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MoS, decorated carbon fiber yarn hybrids
for the development of freestanding
flexible supercapacitors
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Academic and industrial efforts have focused on developing energy storage devices for wearable and
portable electronics using low-cost, scalable, and sustainable materials and approaches. In this work,
commercially available stretch-broken carbon fiber yarns (SBCFYs) were hybridized with mixed

phases of 1 Tand 2H MoS, nanosheets via conventional and microwave-assisted heating (CAH, MAH)

without the use of binders to fabricate symmetric freestanding 1D fiber-shaped supercapacitors
(FSCs). Electrochemical characterization performed in a three-electrode configuration showed
promising results with specific capacitance values of 184.41 and 180.02 F-g ', at 1 mV-s~' for CAH and
MAH, respectively. Furthermore, after performing 3000 CV cycles at 100 mV-s™', the capacitance
retention was 79.5% and 95.7 %, respectively. Using these results as a reference, symmetric 1D FSCs
were fabricated by pairing hybridized SBCFYs with MoS, by MAH. The devices exhibited specific
capacitances of approximately 58.60 +3.06 F-g ' at 1 mV-s 'and 54.81 +7.34 F-g " at 0.2 A-g~" with
the highest power density achieved being 15.17 W-g~' and energy density of 5.06x10*Wh-g~". In
addition, five 1D FSCs were hand-stitched and connected in series onto a cotton fabric. These
supercapacitors could power a temperature and humidity sensor for up to six minutes, demonstrating
the practicality and versatility of the prepared 1D FSCs for powering future electronic systems.

Electronic textiles or e-textiles are an emerging scientific field with great
potential for developing several new applications, such as smart homes',
personal protective equipment (PPE)’, and point-of-care systems’. How-
ever, these emerging wearable technologies require appropriate power
supplies. Conventional supercapacitors and batteries are limited by their
bulky, rigid structures and cylindrical or pouch shapes, which are not viable
options when developing lightweight, durable, flexible, and comfortable
wearable devices"’. In this sense, fiber-based, thin, and flexible batteries and
supercapacitors are emerging as suitable 1D and 2D energy storage systems
to meet the power demands of wearables®'”. Supercapacitors have emerged
as an alternative to batteries. Although they do not have the same storage
energy capacity as a conventional battery, they can be charged and dis-
charged quickly, providing high power densities. Furthermore, they have
longer lifespans, enduring more charge/discharge cycles without sig-
nificantly degrading their performance”. Carbon-based textiles (fabrics,

yarns, and fibers) possess high surface area, good electrical conductivity,
chemical/thermal stability, and are lightweight. They can be easily func-
tionalized to produce 1D yarns, 2D fabrics, and 3D woven structures, ser-
ving as excellent binder-free current collectors'*"*. Supercapacitors based on
carbon-based materials can exhibit high performance, but the energy
density delivered is still relatively low'®. One of the strategies to increase their
energy density is to increase the electrode’s specific capacitance (C), which
in practice can be achieved by its hybridization with nanomaterials'. In
addition to increasing the electrode surface area, nanomaterials can pro-
mote fast and reversible Faradaic reactions from the electrode at the
electrode-electrolyte interfaces, contributing to the energy storage process'®.

Molybdenum disulfide (MoS,), a two-dimensional (2D) nanomaterial,
is one of the most representative transition metal dichalcogenides (TMDs),
used for energy storage and catalysis'* ™, environmental applications™,
mechanical energy harvesting”, therapeutics, bioimaging, and biosensing™.
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MoS; has a layered structure similar to graphene, with S-Mo-S atoms
sandwiched by van der Waals forces. It can also manifest in three different
phases: the hexagonal (2H), trigonal (3R), and synthetic octahedral (1T)"".
The large specific surface area (SSA) provided by the 2D MoS, nanos-
tructure allows for rapid ion insertion/extraction within the layers, enhan-
cing its electrochemical response”. Despite being a semiconductor, the 2H
phase is the most stable and common form in nature and is widely con-
sidered for energy applications. Nevertheless, the advantages of the meta-
stable 1T phase, such as its metallic character (electrical conductivity =10°
higher than 2H) and hydrophilicity, offer improved electron transport
efficiency, reduced charge transfer resistance, and better access for ions
improving the electrochemical response of the energy storage devices”".
Several works™** have demonstrated the potential of this 1T MoS, phase or
a combination of 1T and 2H in supercapacitor and battery applications.
However, achieving a high percentage of the 1T phase and stabilizing it is
challenging as it is metastable toward heating and aging, gradually transi-
tioning into the 2H phase””. Incorporating carbon-based conductive
materials with MoS, has been considered an effective strategy to stabilize the
1T phase and its electrochemical activity, enhance MoS, stability during
cycling, and ensure conductivity™"*.

This work explored this hybridization by directly growing 1T and 2H
MoS, phases by hydrothermal synthesis via conventional- and microwave-
assisted heating on commercially available SIGRAFIL stretch-broken car-
bon fiber yarn (SBCFY). This bottom-up approach offers the advantages of
producing large quantities of material with uniformity and lower
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Fig. 1 | Schematic representation of the performed hydrothermal process for
hybridizing SBCFY with MoS2 nanosheets. a First, the seed solution is prepared,
and 1 m of SBCFY is immersed for 60 min. The SBCFY is then dried in an oven at
80 °C for 60 min and stored. b Next, the MoS, nanosheets are grown. A fresh
solution is prepared and placed in an autoclave next to the pre-seeded 1 m long

production costs. Additionally, it allows MoS, to be grown directly into
various substrates”’.

Results

Structural and morphological analysis of MoS, nanosheets

The hybridization of the SBCFYs with MoS, was carried out by hydro-
thermal synthesis in an oven via conventional-assisted heating (CAH) and
microwave-assisted heating (MAH). Both methods have been used to
synthesize numerous nanostructured nanomaterials for various energy
applications”*. The difference between the two mechanisms lies in the heat
source and how it is distributed along the vessel. CAH has a low heating rate,
resulting in a longer synthesis time and the formation of nanostructure
heterogeneity due to the associated conduction and convection mechan-
isms. In contrast, MAH generates a uniform and homogeneous heat transfer
directly to the reactants, resulting in a much faster synthesis and a more
homogeneous material**~**.

Figure 1 briefly illustrates both CAH and MAH syntheses, which were
started by preparing a seed layer solution consisting of deionized water,
sodium molybdate dihydrate, and thiourea (1:4). After complete dissolu-
tion, 1 m of the SBCFY was immersed in the solution for 60 min at RT and
then dried in an oven at 80 °C for 60 min, Fig. la.

The growing solution was prepared (Fig. 1b) and placed next to SBCFY
in a Teflon tube, then in an autoclave, and finally in the furnace to perform
CAH. In the case of MAH, the growth solution and the SBCFY were placed
in a Teflon tube and a glass vessel, respectively, and finally in the microwave.
CAH was conducted at 180 °C for 12, 24, and 48 h, whereas MAH was

— =

Pre-seeded
SBCFY

~=

Hybridized
SBCFY by CAH

Hybridized
SBCFY by MAH

SBCFY. In the case of conventional assisted heating (CAH), it is transferred to the
oven. For microwave-assisted heating (MAH), the solution is placed next to the 1 m
SBCFY in a glass vessel and then transferred to the microwave. Finally, both
hybridized SBCFY's are washed with DI and ethanol in an ultrasonic bath and stored
at room temperature.
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Fig. 2 | Morphology of the hybridized SBCFYs with MoS,. Scanning electron
microscopy (SEM) images of the hybridized SBCFYs with MoS, nanosheets grown
by (a) conventional-assisted heating (CAH) for 12, 24, and 48 h at 180 °C (left scale:

<
—I 1h,190 °C I—l 2 h, 180 °C I—l 1h,180 °C |—

10 um, right scale 100 nm); and (b) microwave-assisted heating (MAH), for 1 and
2h at 180 °C, and 1 h at 190 °C, respectively. (left scale: 10 um, right scale 100 nm).

performed at 180 °C for 1 and 2 h and 190 °C for 1 h. Finally, after synthesis,
the hybridized SBCFY with MoS, and the remaining powder were washed
in an ultrasonic bath (twice in deionized (DI) water and once in ethanol) and
dried and stored at RT. The morphology and uniformity of the grown MoS,
nanostructures from both methods were examined by SEM, as shown in Fig.
2. Both methods allowed the vertical and uniform growth of 2D MoS,
nanosheets on the SBCFYs*>*"****, As evidenced, the nanosheets, in a non-
organized manner, display a high surface area, thus increasing the number
of active sites for redox reactions and the size of the electric double layer
(EDL). The dimension of the MoS, nanosheets seems insensitive to the
growth conditions used in MAH, while the same does not happen for CAH,
where the nanoplates at the surface of the electrodes tend to become larger as
the synthesis time increases, which is detrimental in terms of effective
surface area and mechanical stability when ions are intercalated. Another
relevant difference is the control over the growth process when using MAH,
and, thus, over the MoS, mass grown on top of SBCFYs. CAH results in
more MoS, mass than MAH, as confirmed by the difference in the thickness
layer (Fig. 2) and the SBCFYs’ weights after synthesis (Supplementary Table
1). As the CAH synthesis time increases from 12 to 48 h at the same tem-
perature of 180 °C, more uniform and homogeneous coverage of the SBCFY
is achieved. However, the amount of formed material leads to cracking,
which may cause the MoS, nanosheets to detach from the yarn. Further-
more, the thicker the layer of active material, the greater the resistance®. On
the other hand, and due to the mechanism involved, MAH synthesis is less
time-consuming; after 2 h at 180 °C, a uniform and homogeneous hybri-
dization of 2D MoS, nanostructures on SBCFY is achieved. This led us to
choose the synthesis of CAH performed at 180 °C for 12 h and MAH at
180 °C for 2 h. The direct growth of SBCFYs and their nanostructuring with
MoS, avoids using binders, which affect conductivity and adhesion, and
allows a uniform growth of the nanostructures along the yarn with an
improved surface area, shortening the ion diffusion path’****,

Figure 3a shows the XRD diffractograms for as-synthesized samples
from CAH and MAH, for 12h and 2 h, at 180 °C, respectively. The dif-
fractograms for SBCFYs and MoS, powder remaining from the synthesis are
also presented. The standard JCPDS card 37-1492 was also included to
facilitate the identification of the 2H MoS, phase. Compared to bulk 2H
MoS, (JCPDS card 37-1492), the peaks found at 33° and 58° correspond to
the (100) and (110) planes, respectively. However, the same data do not

correspond to the (002) plane located at 14.4°. However, it is possible to note
the appearance of two peaks, one at 9.03° and 9.2° for both syntheses and
another at 18.65° for the CAH synthesis. These two peaks are usually
attributed to the intercalation of molecules and ions between the MoS,
layers'****. Using Bragg s law, the interlayer distance for the peaks at 9.03°
and 9.2°is 0.979 and 0.960 nm for CAH and MAH, respectively. The peak at
18.65° also has an interlayer distance of 0.475nm. This confirms the
expansion of the interlayer since the reference plane interlayer distance of
2H MoS, (002) is 0.62 nm*’. However, as reported, this interlayer expansion
should not be direct evidence for forming the 1T-MoS, phase'. Other
reports claim that the shift or appearance of these two peaks is the formation
of the 1T-phase due to the intercalation of ammonium ions***. The metallic
1T-phase could also be identified by the appearance of a peak before 10°,
around 7.3° which would correspond to the (001) plane of the MoS,”.

Raman and XPS measurements were also conducted to investigate
whether the metallic 1T-MoS, phase was synthesized. Figure 3b shows the
Raman shift performed for both synthesis methods, with the vibrational
modes corresponding to the 1T (Jy, ], and J5) and 2H-phase (Elzg and Alg)
also marked. The Raman analysis of the fresh sample corresponding to the
CAH method shows all the modes related to the metallic 1 T and semi-
conducting 2H phases. The same does not happen in the sample corre-
sponding to the MAH method, which could be related to the analyzed
region of the SBCFY. Interestingly, the same set of samples exhibited both
phases after 15 days, as shown in Supplementary Fig. 1. As mentioned, the
1T phase is metastable to aging, heating, and laser irradiation. For this
purpose, a detailed aging analysis was performed at RT in air and N, storage
conditions, as shown in Supplementary Fig. 1. After 15 days, both the CAH
synthesis carried out for 12 h at 180 °C and the MAH synthesis carried out
for 2 h at 180 °C show the vibrational modes associated with the metallic
phase. However, this does not happen after 60 days, indicating its metastable
nature. Furthermore, the fact that the laser power can induce the in-situ
phase transformation should not be ignored™, where the thinner MoS, layer
tend to be more sensitive.

As shown in Fig. 3c—f), the XPS spectra reveal three distinct peaks in the
Mo 3d region and two in the S2p region. In the Mo 3d region, one pair with
binding energies of 228.4 eV and 231.5 eV corresponds to the Mo** 3ds,
and 3ds/, of the 1T-MoS, phase. Another pair at 230.2 eV and 233.3 eV
corresponds to the Mo** 3ds, and 3ds/, of the 2H-MoS, phase. The last pair
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Fig. 3 | Structural characterization of hybridized SBCFYs with MoS,. a The XRD diffractograms of the hybridized SBCFYs with MoS, by CAH and MAH, for 12 and 2 h, at
180 °C, respectively, as well as (b) the Raman spectra, and the respective XPS spectra of (c¢) Mo3d CAH, (d) S2p CAH, (e) Mo3d MAH, (f) S2p MAH.

located at 232.4 eV and 235.5 eV, corresponding to the Mo®* 3ds/, and 3d5/5,
suggests the presence of Mo-O bonding, i.e., the presence of Molybdenum
Oxide and/or partial oxidation of MoS,***”. The band at 225.9 eV corre-
sponds to the S 2's region, confirming the Mo-S bond™. Similarly, the
analysis of the S 2p region of the spectra revealed two pairs of bands. One
pair with bands at 161.3 eV and 162.5 eV, corresponding to the 2ps/, and
2py/, of 1T-MoS,, and another pair with bands at 162.8 eV and 164 eV
corresponding to the 2ps/, and 2p;/, of 2H-MoS,™. This detailed analysis
confirms that the SBCFYs were successfully hybridized with a mixed phase
of 1T and 2H MoS, nanosheets. The known features of the 1T phase, such as
higher conductivity and hydrophilicity, are expected to improve the electron
transport efficiency and thus enhance the electrochemical response™*.

Three-electrode electrochemical characterization
Electrochemical characterization, including cyclic voltammetry (CV), gal-
vanostatic charge-discharge (GCD), and electrochemical impedance spec-
troscopy (EIS), was performed on both samples synthesized by CAH at
180 °C for 12 h and MAH at 180 °C for 2 h. The hybridized SBCFYs with
MoS, nanosheets were laminated between thermal laminating pouches, as
illustrated in Fig. 4a, leaving only 1 cm of its length accessible for electro-
chemical processes.

Figure 4c,d shows the CV curves obtained in a three-electrode con-
figuration for the hybridized SBCFY with MoS, nanosheets by CAH and
MAH, respectively. Both exhibit a voltage window of 1V, with no redox
peaks, and the quasi-rectangular shape predominates at low scan rates (1 to
20 mV's™"), indicating the good capacitive behavior of the electrodes™. The
contribution of pristine SBCFY is minimal compared to hybridized SBCFYs
by both hydrothermal routes as shown in Supplementary Fig. 2. As the scan
rate increases, the CVs deviate from the quasi-rectangular shape. In addi-
tion, the respective GCD curves (Fig. 4e, f) show a quasi-symmetric trian-
gular shape, indicating EDL formation and possibly pseudocapacitance,
resulting from fast and reversible redox reactions when ions from the
electrolyte are electrochemically adsorbed on or near the surface of the MoS,
nanosheets' . The variation of the specific capacitance (C,) considering

four samples from both syntheses at different scan rates and current den-
sities is shown in Fig. 4g, h. From the CVs, the highest achieved C, for CAH
and MAH were 184.41 F-g~' and 180.02 F-g ', respectively, at 1 mV-s~". The
C, obtained from the GCD for CAH was 189.02 F-g " while for MAH was
193.02 F-g',at 0.5 A-g~". It is also possible to validate the reproducibility of
the hybridized SBCFYs with MoS, obtained from both syntheses.

The Dunn method was used to estimate the contribution of capacitive
and diffusion-controlled processes in the storage mechanism'** The
diffusion-controlled mechanism predominates for both types of electrodes
atlow scan rates (1 to 20 mV-s '), Supplementary Fig. 3. These mechanisms
are associated with fast and reversible faradaic redox reactions that can
occur, allowing charge transfer and the diffusion of ions within the MoS,. As
the scan rate increases, there is less time for these reactions to occur, and
capacitively controlled mechanisms become dominant. EDL formation and
pseudocapacitance (near surface adsorption) are predominant in this
regime. Supplementary Fig. 4 shows the Bode plot for both syntheses,
demonstrating that the capacitive region is reached at low frequencies,
namely 0.1 and 0.25 Hz, for CAH and MAH, respectively. From the Nyquist
plot at 1 kHz, the ESR was determined to be 18.48 Q) for the CAH electrode
and 16.24 Q for the MAH electrode. The cycling stability of both electrode
types was tested by performing 3000 CV cycles at 100 mV-s~". The CAH
electrode has a capacitance retention of 79.5%, while the MAH electrode
retains 95.7%, as shown in Fig. 4i,j. The CAH shows a significant capacitance
loss in the first 200 cycles. However, although MAH-related electrodes show
a similar capacitance loss in the first 200 cycles, there is a recovery during the
following cycles, which could be related to the stabilization of the MoS, in
the presence of the 1 M Na,SO, aqueous electrolyte’. After 3000 cycles,
MoS, nanosheets are absent in some fibers of the SBCFY where CAH was
used (Fig. 4k), which may explain the decrease in capacitance retention over
cycling. Considering that CAH may result in a more fragile hybridization,
the cycling stability tests may lead to the subsequent detachment of the MoS,
from the multiple carbon fibers.

However, SBCFY hybridized with MAH (Fig. 41) still shows the pre-
sence of MoS, nanostructures. EIS characterization was conducted before
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Fig. 4 | Electrochemical characterization in three-electrode configuration.
Schematic representation of the electrochemical characterization setup, where (a)
the SBCFY/MoS; is laminated between thermal laminating pouches and conductive
copper tape for access, and (b) it is assembled in a three-electrode configuration in an
electrochemical cell, using Ag/AgCl as the reference electrode (RE) and graphite rod
as the counter electrode (CE). CV curves of a single SBCFY/ MoS, electrode by (c)
CAH and (d) by MAH, in a three-electrode configuration, and the corresponding (e)

and (f) GCD curves. The specific capacitance variation of four electrodes synthesized
by CAH and MAH (g) at different scan rates, ranging from 1 to 100 mV-s ' and (h) at
different current densities, ranging from 0.5 to 10 A-g ™", respectively. The cycling
performance, at a scan rate of 100 mV-s ™' for 3000 cycles in a potential window of
1V corresponding to i) CAH and j) MAH, and the respective (k, 1) SEM images of
the electrodes after cycling. Scale:10 um.

and after the 3000 CV cycles, and the results are shown in Supplementary
Fig. 5. The Bode plot for both syntheses shows that the capacitive region is
reached at a lower frequency after the 3000 CV cycles, changing from 0.16 to
0.05Hz and from 0.08 to 0.05 Hz for CAH and MAH, respectively. The
Nyquist plot shows a change in ESR with an increase from 17 Q to 22.33 Q

for CAH and a decrease from 45.61 Q) to 37.7 Q) for MAH. It is worth noting
that this is a freestanding electrode, characterized using a three-electrode
configuration, as displayed in Fig. 4a, in an aqueous electrolyte. Therefore,
we should not underestimate the resistances associated with the connections
between the hybridized SBCFYs with the copper tape and the connection to
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the potentiostat. This may help explain the differences in the initial ESRs at
1 kHz for both hybridized electrodes SBCFYs before the cycling tests.

Electrochemical characterization of 1D FSCs

To demonstrate the practical application of the hybridized SBCFYs with
MoS, nanosheets, an additional MAH synthesis was performed at 180 °C
for 2 h. Symmetric 1D FSCs, Fig. 5a, were fabricated by dipping each single
electrode five times in the PVA/H;PO, gel electrolyte and allowing them to
dry at room temperature for 20 min between each dipping. The separator,
consisting of a2 Whatman™ lens cleaning tissue 105, was wrapped around
one of the electrodes before the assembly was immersed in the PVA/H;PO,
electrolyte for 5 min. The two electrodes were placed side by side and then
the ends and center were tied together with a cotton thread. Finally, the
assembly was dipped back into the electrolyte and held together with the aid
of a dryer. The active length of the fabricated 1D FSCs was 2.5 cm.

Figure 5b shows the electrochemical characterization of the fabricated
1D ESCs, where SBCFYs were hybridized with MoS, by MAH. As expected,
the capacitive domain is preserved within the stable voltage window of 0.8 V
up to 100 mV-s~". The C was determined for the four devices considering
the different scan rates and current densities, Fig. 5d, e. The highest average
C,was 58.60 at 1 mV-s~' and 54.81 at 0.2 A-g~", with a standard deviation of
3.06 F-g~' and 7.34 F-g !, respectively. The confirmed discrepancy between
the four 1D FSCs is attributed to the handmade manufacturing process,
including the different gel states and drying conditions of the PVA/H;PO,
gel electrolyte and the distance between the two hybridized SBCFYs elec-
trodes. The rapid evaporation of water from PVA hydrogels can sig-
nificantly reduce their ionic conductivity. After solidification, the PVA-
based electrolytes become rigid, and the rapid self-discharge affects the
performance of the devices™'. These issues may affect the 1D FSCs and
explain the observed variations. This section considers factors that could
influence the performance of 1D FSCs, and which may account for the
observed variations. The energy and power characteristics of the devices are
shown in the Ragone plot (Fig. 5f). The highest power density achieved was
15.17 W-g ", while the energy density was 5.06x10*Wh-g .

The Supplementary Table 2 compares the performance of single
hybridized SBCFYs with MoS, and the relevant literature. It is essential to
exercise caution when making cross-comparisons since the measurement
set-ups, metrics, and device dimensions, active material mass, among other
factors, can significantly vary across the different reports. Regarding elec-
trochemical performance, the MoS, hybridized SBCFYs electrodes pro-
duced in this work exhibit a higher operational potential window, ie., 1V
and specific capacitances of 189.02F-g™' and 193.02F.g ' at 0.5A-g !,
respectively. Moreover, both MoS, synthesis methods resulted in high
capacitance retention, 79.5%, and 95.7%, after 3000 CV cycles, the last
surpassing several reported systems. Finally, another advantage over other
works is the demonstration that the MAH enables the functionalization of
long SBCFYs (1 meter long) with high-performing Mo$S, in a much shorter
time than the conventional hydrothermal route.

As shown in Fig. 5g, five 1D FSCs were stitched onto cotton fabric and
connected in series using copper tape and silver yarn. The arrangement
successfully powered a temperature and humidity sensor (Fig. 5h) up to
6 min, as presented in Fig. 5i, showcasing its potential application as a future
power source for wearable applications.

Discussion

We have successfully hybridized commercially available SBCFYs with MoS,
nanosheets via hydrothermal synthesis through conventional- and
microwave-assisted heating. Both methods allowed the uniform growth of
metallic 1T and semiconducting 2H MoS, phases. However, via MAH was
possible to hybridize the SBCFYs in 2h at 180 °C compared to the 12h
required via CAH. The resulting MoS, nanosheets provide an increase in
surface area and enhancement of the device’s electrochemical performance.
The CVs yielded the highest specific capacity of 184.41 and 180.02 F-g ™", for
CAH and MAH, respectively, at 1 mV-s . Using the GCD for estimation,
the values obtained are 189.02 and 193.02F.g ™, for CAH and MAH,

respectivelyat 0.5 A-g~". The MAH method used in this work also represents
a time-effective and cost-effective process for synthesizing flexible free-
standing supercapacitors. We have shown that microwave-assisted growth
enables the production of high-performing MoS, in a much shorter time
than the conventional hydrothermal route. Long carbon fiber yarns (1 meter
long) were fully functionalized demonstrating that the materials and
methods used in this work can upscale. The potentiality of the fabricated 1D
FSCs was demonstrated by powering a humidity and temperature sensor for
six minutes. This was achieved by stitching five devices in series onto a
cotton fabric, showcasing the potential of textile-based electrochemical
energy storage devices for powering wearable electronics.

Methods

Materials and chemicals

Thiourea (CH4N,S CAS:62-56-6) from MERCK, sodium molybdate
dihydrate (Na,Mo0O,-2H,0 CAS:10102-40-6) from PanReac Applichem,
deionized water (Millipore), sodium sulfate (Na,SO,) from PanReac
Applichem, Poly(vinyl alcohol) (PVA, Sigma-Aldrich, M, =61000);
Phosphoric Acid (H3PO,, Fluka, > 85%); SIGRAFIL stretch-broken carbon
fiber yarn (SBCFY) C SB70-3.3/240-R100 70 (2x35) tex from SGL Group
The Carbon Company and lens cleaning tissue 105 (Whatman™).

Direct growth of MoS, nanosheets on SBCFY by hydrothermal
synthesis

The direct growth of MoS, nanosheets on the SBCFY was carried out by
hydrothermal synthesis via conventional-assisted heating (CAH), using an
oven, and microwave-assisted heating (MAH). The procedure was adapted
from a previously published work™. As a starting point, a seed layer solution
was prepared by mixing deionized water, sodium molybdate dihydrate, and
thiourea (1:4). Next, 1 meter of SBCFY was immersed in the solution for
60 min at room temperature. The SBCFY was then dried in an oven at 80 °C
for 60 min before being transferred to a fresh solution with the same molar
ratio for both the CAH and MAH hydrothermal methods.

CAH was carried out for 12, 24, and 48 h at 180 °C, using an autoclave
and a Teflon tube filled with the solution and the SBCFY placed inside the
Nabertherm furnace. For MAH, the Teflon tube was placed inside a glass
vial and heated using a CEM Discovery SP microwave synthesizer at 100 W
for different temperatures and times: 180 °Cfor 1 and 2 hand 190 °Cfor 1 h.
After both syntheses, the products were removed and cooled to room
temperature. The SBCFYs were removed from the Teflon tubes, washed in
ultrasonic baths (twice in deionized (DI) water and once in ethanol, 5 min
each), and dried and stored in a clean container. The loading amounts of
MoS, in the SBCFYs were determined by comparing the weights of the
SBCFYs before and after synthesis using a Mettler Toledo AT21 Com-
parator microscale.

Preparation of PVA H;PO, electrolyte solution

The PVA/H;PO, electrolyte solution was prepared by mixing 3 g of PVA in
30 mL of deionized water and heated to 80 °C under stirring until the
solution became clear. Subsequently, 1.5 mL of H;PO, was carefully added
to the previous solution and allowed to reach room temperature under
stirring before being used.

Fabrication of fiber-shaped supercapacitors

Flexible and symmetric 1D FSCs were fabricated with a planar config-
uration, using commercially available SBCFYs electrodes hybridized
with MoS,, by MAH, with an active length of 2.5cm. Every single
electrode was dipped 5 times in the PVA/H;PO, electrolyte solution and
dried for 20 min, at room temperature, between each dip. After that, lens
cleaning tissue 105, from Whatman™ was wrapped, as the separator,
around one of the electrodes and immersed for more than 5 min in the
electrolyte. Finally, both electrodes were placed symmetrically and tied
together with a cotton thread at the ends and center. The assembly was
then immersed in the PVA/H;PO, electrolyte and dried with a
hairdryer.
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Fig. 5 | Electrochemical characterization in two-electrode configuration.

a Schematic representation of the symmetric 1D FSCs, SBCFYs hybridized with
MoS, by MAH, b CV curves of a single 1D FSCs MoS,, ¢ the corresponding GCD
curves, at different current densities, ranging from 0.2 to 4 A-g™". The average spe-
cific capacitance of four 1D FSCs, d at different scan rates, ranging from 1 to

100 mV-s', and e at different current densities, ranging from 0.2 to 4 A-g”',
respectively. The error bars represent the standard variation. f The Ragone plot of
four 1D FSCs. g The photograph of five devices sewn on a cotton fabric and con-
nected in series and h the photograph of a humidity and temperature sensor being
powered by them, i) up to 6 min.

Characterization

X-ray diffraction (XRD) analysis was employed to determine the crystal-
linity of the synthesized MoS, and detect the various phases. The mea-
surements were performed using an X-ray diffractometer (PANAlytical
Xpert PRO MRD) in a 20 range from 5° to 65°. Raman spectroscopy was
additionally utilized to confirm the presence of the different MoS, phases.
Raman measurements were conducted using an air-cooled charge-coupled
device (CCD) and a He-Ne laser operating at 50 mW of 532 nm laser
excitation in a Renishaw inVia Qontor micro-Raman spectrometer. The
spectral resolution of the spectrometer is 0.3 cm ™. The laser beam was
focused with a 100x Leica objective lens (N Plan EPI) with a numerical
aperture of 0.85. An integration time of 10 scans of 20 s each was used for all
measurements to reduce the random background noise produced by the
detector without any significant effect on the acquisition time. The laser
intensity was set to 5 mW. Additionally, the triplicates were taken from all
spectra. Structural and morphological analyses of the MoS, hybridized
SBCFYs hybridized with MoS, were conducted using SEM-FIB at a Carl
Zeiss AURIGA CrossBeam workstation with an acceleration voltage of 5 kV
and an aperture size of 30 um. The samples’ chemical and phase compo-
sition analysis was performed using an X-ray and Ultraviolet Photoelectron
Spectroscopy (XPS/UPS) Kratos Axis Supra. Measurements were made

with monochromatized (1486.6 eV) A1 Ka X-Ray ata power of 22 5 W. The
analyzer’s pass energy was 20 eV for detailed scans and 160 eV for wide
scans. The spectra were fitted using the CasaXPS software by Casa
Software Ltd.

Electrochemical characterization
The electrochemical characterization of the SBFCYs hybridized with MoS,
and the 1D FSCs was carried out using Gamry Instruments Reference 600
potentiostat. A three-electrode configuration (BEC from redoxme) was used
with a silver/silver chloride reference electrode (RE) (Ag/AgCl from
redoxme), a graphite rod (GR 6/70 mm from redoxme) as the counter
electrode (CE). At the same time, SBCFY's were hybridized with MoS, and
tested as the working electrode (WE). Before mounting the assembly in the
potentiostat, the electrochemical cell was filled with 25 mL of 1 M Na,SO,
aqueous electrolyte and purged with nitrogen for 30 min. The WE was
fabricated by cutting the original yarn into 2 cm segments and laminating
them in polymeric foils, with copper tape attached to the ends of the fiber to
act as the current collector. Only 1 cm of the WE was available for elec-
trochemical characterization.

Cyclic voltammetry (CV) was performed in a 1 V potential win-
dow for scan rates of 1, 5, 10, 20, 50, and 100 mV-s". Electrochemical
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impedance spectroscopy (EIS) was performed at open circuit potential
(OCP) in a frequency range from 10 mHz to 100 kHz, at 5mV AC
voltage amplitude. Galvanostatic charge-discharge (GCD) was per-
formed in chronopotentiometry mode at current densities 0f 0.5, 1,2, 4,
8, 10 A-g~". CVs were done for 3000 cycles at 100 mV-s~'for cycling
tests. An EIS was done before the first cycle and after the 3 000 cycles, in
a frequency range of 10 mHz to 10 kHz, at 5 mV AC voltage amplitude.
A two-electrode configuration was used for the electrochemical char-
acterization of the 1D FSCs, using PVA/H;PO, as the electrolyte. CV
and GCD were conducted within a 0.8 V voltage window, using the
same scan rates and current densities of 0.2, 0.5, 1, 2, and 4A-g’1,
respectively.

Data availability
All data generated or analysed during this study are included in this pub-
lished article (and its supplementary information files).
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