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ABSTRACT: As the demand for wearable electronic devices increases, interest in
small, light, and deformable energy storage devices follows suit. Among these
devices, wire-shaped supercapacitors (WSCs) are considered key components of
wearable technology due to their geometric similarity to woven fiber. One potential
method for creating WSC devices is the layer-by-layer (LbL) assembly technique,
which is a “bottom-up” method for electrode fabrication. WSCs require conformal
and adhesive coatings of the functional material to the wire-shaped substrate, which

rGO/MXene
LbL film

coatings that can be deposited onto a variety of substrates and shapes, including
wires. In this study, we report WSCs made using the LbL assembly of alternating
layers of positively charged reduced graphene oxide functionalized with poly-
(diallyldimethylammonium chloride) and negatively charged Ti;C,T, MXene
nanosheets conformally deposited on activated carbon yarns. In this construct, the added LbL film enhances capacitance, energy
density, and power density by 240, 227, and 109%, respectively, relative to the uncoated activated carbon yarn, yielding high specific
and volumetric capacitances (237 F g”!, 2193 F cm ™). In addition, the WSC possesses good mechanical stability, retaining 90% of
its initial capacity after 200 bending cycles. This study demonstrates that LbL coatings on carbon yarns are promising as linear
energy storage devices for fibrous electronics.
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overall capacitance while maintaining the desirable config-
uration offered by the CY base.

here is an increasing demand for the development of
efficient, flexible, and lightweight energy storage devices

such as wire-shaped supercapacitors (WSCs) that can be
woven into clothing for wearable electronics.'™® More
specifically, yarn- or fiber-based supercapacitors and WSCs
hold promise,” ™" but they must function mechanically and
electrochemically to meet future demands.'” In spite of recent
reports on WSCs, the production of wire-shaped electrodes
with high conductivity, improved capacitance, and flexibility
still remains a challenge.

Carbon nanofibers (CNFs) are promising WSC electrode
platforms because of their flexibility, high conductivity, and low
cost."" However, CNFs alone do not provide high capacitance
because they rely on a single-charge storage mechanism
(electrical double layer at the CNF surface), and the
mechanical properties of the fiber need improvement. One
way to improve the mechanical stability of individual CNFs is
to twist them together to produce carbon yarns (CYs)."”
However, pristine carbon yarns (PCYs) have a low surface
area, and thus porous activated carbon yarns (ACYs) have
been considered as an alternative, but their capacitance still
needs improvement.'”'* Therefore, we hypothesized that
coating ACYs with redox-active materials would improve the
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To this end, we evaluated 2D transition metal carbides,
known as MXenes, because they have recently drawn
significant interest for their promising applications in energy
storage.'”'® Among them, Ti;C,T, MXenes have high
electrical conductivity (up to 10000 S cm™) and excellent
volumetric capacity (up to 1500 F cm™2)."”~"” However, pure
MXene coatings suffer from poor adhesion,”® so it is often
necessary to add a secondary component. In a previous study,
MZXene electrodes have included carbon nanotubes and
reduced graphene oxide (rGO) as secondary components,
but all used a planar configuration not suitable for WSCs.”"**

Presently, rGO is of interest for our MXene-based coatings
because rGO not only improves adhesion with the MXene-
based electrode but also has high electrical conductivity, high
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Figure 1. (a) Schematic and cross-sectional view of the fabrication process for wire-shaped rGO-PDDA/MXene supercapacitor. (b) Digital image
of multilayer coatings of varying layer pair number on glass substrates. (c) UV—vis spectra of tGO-PDDA/MXene multilayers on glass and (d)
absorbance at 300 nm vs layer pair number. An uncoated glass substrate was used as a baseline correction to the UV—vis spectra.

surface area (up to 2675 m’ g'), and demonstrated
applications in energy storage.”” Specifically, rGO super-
capacitors have capacitances in the range of ~200 F g™ and
operate by an electrical double layer mechanism. In a previous
study, rGO and MXene nanosheets have been combined using
vacuum filtration to produce supercapacitor electrodes with
capacitances of 645 F cm™>.”* Other works have also combined
the two materials using vacuum filtration,”>>*>° spraying,”’
wet-spinning,”® or chemical synthesis.”” However, these
methods are not easily translatable to the WSC platform
because they do not offer conformal deposition of the
functional materials onto wire-shaped substrates. Here, we
hypothesized that the layer-by-layer (LbL) assembly would be
suitable for depositing rGO and MXene nanosheets onto ACYs
for WSCs.

LbL assembly is a sequential adsorption process for materials
of complementary electrostatic, hydrogen bonding, or other
intermolecular interactions to provide conformal coatings of
controllable thickness and structure.’°™>* Besides, LbL
assembly can be applied to planar surfaces, spherical particles,
inside pores, and surfaces with more complex geometries.’’
Recently, we reported conformal MXene LbL assemblies on
nylon fiber, glass, poly(dimethylsiloxane), and poly-
(ethyleneterepthalate).”” To-date, there are no reports on
MXene-based LbL WSCs with CYs.

In this study, we investigate flexible WSCs composed of
conformal LbL coatings of Ti;C,T, MXene and rGO
nanosheets on ACYs. We first explore the nature of rGO/
MZXene LbL growth, monitoring absorbance, thickness, and

mass adsorption using ultraviolet—visible (UV—vis) spectros-
copy, profilometry, and quartz crystal microbalance (QCM),
respectively. In addition, the physicochemical properties of
rGO-poly(diallyldimethylammonium chloride) (PDDA)/
MXene LbL films are confirmed using X-ray photoelectron
spectroscopy (XPS), Raman spectroscopy, and X-ray diffrac-
tion (XRD). The morphology of the LbL-coated ACY (LACY)
is revealed using scanning electron microscopy (SEM). We
next explore the electrochemical properties of LACY and
WSCs using aqueous, nonaqueous, and gel electrolytes,
respectively. We compare PCYs, ACYs, and LACYs to show
that the electrochemical performance was significantly
improved with the rGO-PDDA/MXene coatings. Finally, we
observe that all solid-state LACY WSCs have excellent
mechanical stability, maintaining stable performance over
repeated bending cycles.

Figure 1 shows a schematic illustration of the LbL assembly
of positively charged rGO-PDDA and negatively charged
MXene nanosheets onto ACYs. Positively charged rGO-PDDA
was obtained by adding PDDA and hydrazine to a GO
dispersion. The ACYs were alternately immersed in the rGO-
PDDA and MXene dispersions, followed by drying and then
more cycles of LbL assembly to build up the desired number of
layer pairs (LPs), resulting in LbL-coated ACYs (LACYs).
Additionally, we deposited analogous films on glass (Figure
1b) and ITO-coated glass substrates (Figure S1) for further
characterization. The five LP rGO-PDDA/MXene multilayer
films appeared pale gray and became visibly darker as the
number of LPs increased to 40. This was confirmed using
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] 40 LP LACY

Figure 2. SEM images of (a) PCY, (b) ACY, (c) 10 LP, (d) 20 LP, (e) 30 LP, and (f) 40 LP LACYs. (g) Elemental mapping images obtained from
the yellow square in the surface image of a 40 LP LACYs: (yellow) titanium, (red) carbon, (green) fluorine, and (white) chlorine.
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Figure 3. (a) X-ray diffraction patterns of (black) the Ti;AlC, MAX phase and (red) Ti;C,T, MXenes. (e) Raman spectra of (red) MXenes,
(green) rGO-PDDA, and (blue) rGO-PDDA/MXene multilayer. (c) XPS survey spectra of (red) MXenes, (green) rGO-PDDA, and (blue) rGO-
PDDA/MXene multilayer and the component peak fits for (d) C 1s, (e) Ti 2p, and (f) N 1s.
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Figure 4. Cyclic voltammetry analysis of 40 LP LACYs (rGO-PDDA/MXene on a carbon yarn). (a) Cyclic voltammograms at various scan rates.
(b) Maximum current vs (scan rate)"/? taken from the corresponding cyclic voltammograms. (c) Calculated b-values for anodic and cathodic scans
vs voltage (b-values were obtained from the equation I = av® from 1 to S mV s™"). (d) Faradaic-controlled contribution is separated from a cyclic
voltammogram at 1 mV s™'. The blue dotted line indicates the faradaic-controlled redox process, and the solid line indicates the total current. (e)
1/q vs 1°° for q,, and (f) q vs v for g, for 40 LP LACYs of rGO-PDDA/MXene. (Three-electrode cell: lithium ribbons as counter and reference
electrodes; 0.5 M LiCF;SOj; dissolved in propylene carbonate as an electrolyte).

UV—vis spectroscopy, in which the absorbance increased
linearly with the number of LPs (Figure 1lc,d). From QCM
(Figure S2), a linear increase in mass (0.94 ug cm™? per LP)
also confirmed this trend, and the mass fraction of rGO-PDDA
and MXene layers was 32 and 68 wt %, respectively. Figures S3
and S4 show changes in thickness and roughness with
increasing LP numbers. The thickness increased linearly as
~8 nm per LP. These results indicate that the adjustment of
the LP number allows for the precise control of the multilayer’s
mass, thickness, and roughness.

Figure 2 shows the SEM images of PCY, ACY, and 10—40
LP LACY morphologies. Figure 2al,a2 shows surface SEM
images of a PCY, which consisted of smooth carbon strands
with diameters ranging from 1.3 to 2.2 pm. Figure 2b1,b2
shows an ACY with a slightly porous structure from activation,
similar to previous findings.'* We also observed that as the
number of LPs increased from 10 to 40 LPs, the coating
gradually deposited first at the ACY interior and finally on the
exterior (Figure 2c—g). Finally, Figure 2f1,f2 shows the 40 LP
LACYs, in which the rGO-PDDA/MXene film covered the
ACY; the cracks were a result of coating shrinkage during
drying and were not observed in undried LACYs (Figure SS).
The yellow square in Figure 2g shows EDS elemental mapping

14071

of elements constituting rGO-PDDA and MXene nanosheets
for 40 LP LACYs. These images, along with cross-sections
(Figures S6 and S7), indicate that rGO-PDDA/MZXene
multilayers were present not only on the outside of the yarn
but also on the inside.

Figure 3a shows the XRD patterns of the MAX phase and
drop-cast Ti;C,T, MXene nanosheets. At a 20 angle of 9.8°, a
pronounced peak (002) of the MAX phase appeared, which
was shifted to 6.6° for the Ti;C,T, MXene nanosheets. This is
consistent with the conversion of the MAX phase to MXene
nanosheets, indicated by the increase in the (002) d-spacing
and broadening of the peak.*® Figure 3b shows the Raman
spectra of drop-cast MXene and rGO-PDDA nanosheets, as
well as rGO-PDDA/MZXene multilayers. In the MZXene’s
Raman spectrum, peaks attributed to the Ti;C,(OH), in-
plane mode at 280 and 627 cm™" and the TiyC,F, E; mode at
612 con™! were observed.”” The MXene’s Raman spectra also
exhibited peaks associated with titanium oxides (rutile phase)
at 382 and 617 cm™'.*® The rGO-PDDA spectra exhibited
signature D- and G-bands (1324 and 1590 cm™', respec-
tively)®” with an intensity ratio of 1.15 that was higher than
that of GO itself (Ip/Ig: 0.84, Figure S8), which was attributed
to defects that occurred during the reduction process.”” In the
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rGO-PDDA/MXene multilayer, signatures of both materials
were observed.

XPS analysis was also performed to confirm the chemical
states of drop-cast MXenes, drop-cast rGO-PDDA nanosheets,
and the rGO-PDDA/MXene multilayer. Figure 3¢ shows XPS
survey spectra, in which the Ti 2p and N 1s peaks were
observed, and Figure 3d shows the respective deconvoluted C
1s spectra. The rGO-PDDA/MXene C 1s spectra show C-Ti-
T, generated from the MXene and C—N generated from rGO-
PDDA, which confirms again that both species were present in
the final LACY. The detailed position and full width at half-
maximum of peaks are listed in Tables S1—S3. This analysis
confirms the mutual presence of rGO-PDDA and MXene
nanosheets in the rGO-PDDA/MXene multilayer.

Before measuring the electrochemical performance of WSC
devices, we first evaluated the electrochemical properties of the
rGO-PDDA/MXene multilayers alone (without contributions
from the CY base, Figure S9 and Table S4) as a function of LP
number in aqueous electrolyte. As the number of LPs
increased, the areal capacitance increased; the 40 LP rGO-
PDDA/MXene multilayer exhibited the highest capacitance of
13.8 mF cm™? and was selected as the optimal LP number. We
next compared the capacitance and impedance response of
PCY, ACY, and 40 LP LACYs in a three-electrode cell in either
3 M LiCl (Figure S10 and Table S5) or 1 M H,SO, (Figure
S11 and Table S6). When LiCl is the electrolyte, the areal
capacitance was highest for 40 LP LACYs, followed by ACY
and then PCY. Specifically, ACY’s capacitance was 1500%
higher than that of PCY, and that of LACY was 162% higher
than that of ACY. Activation enhances the surface area and the
carbon yarn’s hydrophilicity,"* and the LbL coating greatly
enhances capacitance. Further, the 40 LP LACYs exhibited the
lowest ESR as compared to PCY and ACY. The trends were
similar for the case of 1 M H,SO, as the electrolyte.

We next turn to the prospect of nonaqueous electrolytes
because they provide a larger voltage window of operation.
LiCF;SO; in propylene carbonate was selected as the
electrolyte because of its past application to supercapacitors
and batteries, in which charge stora§e is facilitated by Li" ion
exchange in the active material.*** Here, we compared the
basic electrochemical response of several electrodes to identify
the role of the LbL processing method in the performance.
Specifically, we compared spray-coated rGO-PDDA, MXene,
and rGO-PDDA/MXene electrodes with 10 LP LbL-
assembled rGO-PDDA/MXene multilayers (all of the similar
thickness, ~70 nm). Figure S12 shows and discusses the
results. For the spray-coated rGO-PDDA/MXene electrode,
the composition was matched with that of the LbL assembly,
as determined using QCM (Figure S2). In all cases, the LbL
electrode performed significantly better. Specifically, the LbL
electrode showed an areal capacitance 150% higher than that
of the comparable spray-coated electrode having the same
composition. We attribute the improved performance to the
tight packing of the nanomaterials brought about by the LbL
processing method.

Then, the mechanism of charge storage in the nonaqueous
electrolyte was analyzed using the cyclic voltammetry of 40 LP
rGO-PDDA/MXene on ACY at varying scan rates (1, 5, 10,
20, and SO mV s7') to calculate b-values, quantify the faradaic
contribution, and separate the charge stored at inner and outer
surfaces. A three-electrode cell was employed, using 40 LP
LACYs as a working electrode, lithium ribbons as counter and
reference electrodes, and 0.5 M LiCF;SO; dissolved in

propylene carbonate as an electrolyte. The cyclic voltammo-
grams, shown in Figure 4a, exhibit a pair of peaks (1.87/1.53
V) that are characteristic of a Li* ion intercalation processes."’
A plot of the maximum current vs (scan rate)"/? indicates a
diffusion-controlled reaction (Figure 4b). To analyze the
charge storage mechanism of rGO-PDDA/MXene LACY in
more detail, we used the following equation to calculate b-
values at particular voltages™*

. b
iy = av (1)

where iy is the current density at a particular voltage (A cm™2),
v is the scan rate (mV s™'), and a and b are fitted parameters. If
b is 0.5, the redox process is considered an ideal faradaic
process, and if b = 1, the redox process is regarded as an ideal
non-faradaic process. Figure 4c shows the b-values calculated
for each potential (Figure S14). In general, the b-values are
near unity, except for b approaching 0.5 near 2.0 V. The
relative contribution of faradaic and non-faradaic charge
storage was deconvoluted by the following

. 0.5
i, = a + ay

)
where i, denotes the total current, and 4, and a4, represent the
relative contribution of non-faradaic and faradaic charge
storage processes, respectively. Figure 4d shows the faradaic
portion (blue dots) close to the total cyclic voltammogram
(solid line) at a scan rate of 1 mV s~ (Figure S15). The
faradaic portion overlapped with the redox peaks, again
confirming diffusion-limited transport of Li* ions.

In general, a three-dimensional structure may store charge at
inner or outer layers according to the time scale of the reaction
(e.g., scan rate).” More specifically, at shorter time scales, the
charge is stored at outer layers, and at longer time scales, inner
layers become accessible. Therefore, we calculated the total
maximum charge (q,) and a fraction of charge stored at the
inner (g;) and outer surfaces (q,) using the following equation

9, =4, t4, (3)

The values for g, and q, are each obtained from intercepts of
1/q vs v*° (Figure 4e) and q vs v *° (Figure 4f), respectively,
taken from the cyclic voltammogram of 40 LP LACYs. We
identified two regions of charge storage behavior. The g, value
at low scan rates (1—10 mV/s) was more than double the
value at high scan rates (20—50 mV/s), indicating that more
charge is stored in longer time-scale processes. In general, g;
was ~50% of q.. Together, these results support that charge
occurs in inner and outer layers with diffusion control being a
contributing factor.

Then, we investigated the electrochemical properties of
WSCs using PCYs, ACYs, and LACYs in two-electrode
symmetric cells. We used a solid gel electrolyte containing
acetonitrile, propylene carbonate, poly(methyl methacrylate),
and LiCF;SO; (ACN-PC-PMMA-LiCF,SO;) to fabricate all
solid-state WSCs; see Table S7. This solid gel system was
selected for its excellent chemical stability"' and high ionic
conductivity (3.93 X 107° S cm™).*® Further details of the
surface area of the two electrodes, gel layer, and the entire
device, as well as calculation methods, are given in Figure S16
and Table S8.

We first considered the effects on the capacitance from
varying the number of LPs, followed by varying the length of
the WSCs. As shown in Figure S17, the 40 LP LACY WSCs
showed the highest areal capacitance out of the range
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Figure S. Electrochemical performance of WSCs for (red) PCYs, (green) ACYs, and (blue) 40 LP LACYs. (a) CV curves at a scan rate of S mV
s7%. (b) Galvanostatic charge—discharge curves at a current density of 0.05 mA cm™. (c) Areal capacitance from 10 different WSCs with error bars.
(d) CV curves at various scan rates. (e) Galvanostatic charge—discharge curves at various current densities. (f) Specific capacitances at various
current densities and at various scan rates from 10 different WSCs with error bars. (g) Nyquist impedance plots. (h) Capacitance retention over
5000 charge—discharge cycles at a current density of 0.2 mA cm™2 The inset shows the charge—discharge curves for the Ist and 5000th cycles. (i)
Ragone plot. The device consisted of symmetric wire electrodes and a gel electrolyte composed of ACN-PC-PMMA-LiCF;SO;.

investigated (10—SS LPs). This result indicates some balance
between the added capacitance from increasing the multilayer
thickness vs the increased ion-diffusion limitation as the
number of LPs increases. This result was consistent with our
findings regarding the aqueous electrolyte in a three-electrode
cell, described earlier. As shown in Figure S18, as the WSC
length was varied from 1 to 5 cm, the areal capacitance
remained constant, indicating that the length of the WSC does
not affect the performance. Given these considerations, WSCs
composed of 40 LP rGO-PDDA/MZXene on S cm long LACY
were selected for further investigation.

We next compared the cyclic voltammetry (CV) response
for PCYs, ACYs, and 40 LP LACYs. The CVs (Figure Sa) at a
scan rate of S mV s~ are nearly rectangular in the voltage
range of 0—1.2 V, indicating capacitive behavior and good
reversibility with no noticeable redox peaks.”” For higher scan
rates (100 and S00 mV s~!, Figure S19), the CV responses for
PCY and ACY WSCs became distorted; however, the 40 LP
LACY WSCs maintained a rectangular CV curve and showed
relatively stable reversibility.

In Figure Sb, the galvanostatic charge—discharge curves at a
current density of 0.05 mA cm™> had a triangular shape,
confirming the dominant capacitive properties for this device
configuration. The charge—discharge responses at other
current densities (0.02 and 0.7 mA cm™?, Figure S20) were
also triangular in shape. From the galvanostatic charge—
discharge response, we plotted the areal capacitances for each

14073

current density investigated (Figure Sc). The areal capacitance
of 40 LP LACYs (40.8 mF cm™? at a current density of 0.02
mA cm™?) was ~2.4 times greater than that of ACY and ~7.4
times greater than that of PCY.

Figure 5d shows the CV response for various scan rates for
40 LP LACY WSCs. These CV curves exhibited a rectangular
shape with no distinct redox peaks, which indicates good
capacitive behavior regardless of the scan rate. Similarly, Figure
Se shows the galvanostatic charge—discharge response at
various current densities. The linear charge—discharge profiles
signify symmetrical charge—discharge properties and excellent
capacitive. The specific capacitances from the CV and
galvanostatic charge—discharge curves are summarized in
Figure Sf.

Impedance spectra in Figure Sg show that the equivalent
series resistance (ESR) values of PCY, ACY, and 40 LP LACY
WSCs were 3.6, 2.2, and 1.2 k€, respectively. As shown in
Figure S21, we compared the impedance spectra of PCY, ACY,
and 40 LP rGO-PDDA/MXene LACY WSCs using PC-
LiCF;SO; liquid electrolyte and ACN-PC-PMMA-LiCF;SO;
gel electrolyte. Figure S21 shows lower ESR values for the case
of a liquid electrolyte (210—725 ). These results demonstrate
that the higher ESR values of PCY, ACY, and 40 LP WSCs
originate from the gel electrolyte. Together, these results
confirm the benefit of the rGO-PDDA/MXene coating on the
CY, in which capacitance dramatically improves and ESR
decreases. Notably, the standard deviation in capacitance for
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Figure 6. Mechanical stability test of 40 LP LACY WSCs. (a) Digital images of 40 LP LACY WSCs in flat and (inset) bent states. (b) CV curves at
varying bending radii. (c) Capacitance retention with an increasing number of bending cycles (bending radius: 8 mm). The inset shows the

charge—discharge curves after the 1st and 200th bending cycles.

10 WSCs was relatively small, demonstrating device-to-device
reproducibility.

Then, Figure Sh shows the capacitance retention measured
over 5,000 charge—discharge cycles for each WSC, in which
PCY, ACY, and 40 LP LACY WSCs retained 79, 81, and 75%,
respectively, of their initial capacitance. The inset in Figure Sh
shows the 1st and the 5000th charge—discharge cycle for the
40 LP LACY WSCs, in which the triangular shape was
retained, indicating stable capacitive behavior. We note that
capacitance largely drops in the first few hundred cycles but
remains very steady after that. This is an indication of good
stability after the first cycles. Further, to examine the self-
discharge behavior, we charged each WSC to 1.2 V and
observed the cell potential for 10 h (Figure $22). After 30 min
of resting, the cell potentials all decreased to 0.6 V. The cell
potential further declined after 10 h of resting, but none of the
WSCs completely self-discharged. The final resting potential
for the 40 LP LACY WSCs was 0.57 V.

From the galvanostatic charge—discharge experiments, the
energy density (E, Wh cm™?) and power density (P, W cm™2)
were calculated and summarized in a Ragone plot (Figure 5i).
The performances of PCY, ACY, and 40 LP LACY WSCs were
compared with previous WSCs from the literature."*™>* We
restricted our representation to an areal basis because the 40
LP multilayer are very thin (~300 nm). For thin coatings such
as these, it has been recommended to use an areal basis to
avoid overestimating the proper performance metrics.”* Forty
LP LACY WSCs had a maximum energy density of 8.2 yWh
cm™? and a maximum power density of 630.1 kW cm™2 The
addition of the 40 LP rGO-PDDA/MXene multilayers to the
activated carbon yarn manifested as a 227% improvement in
energy and a 109% improvement in power at a current density
of 0.02 mA cm™? relative to the uncoated ACY. In addition, we
compared the capacitance, electrode diameter, electrolyte, and
voltage window of previously reported non-MXene/non-rGO-
based WSCs, rGO-based WSCs, and MXene-based WSCs with
the fabricated 40 LP LACY WSCs (Table S9). In particular,
our rGO-PDDA/MXene WSC has a wider voltage range (1.2
V) and superior areal capacitance (40.8 mF cm™), specific
capacitance (237 F g™'), and volumetric capacitance (2193 F
cm™?) compared to the previous rGO-based and MXene-based
WSCs.

Then, we examined the flexibility of 40 LP LACYs by
applying gel electrolyte to a single LACY (Figures S23 and
S24, Figure 6a). The mechanical properties (Young’s modulus
and tensile strength) of PCY, ACY, and LACY are presented in
Figure S25. Without the gel electrolyte, the CYs were brittle

and broke easily upon handling, but a single LACY with gel
electrolyte maintained stable resistance values regardless of the
bending radii. There were no noticeable changes in the CV or
the charge—discharge responses during bending at varying radii
for the 40 LP LACY WSCs (Figures 6b and $26), indicating
that our WSCs were mechanically stable up to a bending radius
of at least 3 mm. Figure 6¢ shows the capacitance retention of a
WSC alternating between flat and bent states (8 mm bending
radius), which is equal to a maximum axial strain of ~1.1%
(see the calculation in the SI), in which 90% of the initial
capacitance was maintained after 200 bending tests.

B CONCLUSIONS

This study demonstrated that the low capacitance, energy
density, and power density of CYs could be dramatically
improved by activating and coating them with rGO-PDDA/
MXene multilayers, thus enabling their application for WSCs.
The growth of the rGO-PDDA/MXene LbL film was linear
and conformal even within the CY structure. The thickness of
the rGO-PDDA/MXene LbL film was controlled by the
number of layer pairs deposited (8 nm/LP), demonstrating the
tunability of the approach. Symmetric gel-based WSCs proved
that the added rGO-PDDA/MXene LbL film enhanced
capacitance, energy, and power by 240, 227, and 109%,
respectively, relative to the uncoated ACY. In particular, the
LACY WSC had an excellent areal capacitance (40.8 mF
cm™?), volumetric capacitance (2193 F ¢cm™), and specific
capacitance (237 F g™') with a wide voltage range (0—1.2 V)
compared to the existing graphene-based and MXene-based
WSCs. Further, these WSCs withstood 200 cycles of bending
while maintaining their electrochemical performance. Looking
to the future, the carbon yarn platform is more broadly
promising due to the outstanding mechanical properties arising
from the carbon yarn base.
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