrinking during cyclic charge and discharge.

CONCLUSION

We have reported a new carbon nanotube yarn
structure and its suitability for application in linear
supercapacitors. The new yarn consists of a high con-
ductivity metal filament coaxially embedded in a layer
of carbon nanotubes and can be manufactured by a
continuous core yarn spinning method. The strong
and flexible core/sheath structured yarn can be plied
together to form a two-ply yarn supercapacitor on its
own or used as substrate for high performance pseu-
docapacitance materials. In the two-ply yarn super-
capacitors, the metal filament core serves as current
collector to provide a super highway for transportation
of charges generated along the length of two-ply yarn
supercapacitor, leading to significant increases in en-
ergy and power storage capacities. The new architecture
enables the length of the supercapacitor to be up-scaled
dramatically. Tensile test, flexing test, and machine
knitting trial show that the two-ply yarn supercapacitor
is highly flexible and robust as high performance power
source for wearable electronic devices.

diameter of approximately 4 nm. The length of the CNTs was
approximately 350 um by measuring the height of the forests.

The core/sheath Pt/CNT yarn is manufactured using the flyer-
spinner shown in Figure 1.3° The CNT yarns were spun to a twist
level of 5000 turns per meter using a spindle speed of 5000 rpm.

Preparation of Polyaniline Nanowire Solution. Polyaniline nano-
wires were synthesized using a reported procedure*’” with some
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minor modifications. Aniline and potassium biiodate (KH(I03)),
were dissolved at concentrations of 0.1 and 0.0125 M in 1 M HCI,
respectively. Aniline solution (36 mL), 40 mL of KH(IO;) solution,
and 1 mL of sodium hypochlorite solution (wt 5%, NaClO) were
mixed and kept undisturbed at room temperature for 2.5 h.
The resulting solution was centrifuged, followed by removing
the supernatant. HCI (1 M) solutions were added to redissolve
the synthesized PANI. After three cycles of centrifugation, the
PANI nanowire solution was obtained.

Preparation of PYA—H;P0, Gel. Hydrolyzed poly(vinyl alcohol)
(PVA) (98—99%) with average molecular weight of 57000—
66000 was supplied by Alfa Aesar. H3PO, (0.8 g) (analytical
grade) was added to 10 mL of deionized water with vigorous
stirring, and then 1 g of PVA powder was added. The solution
was heated steadily to 90 °C under vigorous stirring until the
solution became clear to form the PYA—H;PO, gel.

Preparation of Two-Ply Yarn Supercapacitors. Coating of PANI and
PVA—H3PO, gel was carried out using a home-built continuous
coating line, displayed as Figure S1 in the Supporting Informa-
tion. The coating line includes a pigtail-shaped reservoir for
holding liquid, an electrical heating unit for drying, and an
electrical motor for controlling yarn throughput speed. The
liquid take-up rate and uniformity are controlled by adjusting
the motor speed. Large adjustments of liquid take-up rate can
be achieved by varying the viscosity of the polymer solution.

Two identical yarns were twisted together to form a two-
ply yarn supercapacitor using the twisting device shown in
Figure S2 (Supporting Information).

Focused lon Beam Milling. An FEI high-resolution dual-beam
Helios 600 focused ion beam (FIB) equipped with a SEM was
used to form cross-sections through the CNT yarns and to take
yarn cross-sectional images. The electron and ion beams inter-
sectata52°angle ata coincident point near the sample surface,
allowing immediate SEM imaging of the FIB-milled surface.
Initially, the milling was performed with a 31 nA, 30 kV Gallium
beam. The CNT sheath in the cross-section was covered by
redeposition of platinum sputtering due to the high beam
current. To obtained a clear image of the core/sheath yarn
cross-section, a sectional surface prepared by high beam cur-
rent was further treated by “polish milling” using a low beam
current (2 nA). This gave a clear sectional view of the core/
sheath structure.

Measurement of Linear Density. Linear density in tex (1 tex =
1 mg/m =1 ug/mm) was determined by weighing a 100 mm
length of the linear material (platinum filament, as-spun CNT
yarn, Pt/CNT yarn or their coated yarns) on a high-sensitivity
Mettler Toledo Xp2U Ultra Micro Balance. The linear density
values were then used to calculate mass ratios of the constitu-
ent parts in the resultant yarns.

Tensile Testing. Yarn tensile tests were conducted using a
Chatillon tensile testing machine equipped with a laser diffrac-
tion system for yarn diameter measurement as described
previously.>® Each specimen was attached to a paper handling
frame using PVA adhesive. The testing gauge length was 10 mm.
At least five specimens from each sample were tested and the
average results were reported.

Strength of Pt/(NT Interface. A 3-pin device as shown in
Figure S1 (Supporting Information) was constructed to test
the robustness of the sheath/core interface of the Pt/CNT core
spun yarn under cyclic bending and rubbing actions. One end of
the yarn is tied to the fixed pin 1 and the other end is tied to
a weight to provide a tension of 10 cN/tex based on the CNT
sheath. When the latch needle moves up and down, the yarn is
rubbed against the other three fixed pins 2, 3, and 4. Two rubs
are applied to the yarn sample as the needle moves one up-and-
down cycle. The CNT/Pt core spun yarns were tested for up to
60 cycles (120 rubbing actions). The rubbed areas of the yarn
were then examined in SEM.

Electrical Conductivity. Electrical conductivity of CNT yarns
were measured using a four-probe method.*” The electrical
resistances of CNT yarn specimens were measured at a fixed
span length of 50 mm. A constant tension was applied to the
yarn specimen during the measurement by hanging a mass on
each end of the specimen.

ZHANG ET AL.

Electrochemical Characterization. Cyclic voltammetry (CV), gal-
vanostatic charge/discharge, and electrochemical impedance
spectroscopy (EIS) were performed on a bipotentiostat electro-
chemical workstation (700D, CH Instruments) using a two-
electrode configuration. Short length supercapacitors (10—50 mm)
were mounted on a paper frame and connected to the instru-
ment for measurement. Long supercapacitors (up to 380 mm)
were wrapped on a tube with two ends mounted on a paper
frame connector, as shown in Figure S3 (Supporting Information).
Gravimetric capacitances of the supercapacitors were derived
using the formula

1 Ve
C = e —A Va)/a IV)dv 0

where C is specific capacitance (F g~'), w is the mass of active
constituents in the working electrode (g), v is the scanning rate
(V/S), V. — V, is the potential window (V), and I(V) is the current
density. The mass of the active constituents (CNT and PANI) was
calculated by subtracting the linear density of the platinum
filament from the linear density of the Pt/CNT/PANI yarn. Specific
areal capacitance was calculated by replacing w in the above
equation with the surface area of the working electrode A (cm?):
A = zdl, where d is the yarn diameter in cm and / is the length of
the electrode in cm.

Nitrogen Adsorption—Desorption Experiments. N, adsorption—
desorption experiments were conducted at —196 °C with a
Quantachrome Autosorb-1-C-MS. The mesopore size distribu-
tions were obtained from the desorption branches of the
isotherms using the Barrett—Joyner—Halenda (BJH) method.
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