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ARTICLE INFO ABSTRACT

Keywords: Textile-based supercapacitors (TSCs) are being used to meet the ever-increasing demand for mobile, safe, and

Textile-based supercapacitors convenient energy sources to power personal electronic devices. To that end, the smart textiles used in wearable

xXe?e technology need to be made from highly conductive yarns that are easily manufacturable. To date, synthetic- and
00

cellulosic-based yarns have been exclusively used for the fabrication of TSCs, while other yarns have not been
explored. Here, we used conductive protein-based yarns for TSCs and report on the use of wool coated with
TizC2Tx MXene as a potential electrode material. To knit TSCs, wool and cotton yarns were coated with MXene
flakes and their surfaces were characterized using Scanning Electron Microscopy (SEM) and X-Ray Photoelectron
Spectroscopy (XPS). The electrochemical characterization was conducted to examine the performance of wool-
and cotton-based MXene electrodes as substrates and determine charge storage and resistive behavior. These
tests showed that wool TSCs exhibited more pseudocapacitive behavior, while cotton TSCs exhibited a wider
current range. At a scan rate of 5 mV/s, cotton TSCs presented an areal capacitance of 823.9 mF/cm? while this
value for the wool TSCs was 284 mF/cm?. The performance of yarns was also tested under various mechanical
deformation conditions and after washing in order to assess the stability of TSCs. This study indicates the po-
tential of protein-based yarns as electrode substrates for integration of MXene to fabricate smart textile-based
devices.

Highly conductive

Introduction

For over forty thousand years, humans have been cultivating fibers
from plants and animals and processing them into textiles to make
clothes. With the advent of more affordable clothing and rapidly
changing fashion trends, the demand for clothing has been increasing.
[4,7,27] With the technological advances made over the last half a
century, devices designed to generate, collect, and store energy are now
gaining momentum. [31] In recent years, using clothing to harvest en-
ergy from body heat and movement has been viewed as the next logical
step toward textile-based electronics. [34] The combination of
energy-storage devices with clothing creates power sources that are as
mobile as the current generation of personal electronic devices. How-
ever, conventional energy storing devices such as capacitors and
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batteries are too rigid and bulky for their incorporation into clothing.
Hence, there is a demand for soft and flexible energy storage devices.
[19,29,32]

As a result, several fabrication techniques have been developed to
create textile-based electronics for powering personal electronics [33].
One method involves printing circuits onto woven cloth using conduc-
tive ink; while printing stiffens the fabric, the clothing is still soft and
flexible enough to wear comfortably, as shown by the popularity of
graphic T-shirts. [63] A different fabrication method that preserves the
flexibility of textiles is to create conductive threads with concentric
electrodes out of carbon-based material and conductive polymers, and
stitching circuits into cloth. An exciting innovation in the field of
textile-based supercapacitors (TSCs) is to create conductive yarns by
coating them with conductive materials and knitting circuits with them.
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This strategy increases the number of contact points the yarn has with
itself, reducing the electrode resistance and losses [30,60,61]. In com-
parison with the printable electronics, TSCs offer superior performance.
Among the various materials used to coat the fibers and render them
conductive, MXene-based TSCs have gained significant attention from
textile and material researchers. [28]

MXenes are conductive two-dimensional (2D) materials with a gen-
eral chemical formula of My, 1X;, T, where M is a transition metal car-
bide, X describes carbon and/or nitrogen, and T represents the surface
terminations. [12] While there are many different types of MXenes,
TigCyTx is the most extensively studied because it is more stable than
other MXenes, has a conductivity up to 10,000 S/cm, and excellent
volumetric capacitance up to 1500 F/cm?®. [8,38] Furthermore, Ti3CoTy
has demonstrated exceptional cation intercalation and pseudocapacitive
behavior, excellent anti-microbial activities and non-toxicity when worn
on the skin, and it has high hydrophilic and mechanical properties that
allow for their excellent solution and textile processability. [2,21,22,24,
28,44,47,49,55,62]

While MXene flakes provide an effective conductive coating for yarn,
there are challenges associated with the coating. The MXene flakes act
like a pigment and stiffen the yarn during the coating process; if the yarn
is stiffened too much it can break while knitting circuits. Consequently,
smaller MXene flakes are more appropriate to use when coating yarns
for knitting textile-based electronics. Additionally, small flakes can
penetrate through the yarn and coat individual fibers instead of forming
a rigid shell around the yarn. While MXene has satisfactory cycling
stability, the material is susceptible to oxidation; upon degradation,
TiO4 and CO; are produced. [58] Oxidation can be mitigated by adding
antioxidants, and the degradation can be avoided by designing
textile-based electronics for short-term use in military expeditions and
medical monitoring devices. [24,28,64]

Thus far, TSC research that explores coating yarn with conductive
material has exclusively focused on using yarn spun from plant-based or
artificial fibers, especially cotton and nylon. Even though these fibers are
readily available, there are several drawbacks to this approach. Nylon is
made from mined oil that has been chemically treated, and thus its
manufacturing contributes to environmental pollution. Even if nylon is
produced from recycled plastic, this does not address the plastic
microfibers that are released every time nylon is washed, or the fact that
the genesis of these materials was mined oil. While cotton is a naturally
occurring fiber with good water uptake properties, due to the nature of
its cultivation and processing, a substantial amount of polluted water is
produced [9,23,48].

In this study, the use of sheep wool as a substrate for conductive
materials is reported for the first time. Sheep wool was selected as a
substrate for conductive materials because of its availability, sustain-
ability, outstanding water uptake abilities, and insulating properties. As
a keratin fiber, sheep wool has several unique properties that make it
distinct from other fibers. Keratin fiber has more surface charges
compared with cellulosic or synthetic fibers, giving wool its excellent
water uptake properties [23,53]. This fiber is more renewable than
synthetic or cellulosic yarns because it is continuously grown by sheep
that can be sheared multiple times every year for the duration of their
lives, whereas other fibers require new crops to be planted or more
mined oil in order to produce them. [48]

In this paper, we describe, for the first time, the fabrication of wool-
based TSCs. Conductive yarn was created by coating wool yarn with
Ti3CoTx MXene flakes. The electrochemical performance of TSCs made
of wool coated with Ti3CyTx was evaluated and compared with that of
the TSCs made of the Ti3CyTy coated cotton. The coated yarns were
characterized using scanning electron microscopy-energy dispersive
spectroscopy (SEM-EDS) and X-ray photoelectron spectroscopy (XPS).
The electrochemical behavior of Ti3CoTy -coated wool yarns indicate
their potential for building smart textile-based devices.
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Experimental methods
Materials

Ti3AlCo, MAX powder, HF acid (38%), sodium carbonate (99.95%),
and ortho-phosphoric acid crystals (99%) used as the electrolyte for
electrochemical testing of all TSCs were purchased from Sigma. HCl
(37%) and LiCl (99%) were supplied from Fisher Chemical and Alfa
Aesar, respectively. Cotton perle yarn, 10/2 pure in white, was pur-
chased from Silk City Fibers. Merino lace-weight wool yarn in ecru was
acquired from The Woolery. All TSCs were fabricated on size 0 Takumi
5-inch bamboo double-pointed knitting needles. 1-ply polyester yarn
created from recycled polyethylene was supplied from REPREVE, and
85/15 modal/nylon blend in midnight was supplied from Silk City
Fibers.

MXene synthesis

Single-layer MXene flakes were produced by mixing 1 g Ti3AlC; MAX
powder in a polypropylene bottle with 6 mL DI water, 12 mL HCI, and 2
mL HF. In a silicon oil bath, the mixture was stirred for 24 hours at 35°C.
The mixture was centrifuged for 5 min at 3000 rpm to form a centrifuge
pellet. Acid was removed by pouring away the supernatant, refilling the
centrifuge tubes with DI water and resuspending the pellets before
repeating this method until achieving pH of 6. Afterward, 50 mL DI
water and 1 g of LiCl were added to the flakes before being suspended in
the oil bath at 35°C for 24 hours. A similar washing step was followed,
except the tubes were centrifuged for 20 min and the supernatant was
checked for opacity; if it was opaque then it was collected for further use.

Yarn preparation

Cotton and wool yarns were wound into hanks weighing 2-4 g.
Cotton yarn was scoured in a solution of 2% weight of fiber (WOF) so-
dium carbonate to remove impurities and hydrolyze the fiber surface to
make it hydrophilic. Cotton and wool hanks were dried overnight under
continuous vacuum and weighed to determine their dry weight. The
hanks were then submerged into a MXene colloidal solution (3.5 mg/
mL) and left to soak for one hour to allow the MXene flakes to bind to
their surface. The cotton and wool hanks were suspended on a plastic
stand and dried under continuously drawn vacuum to remove the DI
water, before repeating the coating process. The entire process was
repeated 4 times to create MXene-coated cotton and wool yarns.

TSC fabrication

All TSCs were knit by hand using the intarsia knitting technique such
that each electrode was 3 stitches wide and 4 stitches tall, separated by 2
stitches. MXene-coated cotton or wool yarn was used for the TSC elec-
trodes, recycled polyethylene yarn was utilized as the electrode sepa-
rator, and a modal/nylon blend was employed as the fashion yarn
surrounding the circuit. TSCs were measured to determine their average
area and electrode separation. All TSCs were knit in alternating rows of
garter stitch on odd rows and purl stitch on even rows to create a
stockinette stitch to approximate the jersey stitch used on machine-knit
fabric. All TSCs were made in sextuplicate to generate data for statistical
analysis.

Surface characterization

Uncoated and MXene-coated cotton and wool yarns were attached to
a sample stand using carbon tape and copper clips before inserting into
the Thermo Scientific K-alpha XPS system for collecting XPS spectra.
Avantage software was used to run the experiments and analyze the
collected data. For uncoated cotton yarn only, carbon and oxygen were
scanned, and for MXene-coated cotton yarn titanium and fluoride were
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scanned in addition to carbon and oxygen. The uncoated wool yarn was
scanned for carbon, oxygen, nitrogen, and sulfur while MXene-coated
wool yarn was scanned for these elements in addition to titanium and
fluoride. SEM was conducted using a Thermo Fisher Scientific Nova
NanoSEM450. Aztec software was used for EDS for elemental analysis of
uncoated and MXene-coated cotton and wool yarns.

Electrochemical testing

All TSCs were soaked in 1 M phosphoric acid electrolyte for 10 mi-
nutes prior to testing. All TSCs were connected to a Gamry 1000E
Potentiostat and characterized in a two-electrode setup for cyclic vol-
tammetry (CV) and electrochemical impedance spectroscopy (EIS).The
CV scans of TSCs were performed over a potential range of 0-0.5 V at
scan rates of 50, 20, 10, 5, and 2 mV/s. EIS tests were performed in a

@
Scoured Cotton or Wool Hank .

MXene Coated Cotton or Wool Hank
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frequency range of 100 kHz to 0.1 Hz at open circuit potential, by
applying a sinusoidal potential signal with an amplitude of 10 mV.
Galvanostatic charge/discharge (GCD) tests were performed at current
densities ranging from 0.5 to 5 mA/cm? to determine cycle life and
further characterize the electrodes. In order to determine cycle life, GCD
curves were then cycled for 1000 cycles. Before conducting any exper-
iment, the TSC dimensions were measured to determine initial area and
electrode spacing.

Effect of washing and mechanical deformation on electrochemical
performance

To examine the effect of mechanical stretching, TSCs were then
stretched along their course to 1.3 times their width, and along their
wale to 1.2 times their length and anchored into place for

(Cy Uncoated Cotton (d) MXene-Cotton

-

4—Course——p

ext Generation Clothing

Fig. 1. a) Showing the coating of MXene flakes on cotton or wool yarn; b) Ti3C2TX MXene flake atomic structure; SEM images of c¢) uncoated cotton; d) MXene-
coated cotton; e) uncoated wool; f) MXene-coated wool; g) geometry of knitted TSC with course and wale directions defined; h) right side of knitted TSC; i)

wrong side of knitted TSC; j) conceptual design of smart energy storing garment.
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electrochemical testing during strain (demonstration in Fig. S1a). Before
performing the electrochemical characterization under mechanical
stress, the TSCs were either folded (demonstration in Fig. S1c), stretched
to 1.3 times their course width, or stretched to 1.2 times their wale
length (demonstration in Fig. S1b) 100 times. TSC dimensions were
measured after this repeated stretching to determine any deformation.
Fig. 1g shows the orientation of the course and wale of the TSCs.

The electrochemical performance of TSCs under relaxed conditions
and various mechanical deformation conditions was measured. Cyclic
voltammograms were recorded at 50, 20, 10, 5, and 2 mV/s scan rates.
The EIS measurements were conducted from 500 kHz to 0.1 Hz at an
applied sinusoidal voltage of 10 mV. GCD experiments were conducted
at current densities ranging from 1 to 3 mA/cm? GCD curves were
cycled 1000 times to determine TSC cycle life for all the different tests.
All results were compared to those of the control cotton and wool TSCs.

Tensile strength analysis

One 15-inch-long uncoated cotton and wool yarn, and two 15-inch
long MXene-coated cotton and wool yarns were mounted in an Instron
Tensile Tester following the standard test method for tensile properties
of yarns by the single-strand method (ASTM D2256). Yarns were
conditioned overnight to achieve moisture equilibrium prior to testing.

Leaching analysis using UV-Vis spectrophotometer

The leaching analysis involved investigating the leaching of MXene
from cotton and wool yarn. In order to assess the release behavior and
magnitude of MXene leaching from these textile materials, two 15-inch
long MXene-coated cotton and wool yarn samples were initially
weighed. They were then subjected to a sonication process in 10 mL of
deionized (DI) water for a duration of 1 hour. Subsequently, the yarns
were dried overnight under continuous vacuum, and their weights were
measured again to determine the post-washing weight. The DI water
used in the process was collected, and the amount of MXene flakes that
detached from the yarn during washing was determined using a GEN-
ESYS™ 10 UV-Vis spectrophotometer. To establish a calibration curve,
MZXene solutions with concentrations ranging from 0.00125 to 0.02 mg/
mL were prepared. The absorbance of each solution was measured at a
wavelength of 770 nm using the UV-Vis spectrophotometer.

Data analysis

EIS was used to determine the resistive behavior of the device as well
as to determine the equivalent circuit model (ECM) based on the
measured impedance values. Eq. 1 was used to determine the equivalent
capacitor:

Z = (2xfiC)™! )}

where Z is the measured impedance, j is the square root of -1 (unit
imaginary number), f is the frequency at which that data point was
measured, and C is the capacitance. The equation can be solved for C to
determine the capacitance of the ECM.

GCD was used to determine the cycle life of the TSCs. Specific
capacitance was calculated using Eq. 2:

1At

SN (2)

c

Where C is the specific capacitance, I is the applied discharge cur-
rent, At is the discharge time, and AV is the change in voltage during
discharge.

Energy density was calculated using Eq. 3:

E=0.5CV? 3

Where C is the specific capacitance and V is the change in discharge
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voltage.
Power density was calculated using Eq. 4:

P=— 4
; @

Where E is the specific energy and t is the discharge time.

Gamry Echem Analyst software was used to generate equivalent
circuit models (ECMs), fit them to the measured EIS results, and
generate values for the different electrical components.

The percent elongation was calculated using Eq. 5:

AL
E=—x 100 5
L X 5)

Where E is the elongation at breakage, AL is the difference between
the final length and the initial length of the yarn being tested, and L is
the original length of the yarn.

Results and discussion

Fig. 1a presents the coating of MXene on the cotton or wool yarn with
MXene flakes penetrating the yarn to coat individual fibers in addition to
covering the yarn surface. Fig. 1b presents the MXene structure with
layers of carbon in between layers of titanium with oxide or fluoride
surface terminations. Fig. 1c and d show the SEM image of uncoated and
MXene-coated cotton fiber; prior to coating the smooth, ribbon-like
surface of the cotton fiber is apparent, and after coating a slight in-
crease in roughness on the cotton fiber surface can be observed. Fig. le
and f present SEM images of uncoated and MXene-coated wool fiber; the
rough surface caused by the outer cuticle of wool fibers is apparent in
these images, as is a slight increase in roughness on each cuticle scale
after coating the wool yarn with MXene flakes. Furthermore, the MXene
has filled some of the spaces in between the fibers in the yarn, which
increases the conductive network by interconnecting adjacent fibers.
The mass loading of MXene flakes on cotton yarn was 4% and the mass
loading of MXene flakes on wool yarn was 7%. We attribute the differ-
ence in the mass loading to the surface chemistry of the two fibers. The
presence of nitrogen and sulfur in wool provides more surface charges,
the main reason for the binding of pigment and dye particles with wool
fibers. Hence, it is expected that the fiber surface of wool more readily
binds with MXene flakes, leading to higher mass loading [23]. Wool
fibers have an average surface charge of -23 mV at a pH of 6, and cotton
fibers have an average surface charge of -14 mV at pH 10, and TizCTx
MXene flakes have a surface charge of -14.2 mV at a pH of 6. MXene
nanosheets, similar to the way wool fibers interact with some dye
molecules, form hydrogen bonds between the amino acid groups in wool
and oxide surface terminations in MXene flakes, which can lead to a
strong adherence. [14,37,45,65]

Fig. 1h and i show the front (hereafter referred to as the right side)
and back (hereafter referred to as the wrong side) of a completed TSC
with black electrodes, a white electrode separator, and navy fashion
yarn surrounding the circuit. Fig. 1h clearly shows the stockinette stitch,
achieved by knitting alternating rows of garter stitches on odd rows and
purl stitches on even rows. The stockinette stitch is noted for its char-
acteristic curling at the start and end of knitted textiles and can be seen
at the top and bottom of Fig. 1h. Fig. 1g shows the intarsia knitting
technique used to create color blocks in knit fabric while isolating the
yarn to that area. If the yarn was carried across as practiced in double
knitting (knitting with two or more strands of yarn), then the conductive
electrodes would have a short circuit. In this image, the white electrode
separator is clearly visible on the right and wrong sides of the TSC due to
the intarsia knitting technique, meaning that the knitted electrodes are
isolated from each other for electrochemical testing. The average size of
cotton TSCs was 0.284 cm? and the average electrode separation was
3.8 mm. On the other hand, the average size of wool TSCs was 0.358 cm?
and the average electrode separation was 2.3 mm. In other words, wool
TSCs were 1.3 times larger than cotton TSCs, but cotton TSCs had nearly
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twice the separation distance between the electrodes compared to wool
TSCs.

Table 1 presents the results of tensile testing. The data shows that
there is little difference in the maximum load or load at break between
coated and uncoated samples. However, cotton exhibited a higher
maximum and break load compared to wool, while wool showed a
longer extension than cotton. The percent elongation for cotton was
5.33%, which is comparable to the literature. [10] For wool, it was
9.62%, slightly lower than the reported values. [10] This difference can
be attributed to the relatively thinner yarns used in this research. The
coated samples showed a much higher elongation before breaking.
MXene coated cotton exhibited a 7.1% elongation, whereas MXene
coated wool showed a 23.9% elongation. These findings indicate that
the MXene coating improved the mechanical properties of the yarns
which is in line with previous reports. [10,55]

Fig. 2a and b show the XPS spectra for uncoated and MXene-coated
cotton and wool yarns. The XPS survey for uncoated cotton yarn in-
dicates prominent carbon and oxygen peaks as these elements are the
primary components of cotton fibers. The XPS survey shown in Fig. 3b
for uncoated wool yarn also shows peaks for nitrogen and sulfur, as wool
contains these elements in addition to carbon and oxygen. For the
MXene-coated cotton and wool, the carbon peaks are less intense than
their uncoated counterparts because the MXene flakes are covering the
fiber and thus limiting the probing depth. TisCoTx MXene flakes are also
constructed by layers of carbon in between layers of titanium, further
decreasing the amount of carbon that will be detected by this method of
surface characterization. This observation also explains the absence of
nitrogen and sulfur peaks in the survey spectrum of the Mxene-coated
wool yarn. MXene-coated cotton and wool yarn show prominent fluo-
ride and titanium peaks due to the presence of the Ti3CoTy MXene flakes.
Table 2 shows the atomic percentages of MXene-coated cotton and wool
yarns from the XPS surveys.

The percentage of titanium and fluorine from the survey spectrum
showed a slightly higher concentration of these elements on the MXene-
coated cotton yarn. A small amount of nitrogen is still present in the
coated wool samples and can be attributed to the presence of nitrogen in
the wool fibers. The C1s and Ti2p atomic ratio does not corroborate with
the stoichiometry of the MXene, which can be attributed to the fact that
the MXene coating partially covers the yarns, and the signal from the
substrate can be detected. The substrate, primarily composed of carbon
and oxygen for both wool and cotton, can still be detected in areas where
the conductive coating is thinner; as a result, carbon and oxygen have
the largest atomic percentages in Table 1. Nitrogen and sulfur have
minimal or no contribution to the atomic percentage of the MXene-
coated wool fiber surface because these elements are preferential
binding sites on wool fibers and are buried under the Mxene coating.
[43]

Fig. 2c and d show the high-resolution Ti2p spectra for MXene-
coated cotton and wool fiber, respectively. The spectra feature two
distinct peaks separated by 5-6 eV of energy. These peaks can be

Table 1
Breaking load, maximum load, and elongation of uncoated and MXene-coated
cotton and wool yarn.

Maximum Extension at Loadat  Extension %
Load (N) Maximum Break at Break Elongation
Load (mm) ) (mm)
Uncoated 19.77 20.37 19.75 20.4 5.33
cotton
MXene- 19.91 27.03 19.9 27.1 7.08
coated
cotton
Uncoated 10.64 35.56 10.11 36.8 9.62
wool
MXene- 11.99 90.93 11.9 91.59 23.9
coated
wool
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deconvoluted in order to determine the chemical bonds at the surface of
the sample, in this case Ti3CyTy. [6,40] In the wool Ti2p scan, there were
two distinct peaks at ~455 eV for the Ti2p3,, orbital and ~462 eV for
the Ti2p;» orbital; these two peaks were deconvoluted and each indi-
vidual peak assigned to a chemical bonding. The peaks in the wool Ti2p
scan at 455 and 460.7 eV were allocated to the Ti-C bond. The peaks at
455.8 and 461.8 eV can be related to the Ti(II) chemical state and the
peaks at 457 and 462.7 eV can be specified to Ti(IIl). The peaks at 458.6
and 464.2 were allotted to Ti(IV) (TiO2), and the peaks at 459.3 and
465.3 eV correspond to the Ti-F chemical bonds. In the cotton Ti2p scan,
there were again two distinct peaks at 455 eV for the Ti2p3,, orbital and
463 eV for the Ti2p; /, orbital. The deconvoluted peaks can be ascribed
to the same chemical bonds and states as in the wool Ti2p scan. The
peaks at 454.86 and 460.86 eV were related to the Ti-C chemical bond.
The peaks at 455.53 and 461.53 were ascribed to the Ti (II), while the
peaks at 456.53 and 456.62 eV were allocated to the Ti(II) oxidation
state. The peaks at 457.97 and 464.02 eV were assigned to the Ti(IV)
(TiOy), and the peaks at 459.6 and 466.2 eV can be related to the Ti-F
bond. [16,39] The oxidized peak is much more intense in the cotton
Ti2p spectra than in the wool, likely due to the breathable nature of
cotton fibers, whereas wool is insulating and is protecting the MXene
flakes from oxidizing [23].

EDS was used to obtain further information about the composition of
the samples, and the elemental mappings of the two yarns were
compared (Fig. 3). As shown in Fig. 3, the sulfur and nitrogen signals can
only be observed in Mxene-coated wool yarn, while both titanium (Ti)
and fluorine (F) signals are clearly discernible on the surface, present on
each fiber, and uniformly along their length.

Fig. 4 illustrates the UV-Vis absorbance of MXene solutions with
various concentrations, the corresponding calibration curves used for
quantifying MXene content in the leachate is shown. The MXene mate-
rial demonstrated a distinctive absorption peak at 770 nm, consistent
with previous reports. [50] Utilizing the calibration curve (Fig. S2), the
estimated leachate of MXene from cotton was determined to be 0.00186
mg/mL, while from wool it was measured at 0.00255 mg/mL
respectively.

Fig. 5 shows the specific capacitance of cotton and wool TSCs at
various scan rates. Cotton outperformed wool at slower scan rates, but
this gap decreased with increasing scan rates.?® Fig. 5 a and b shows the
CV curves of cotton- and wool-based TSCs at various scan rates. Cotton
TSCs have a wider current range but greater resistive behavior while
wool TSCs have a smaller current range but more pseudocapacitive
behavior. The increased resistive behavior observed in the cotton TSCs is
likely due to the decreased mass loading of MXene flakes on the yarns,
larger electrodes, and wider electrode spacing. Compared to the cotton
TSCs, the wool TSCs on average present a larger area, presenting a
higher resistive behavior. This can explain the reduction in the
measured current window of the voltammograms. The latter has a direct
effect on the capacitive behavior of the fabricated capacitor and explains
the differences in the specific capacitance in Fig. 5¢ and the specific areal
capacitance in Fig. 5d. [28] There are a few reasons that explain why
wool displays more pseudocapacitive behavior than cotton TSCs despite
the larger electrodes. First, the electrode separation in wool TSCs was
smaller than cotton TSCs, so ions in the electrolyte had a decreased
distance to travel. Additionally, wool adsorbs more moisture than cot-
ton, so wool TSCs adsorbed more aqueous electrolyte than cotton TSCs,
improving the redox reactions occurring on the surface of the MXene
flakes attached to the wool fibers [23,41].

Fig. 5e shows the GCD curves of cotton and wool TSCs at various
current densities. At higher current densities and low measured voltage,
GCD curves are linear in shape, indicating the EDLC behavior of the
circuit. At higher voltages and lower current densities, GCD curves show
significant deviation from linear behavior, indicating the pseudocapa-
citive behavior at the electrode surface. [54,57] Wool TSCs had more
rapid charging and discharging behavior than cotton TSCs due to the
absorption capabilities of wool fibers. The helical shape of wool yarn
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also results in more inter-fiber contact points, creating more pathways b ;r__ﬂ_,--""’“‘_"' _\__\k
for electrons to move through the path of least resistance [23,28]. Fig. 5f E Dz L s e
shows the capacitance retention of cotton and wool TSCs during GCD E 1
cycling to determine cycle life of cotton and wool TSCs. After 1000 cy- 01k
cles, the capacitance retention of cotton TSCs remains steady, while the

capacitance retention of wool TSCs starts to decline after approximately
1000 cycles. It is believed that the aqueous phosphoric acid electrolyte
used was the cause of the degradation by hydrolyzing the cellulose in the
cotton substrate. [1,11,13,42] Aqueous acidic environments similarly
react to the wool substrate by breaking the disulfide bonds present in
wool fibers, which explains the decline in discharge capacity in wool
fibers [17,18,30].

Table 3 compares the calculated values of IR drop, areal capacitance,
energy density, and power density of cotton and wool TSCs at various
current densities. Cotton TSCs achieve a maximum energy density of
4.39 pWh/cm2 at 1 mA/cm? current density, and a peak power density
of 0.44 mW/cm? at a current density of 3 mA/cm?. For wool TSCs, peak
energy density was 3.67 pWh/cm? at a 1 mA/cm? current density, and

750
Wavelength (nm)

Fig. 4. UV-Vis absorption spectra of MXene at different concentrations for
cotton and wool leachate.

had a maximum power density of 0.39 mW/cm?. The maximum areal
capacitance occurred with a current density of 1 mA/cm? where wool
TSCs achieved 152.8 mF/cm? while cotton TSCs achieved 171.9 mF/
cm?; these values are comparable to the capacitance calculated from the
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Fig. 5. CV curves of a) cotton and b) wool TSCs at various scan rates; c) specific capacitance of cotton and wool TSCs at various scan rates; d) a table of values
calculated for the specific areal capacitance of cotton and wool TSCs; €) GCD curves of cotton and wool at various current densities; f) CDC cycles of cotton and wool

TSCs to compare cycle life of the two substrates.

Table 3

IR drop, areal capacitance, energy density, and power densities of cotton and wool TSCs.
Current Cotton IR Wool IR Cotton Areal Wool Areal Cotton Energy Wool Energy Cotton Power Wool Power
Density (mA/ drop (mV) drop (mV) Capacitance (mF/ Capacitance (mF/ Density (pWh/ Density (WWh/ Density (mW/ Density (mW/
cmz) sz) sz) sz) sz) cmZ) sz)
1 71.3 74.3 171.9 152.8 4.39 3.67 0.21 0.21
2 164.3 164.3 112.9 88.7 2.04 1.38 0.36 0.34
3 203.5 242.7 88 63.2 1.07 0.59 0.44 0.39

CV curves at various scan rates. The wool TSCs have a small IR drop of
74 mV at a 1 mA/cm? current density while for cotton this value is 71
mV. The calculated energy and power densities for cotton and wool TSCs
are comparable to those reported in the literature [3,35,51].

Fig. 6a shows the EIS curves of cotton and wool TSCs. Both graphs
feature a semicircle followed by a linearly increasing line. Wool TSCs
have a higher resistance attributed to the electrolyte than cotton TSCs,
and have a higher impedance ascribed to the capacitor overall. Wool has
a rougher surface than cotton, so this creates a weaker contact point on
the electrode surface during electrochemical testing, resulting in higher
resistive behavior [23,41].

Fig. 6b shows the ECMs for cotton and wool-based TSCs and how
well these models fit the measured EIS data. The equivalent capacitance
in the measured data is the capacitance produced by the electrical
double layer, consisting of the Stern and diffuse layers that must be
modeled separately in an ECM. For both cotton- and wool-based TSCs,
the equivalent capacitance for each component of the double layer is
represented with constant phase elements (CPEs) labeled with Y, where
a is the measure of ideal behavior for each capacitor with a value from
0 to 1, with 1 being ideal and O being non-ideal. R, indicates the
equivalent series resistance representing the resistances contributed by
the electrode separation distance and the contact between the electrode
and current collector, determined by the x-intercept on the EIS graph. R,
is the resistance attributed to the charge transfer between the electrode
surface and the electrolyte, connected in parallel with a CPE repre-
senting the capacitance contributed by the Stern layer, and calculated by
extrapolating the arc of the EIS curve to form a second x-intercept. [25,
46] The CPE in series with the rest of the ECM is representative of the
capacitance contributed by the diffuse layer. [20,52] These CPEs indi-
cate a non-ideal contact as a result of a three-dimensional electrode
surface. [26] Fig. 6¢ compares the values calculated for the equivalent
circuit components of cotton and wool TSCs using the ECM from Fig. 5b.

[41,52,59] The equivalent resistor values for wool are ~30% higher
than those generated for cotton. Wool also has lower equivalent
capacitance values than cotton.

Fig. 7a-h displays the results of cotton and wool TSCs for CV curves
measured at 50 mV/s, EIS curves, GCD curves at 1 mA/cmz, and
discharge capacities, respectively, under various deformations and
compares them to the pristine or control TSCs. There were differences in
TSC performance in response to washing or different deformation
treatments depending on the electrode substrate; these differences are
attributed to the differences in the structure and properties of the fibers
and yarns. For all testing conditions, wool and cotton TSCs had non-
linear triangular GCD curves indicative of pseudocapacitive behavior
at the electrode surface [23,57].

Electrochemical tests were conducted on cotton and wool TSCs
during course-wise stretching to compare their performance to the
control TSCs. The CV curve in Fig. 7a for cotton TSCs had a slightly
wider current range. The EIS curve in Fig. 7c shows an increased series
resistance attributed to the increased electrode spacing and a smaller arc
indicating a decreased charge transfer resistance. The GCD curve in
Fig. 7e presents a more rapid charge and discharge trend with a larger IR
drop. The faster charge and discharge cycles are attributed to tighter
contact points when the yarns are stretched, allowing for more efficient
electron transport. [15,25,36,54] The CV curve in Fig. 7b for wool TSCs
tested under continuous course-wise stretching is virtually identical to
the control, and in the EIS curve from Fig. 7d it can be observed that the
series resistance is the same as the control due to the unchanging elec-
trode separation distance. The electrodes of the wool TSCs remain at the
same separation distance despite the course-wise stretching because of
the different yarn twists between the electrode and separator yarn. The
separator yarn is a loosely spun filament yarn with low twist while the
electrodes use a higher twist wool yarn; as a result, most of the stretching
along the course was contributed by the deformation of the wool yarn



A. Grube et al.

@ g
e
g0 ™ MXene Wool e
P * MXene Cotton o o
&
N~ 301 o .-.
e B
i -
.......‘m‘:‘z&(sC}:::-lll‘-..
0 N PR
20 40 60 80 100
Zp ()

(b)

80. MXene Wool * MXene Cotton = Fitted Wool

Y, a,
60- :
€ ]
N
20+
0
25 50 75 100
Zp ()
MXene Cotton MXene Wool
0.001 0.001
0.615 0.478
0.028 0.008
a, 0.621 0.653
R,Q 2066 45720
R;(Q) 25 46.740
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table of calculated equivalent circuit values for cotton and wool ECM TSCs.

with comparatively little change in the polyester separator yarn. The
GCD curve in Fig. 7f depicts a longer charge/discharge time than pris-
tine wool TSCs and can be attributed by a decreased number of
inter-yarn contact points as a result of the yarn tightening under tension
and opening up the yarn loops [5,15,23].

The same electrochemical tests were performed on cotton and wool
TSCs after repeated course-wise stretching. The effect of repeated
course-wise stretching on the electrochemical performance on cotton
and wool TSCs were observed by running the same tests. Cotton TSCs
had an increased current range in their CV curves compared to the
control cotton TSCs, shown in Fig. 7a. There was a corresponding
decrease in the series and charge transfer resistances as shown in Fig. 7¢
attributed to an increased number of contact points of the knitted
structure from shifting fibers as a result of repeated stretching. These
fibers shifting within the textile also contribute to the decreased
maximum voltage in the GCD curve shown in Fig. 7e. Under the same
testing conditions, the CV curves for wool in Fig. 7b have a slightly
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narrower current range and a higher charge transfer resistance in the EIS
curves from Fig. 7d than that of pristine wool TSCs. These effects on the
electrochemical behavior are attributed to the shifting wool fibers
caused by repeated stretching. The GCD curves in Fig. 7f show a longer
charge and discharge time due to the movement of the fibers during
repeated deformation prior to testing. [5,15,28]

The same electrochemical tests were performed on cotton and wool
TSCs during continuous wale-wise stretching. Cotton TSCs tested during
this deformation test resulted in wider CV curves shown in Fig. 7a. There
was a decreased charge transfer resistance in the EIS curves from Fig. 7c.
The GCD results show a decreased charge/discharge time in the GCD
curve attributed to an increased number of contact points of the
conductive yarn with itself, thus increasing the number of pathways
available to electrons in the TSC as a result of the continuous wale-wise
stretching. [15,28] Wool TSCs tested under these conditions had similar
CV results compared to the pristine wool TSCs as shown in Fig. 7a. There
was a decreased series resistance as shown in the EIS curve in Fig. 7d due
to the individual yarn loops deforming uniformly during stretching due
to loop sizes being the same across different yarns, decreasing the
electrode spacing. The GCD curves for continuously wale-wise stretched
wool TSCs have a longer charge and discharge time than pristine TSCs
shown in Fig. 7f, attributed to the deformation of the TSC during testing.
[5,15,26]

Cotton and wool TSCs were stretched repeatedly in the wale direc-
tion prior to electrochemical testing to compare their performance to the
control TSCs. Fig. 7a shows the CV curve for cotton TSCs has a wider
current range than pristine cotton TSCs, while the EIS results in Fig. 7c
have a lower charge transfer resistance. These results could be due to an
increased number of inter-fiber contacts as a result of the repeated de-
formations, causing fibers to shift within the TSC. This allows for more
efficient movement of ions through the electrode. The GCD curve in
Fig. 7g for cotton TSCs under the same testing conditions displays faster
charge and discharge than the pristine cotton TSCs, showing the more
efficient movement of electrons through the conductive fabric. Fig. 7b
shows the CV curve results for wool TSCs under the same testing con-
ditions have a wider current range than pristine wool TSCs. Figure 7d
shows the EIS results for wool TSCs have a lower series resistance that
can be attributed to the decreased electrode spacing caused by repeated
deformation in the wale-wise direction. This deformation also explains
the longer GCD charge and discharge times shown in Fig. 7f. [5,15,28]

Cotton and wool TSCs were tested for their electrochemical perfor-
mance after repeated folding and compared to the control TSCs; this
type of repeated deformation in textiles usually results in fibers shifting
within the textile. Fig. 7a shows the CV curve for cotton TSCs tested after
repeated folding has a wider current range compared to pristine cotton
TSCs and Fig. 7c shows that the corresponding EIS curve has a smaller
charge transfer resistance. It can be observed that the GCD curve in
Fig. 7g has a longer charge and shorter discharge time. These results are
attributed to the fibers shifting within the knit fabric. Wool TSCs tested
after repeated folding have a narrower current range in their CV curve
than pristine wool TSCs as shown in Fig. 7b. The EIS results in Fig. 7d
show that this treatment of wool TSCs increases the charge transfer
resistance and increases the charge and discharge times of the corre-
sponding GCD test as can be observed in Fig. 7f. Repeated folding causes
a similar shift of fibers within the knitted wool, and explains the
observed changes in the test results compared to the control. [5,15]

The results of cotton and wool TSCs that had been washed and dried
prior to electrochemical tests were compared to the control TSCs;
washing cotton and wool causes individual fibers to swell and shift
within the yarns, and the changes in the results for the electrochemical
tests are explained by this behavior. The CV curve in Fig. 7a for washed
cotton TSCs shows a thicker curve and slightly wider current range than
pristine cotton TSCs and is attributed to the swelling of cotton fibers as a
result of washing. The EIS curve for washed cotton TSCs in Fig. 7c show
a flatter EIS curve that is also attributed to the fibers swelling and
moving from washing, resulting in a less ideal surface for the current
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Fig. 7. CV curves of cotton (a) and wool (b) TSCs under various deformations at 50 mV/s scan rate; EIS curves of cotton (c) and wool (d) TSCs under various
deformations; GCD curves of cotton (e) and wool (f) TSCs under various deformations and at various current densities; CDC cycling of cotton (g) and wool (h) TSCs

under various deformations.

collector contact. The GCD curve for washed cotton TSCs in Fig. 7a had a
faster change and discharge than pristine cotton TSCs, this is attributed
to the fiber deformation. The CV curve in Fig. 7b of washed wool TSCs is
similar to that of the pristine wool TSCs. The EIS curves shown in Fig. 7d
of washed wool TSCs have flatter arcs and larger charge transfer re-
sistances than pristine TSCs and can be attributed to the fibers swelling
and shifting as a result of washing and causing less ideal contact with the
current collector. The GCD curve for washed wool TSCs in Fig. 7f has a
slower charging time than pristine TSCs attributed to the deformation of
the wool fibers. [5,15]

Fig. 7g compares the discharge capacity up to 1000 cycles for cotton
TSCs after various treatments to the control; likewise, Fig. 7h features
the same comparison for wool TSCs. It can be observed that the
discharge capacities for cotton TSCs were less stable than those of wool
TSCs, likely due to the phosphoric acid hydrolyzing the cellulose present

in the substrate for these TSCs. The dissolving substrate likely interfered
with inter-fiber and inter-yarn interactions when cycling cotton TSCs
during or after different deformations. The electrolyte does not cause
this behavior in the wool TSCs because the disulfide bonds are cleaved at
a slower rate by the weak phosphoric acid. Cotton TSCs that had been
washed prior to cycling had decreased discharge capacity after 200
cycles attributed to the swelling of the cotton fibers from washing them
[5,30,56]. Repeatedly folding cotton TSCs resulted in decreasing
discharge capacity after approximately 700 cycles. Cotton TSCs tested
after repeated course-wise stretching have decreased discharge capacity
after approximately 600 cycles attributed to deformation of the knit
loops interfering with inter-yarn contact points. Cycling after repeated
wale-wise stretching results in slowly increasing discharge capacity
explained by the yarn loops becoming tighter and increasing the number
of inter-yarn contact points. Cotton TSCs that were tested during
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stretching in the course or wale direction slowly increased in discharge
capacity, likely due to the slower permeation of electrolyte into the
yarns as a result of testing the TSCs under tension. Wool TSCs cycled
during course-wise stretching, after repeated wale-wise stretching, and
during wale-wise stretching had a slowly increasing discharge capacity
attributed to the slow adsorption of electrolyte into the yarn, especially
for the TSCs tested under tension. Wool TSCs tested after repeated
course-wise stretching had a decreased discharge capacity after 500
cycles, likely caused by altered connections between the separator and
electrode yarns as a result of repeated deformations. Wool TSCs that
were cycled during continuous wale-wise stretching, after repeated
wale-wise stretching, or after washing had a stable discharge capacity.

Conclusion

In this work, conductive protein-based yarns were prepared for TSCs
by dip-coating wool fibers in Ti3CTx MXene colloidal solution. The
successful coating of the fibers with MXene flakes was verified by SEM-
EDS and XPS analyses; then, the conductive yarn was knit into TSCs for
electrochemical testing. The MXene-coated wool achieved a high spe-
cific capacitance of 284 mF/cm? at a scan rate of 5 mV/s, which proves
that wool is a viable substrate for conductive materials in energy storage
research and creates a new class of protein-based TSCs that utilizes the
excellent adsorption properties of protein-based fibers such as wool.
This new class of TSCs showed satisfactory electrochemical performance
indicating wool is comparable to synthetic and cellulosic substrates.
Electrochemical characterization indicated that the wool TSCs exhibited
more pseudocapacitive behavior by improved interaction with the
electrolyte at the fiber surface, while the cotton TSCs demonstrated a
wider current range. GCD curves at different current densities show that
wool TSCs have faster charge and discharge rates compared to cotton
TSCs. This can be attributed to the better absorption of the liquid elec-
trolyte by wool fibers. Cotton and wool TSCs were subjected to various
tests, including washing, repeated folding, repeated course-wise and
wale-wise stretching, as well as during course-wise and wale-wise
stretching, to compare their performance. The physical deformation of
cotton and wool TSCs did affect their electrochemical behavior, which
can be attributed to the surface and tensile properties of the yarns used
in their construction. This change in yarn tensile properties was
confirmed through tensile testing, which showed improved elongation
of the coated cotton and wool yarns before failure. Further exploration is
required to increase the capacitance and reduce the resistance by
altering the surface chemistry and functionalization of the MXene flakes.
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