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Abstract

Lightweight and flexible energy storage devices are gaining interest due to their potential
integration into wearable electronics. They might work for the long-term powering of sensors,
for example, but they need to be operative after application of different types of mechanical
stress. Conductive and semiconducting nanomaterials are largely investigated as active
components for this type of application but need to be coupled to an elastic matrix, such as a
polymeric one, in order to be functional in flexible technologies. In this work, we investigate
the production of electrospun nanofibers based on a ternary blend of 2D layered WS,, multi-
walled carbon nanotubes and carbon black in polyethylene oxide and characterize their
electrochemical behaviour in symmetric supercapacitor architectures within bendable pouch
cells, in conjunction with a robust analysis of the active materials’ mechanical properties. We
find optimized specific capacitance values of up to 9 F gt after mechanical adjustment of the
device and excellent capacitance retention after multiple bending cycles, revealing the potential

of similar scaffolds for use in wearable energy storage devices to activate low-power electronics.
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1. Introduction

With the emergence of a continuously increasing request of smart electronic devices in portable
and wearable shapes, also the demand for flexible power sources is outpacing, to prevent any
limitation in terms of functionality and design.! Especially for sensors and applications in the
health sector, biocompatible, lightweight, and non-hazardous power sources are of interest to
ensure safety.>® However, for running stretchable sensors and devices, the storage of electrical
energy is considered to be the current bottleneck to allow the effective commercialization of
these technologies. Since many sensors are already well functioning and largely available, their
powering over long-term is considered a major issue.*® In this context, several eco-friendly and
flexible supercapacitors and triboelectric generators have been reported in the last years as
successful examples of energy devices with potential for future application as power units for
wearable and lightweight electronics.®®

Mainly carbon-based materials are used for the fabrication of electrochemical double layer
capacitors (EDLCs). Long-term cycle stability and fast charge/discharge behaviour are
exceptional arguments in favour of the usage of these devices. Also, differing shapes for the
active layer can be adopted, from fibres to membranes, depending on the specific need.® !
Carbon-based species, especially carbon nanotubes and graphene-based materials, are
interesting for these scope due to the excellent electrical conductivity and good mechanical
resistance, with, for instance, Young’s moduli of up to 950 GPa for multi walled carbon
nanotubes (MWCNTSs).22 Unfortunately, stacking, aggregation and entanglement in these
nanomaterials can drastically decrease their theoretical capacitive performance.'® To further
push the specific capacitance (Cs) of nanocarbons, their combination with transition metal
dichalcogenides (TMDs) could be a valuable strategy to pursue. Especially, WS> emerges for
its performance, with a large Cs of about 1439.5 F g* reported in a three-electrode setup at 5 mA
cm? in a 3 M KOH electrolyte medium.'* In general, many works on TMD-based materials in
their layered (2D) form, as well as in both their semiconducting and metallic phases, can be
found in the literature, in which they are often combined with carbon-based backbones like
carbon cloth, carbon nanofibers (CNFs) and other carbon materials.>2°

However, CNFs for instance, are mainly produced from polyacrylonitrile or polyvinyl
pyrrolidone, where toxic solvents like N,N-dimethylformamide and tetrahydrofuran have to be
used for preparation. Furthermore, large temperatures up to 900 °C under reducing atmosphere
are commonly used to produce them.?%?2 Also for exfoliation of TMDs, toxic solvents are

generally used, being N-methylpyrrolidone the most prominent example.?*?°> However, also



non-toxic solvents can be employed for both fibers production and for the exfoliation of TMDs.
To adhere as much as possible to green methods, ethanol, isopropanol (IPA) and water are good
choices of liquid media for processing.?

Polyethylene oxide (PEO) is the most common polymer source for producing nanofibers with
the above described solvents.?”?® Since PEO is a highly insulating polymer, conductive carbon
sources like MWCNTSs and carbon black (CB) produced from recycled tires were used in this
study to significantly increase the electrical conductivity in polymeric nanofibers obtained by
electrospinning.?® For PEO films mixed with MWCNTSs, the conductivity was reported to
increase by seven orders of magnitude.®® A similar strong increase (almost twelve orders of
magnitude) was obtained for PEO-MWCNTSs electrospun fibers, at 1 wt% of MWCNTSs.3! The
percolation threshold is greatly dependent on the aspect ratio of the MWCNTSs and therefore
mainly influenced by the degree of dissolution in the solvent preventing aggregation.®:32 Inks
of 2D-WS; can be sustainably produced through a top-down approach using surfactant-assisted
liquid phase exfoliation (SA-LPE), in a mixture of IPA and water.3* By using SA-LPE with
non-toxic solvents, expensive and toxic precursor materials can be avoided, while no large and
expensive equipment has to be used, as it is the case for bottom-up methods like chemical vapor
deposition and atomic layer deposition.®

In this work, we report on composite nanofibers based on PEO filled with 2D-WS;, MWCNTS,
and CB, where mass ratios were tuned to enable good electrical conductivity and capability of
storing charges, through a synergistic contribution of all the three involved components, which
does not take place in simpler mixtures like the mono-filler or binary ones.®*%’ By resorting to
the use of low-cost methods and green solvents like IPA and water, as well as abundant and
recycled materials, we propose a novel platform for capacitive energy storage, with the added
value of featuring good flexibility for incorporation into wearable technologies. These nano-
engineered items show a notable resilience against mechanical stress and we demonstrate this
by investigating the influence of repetitive bending on the charge-storage ability in symmetric
capacitor architectures. All these characteristics are important for enabling the development of

flexible EDLCs for smart and wearable devices.

2. Experimental Section

2.1 Materials and methods

All solvents and chemicals were purchased from Sigma-Aldrich and used directly without

further purification unless otherwise specified. Two-dimensional WS, particles were produced

following an already established protocol elaborated and described in a former publication by
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some of us, based on SA-LPE method.3* The supernatant obtained from this method is filtered
using a polytetrafluoroethylene (PTFE) filter with a pore size of 200 um utilizing a filter setup,
as shown in the Supporting Information (S.1.). The 2D-WS; particles are then re-dispersed in a
mixture of IPA and water in a 7:3 (70 %v/v IPA, 30 %v/v H20) ratio using an ultrasonic bath
(USB) for 10 min at a frequency of 37 kHz. The concentrated suspension is placed into a drying
furnace at 120 °C for 12 h to evaporate both solvents. The residual powder is scratched out of
the vessel and can be used after re-dissolution in aqueous solutions with a precise weight ratio.
As shown in the S.1., it can be proved by Raman measurements that the mono- and few-layered
composition of the exfoliated sample is retained even after the filtration and re-dispersion
procedures. The suspension of MWCNTSs was produced by dissolving PEO with an average
molecular weight of 1.000.000 g mol at a concentration of 0.5 mg mL™ into a mixture of IPA
and H2O in a 7:3 ratio. Carboxylic acid-functionalized MWCNTs were addSled into the
solution, at a concentration of 0.5 mg mL™. For producing a homogenous suspension of
functionalized MWCNTS, a tip sonicator Sonoplus HD 2200 from Bandelin Electronic was
utilized, as shown in the S.I.

Scanning electron microscopy (SEM) images were collected on a Gemini SEM 560 from Zeiss
with an acceleration voltage of 3 kV and an aperture size of 20.0 um. The images were collected
with the secondary electron detector. Energy-dispersive X-ray spectroscopy (EDS)
measurements were performed using an Ultimax detector from Oxford Instruments with an
acceleration voltage of 5 kV and an aperture size of 75.0 um. Samples were observed also
through scanning transmission electron microscopy (STEM) with a non-aberration corrected
microscope (Talos F200X, ThermoScientific) operated at 200 kV. Images were recorded on a
16Mpxls CMOS camera with a 1 s exposure time. STEM images and EDS maps were acquired
with the same microscope operated in STEM mode with a probe current of 750 pA. EDS spectra
were acquired with an in-column 4-quadrant detector. Elemental maps were elaborated from
the machine acquisition software (Velox, V. 3.6.0). Raman spectra were recorded with a
Senterra infinity 1 from Bruker in a range from 200 — 1700 cm, with an optical microscope
for adjusting and a magnification factor of 50. The excitation laser was operating at a
wavelength of 532 nm. X-ray diffraction (XRD) data were obtained with a X Pert Pro MRD
from Malvern Panalytical. A Cu K, source (A = 0.154178 nm) was used at a voltage of 40 kV
and a current of 40 mA. The incident beam angle was set to 0.5°, with a 2 mm mask and a cover
slit of 1/16 °. Samples were measured in the 26 range of 10-80°. Thermogravimetric analysis

(TGA) coupled with mass spectrometry were carried out in synthetic air (79 vol.% N and 21
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vol.% O3) using a STA40PC thermoscale provided by Netzsch within a temperature ranging
from 30 until 700 °C with a heating ramp of 2 K min".

The mechanical properties of nanofibrous composites were evaluated by uniaxial tension tests
using a dual-column universal testing machine Instron 3365 (Instron, Norwood, MA, USA).
Since fiber mats are very fragile and thin, they could not be cut in the typical dog bone shape.
To perform the measurement, firstly, fiber mats were cut in specimens with a width of 4 mm
and length of 25 mm, and then placed in a paper frame as support. At least 10 samples for each
type were tested in order to improve the reliability of the results. Before the test, all the samples
were conditioned at 24 °C and 50% relative humidity. in an Espec SH-262 Environmental
Chamber (ESPEC, Hudsonville, MI, USA). Displacement was applied at a rate of 10 mm min’
! The Young's modulus (YM), ultimate tensile strength (UTS), and elongation at break (EB)
were reported. Electrochemical characterization was performed with the Autolab PGSTAT302
from Metrohm and the Nova Software (version 2.1). Cyclic voltammograms were recorded in
the range from -0.25 — 0.6 V with scan steps of 2.44 mV at different scan rates of 10 mV s, 20
mV s?, 50 mV s, 100 mV s?, 150 mV s?, 200 mV s, 250 mV s, and 500 mV s?. The
cycling was done 6 times to ensure the equilibrium state of samples and only the polygon area
of the last cycle was used for calculating the specific capacitance using the polygon area
function of OriginPro (2021). The measurements were the same for all types of cells (Swagelok
and pouch cells). Potentiostatic electrochemical impedance spectroscopy (PEIS) measurements
were done using the galvanostatic potentiostat BioLogic from the frequency range of 0.1 Hz up
to 100.000 Hz in combination with a Swagelok electrochemical cell.

2.2 Blend preparation and electrospinning

The as-prepared precursor materials were employed for the preparation of blends for the
electrospinning process. As liquid basis, the 0.5 mg mL™ concentrated MWCNTS suspension
was mixed with a CB produced from recycled tires, the synthesis of which was already reported
by some of us,?® with a mass ratio of 0.1 wt%, namely a concentration of 1 mg mL™. The mixture
was homogenized using an USB at a frequency of 37 kHz for 30 min to ensure the proper mixing
of the CB (see S.I.). Subsequently, exfoliated 2D-WS; was added under stirring for 30 min,
with a mass ratio of 1.25 wt%. The USB was again used for homogenisation at 37 kHz and 30
min. The fourth and last additive, PEO (Mw = 1.000.000 g mol?), was added to the suspension
with a mass ratio of 2.5 wt%. The mixture containing MWCNTSs, CB, 2D-WS,, and PEO was
stirred and mixed for another 2 h to ensure the complete dissolution of PEO. Afterwards, the

suspension was added to a planetary ball mill at a rotation speed of 250 revolutions per minute
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(rpm) for 3 h to further homogenize and finally produce the blends, by decreasing the size of
all dissolved or suspended species (depicted in the S.1.). The particle size is essential for the
electrospinning process since the tip of the syringe easily gets clogged using non-ideal,
heterogeneous suspensions. Furthermore, a continuous flow of the blend must be ensured, since
the production of fibers necessarily demands a stable Taylor cone to get reproducible
appearances and diameters and to avoid electro-spraying. After another 12 h of stirring, the
blend was ready to be spun in the electrospinning setup. A potential of —2 kV was applied to a
rotating drum roll as fiber collector, which was covered with aluminium foil (for easy and clean
removal), where the rotation enables a more homogeneous production of fibers compared to a
static current collector. A syringe tip was used as a counter electrode at a distance of 25 cm
apart from the drum roll and an applied potential of 14 kV was used while electrospinning. For
the processing, the blend was put into a syringe with the before mentioned syringe tip, having
a diameter of 0.5 mm. Finally, a constant flow rate of 0.3 mL h™* was set and the drum collector
rotated at 60 rpm.

2.3 Fabrication of pouch cells

For the preparation of pouch cells, a flexible CB-PTFE current collector (CB-PTFE CC) was
produced using a commercially available CB (Beyond Battery, Singapore) and PTFE. An
aqueous PTFE dispersion (60 wt%) containing traces of polyethylene glycol trimethyl nonyl
ether was mixed with 2 mL ethanol and with the CB. The ratio between CB and PTFE was set
to 95:5 wt%. The suspension was stirred to successively evaporate ethanol. Once a rubbery
consistency was achieved, ethanol was added dropwise to the mixture and kneaded into the
clump using a spatula. After 10-15 min during which the mixture was homogenized, a glass
plate and glass rod were used to roll a sheet with a thickness in the range of 70-100 um. The as-
prepared sheets were dried over night at 80 °C. Placed on the current collector while
electrospinning, fibrous materials can be directly deposited onto the CB-PTFE CC (see in S.1.).
After preparation of the current collector-fiber composites, the stacked material was punched
into coin-shaped pieces with diameters of 12 mm and 14 mm to produce flexible pouch cell
devices. The different diameters ensure total area overlapping, so that direct charge transfer is
guaranteed. A round SiO> nanofiber piece with a diameter of 17 mm was used as a separator.
The pouch cells were assembled using 140 pL of 1 M tetra ethylammonium tetrafluoroborate
(TEABF,) in propylene carbonate (PC) as electrolyte. Nickel tabs were used as contacts for

both sides of the pouch cell since a symmetric device was produced. Finally, the cells were



closed under vacuum using pouch cell bags and a sealing device (Sealervac) from Sealershop,
with an evacuation time of 60 s and a sealing time of 5 s.

2.4 Electrochemical testing

Two different cell types were used for electrochemical characterization. First, a symmetric
supercapacitor device was built in a typical Swagelok cell type, as shown in the SI. Two pieces
of composite fibers of 12 mm in diameter were separated by a Whatman SiO> nanofiber sheet
(14 mm). All components, different to the pouch cells, were contacted with 120 uL of
electrolyte, i.e. a 0.5 M TEABF;4 solution in PC. Finally, the Swagelok cell was pressurized by
springs, closed, and contacted for measuring. The second cell type was the as-prepared pouch
cells, the fabrication of which is described above. The cells were directly connected to a
potentiostat using crocodile clamps. Mainly, we used electrochemical cyclic voltammetry data
(CV) to elaborate the Cs of the produced ternary nanofibers (see S.I.). The measurements were
done at a constant temperature of about 23 °C. The potential window has been set between -
0.25 V and 0.6 V, which is the maximum range of the non-Faradic region. For referencing CV
data, a 0.5 M TEABF4 solution in PC was mixed with ferrocene to enable comparability to other
electrochemical systems. In the ascribed region, no redox processes are responsible for charge
accumulation, but surface charging.®®*° Different scan rates were used from 10 mV s? up to
500 mV s (see above).

3. Results and Discussion

The different steps for the blend preparation described under 2.1 and 2.2 are summarized in
Figure S1. From these blends, nanofibers are produced by using electrospinning, as sketched in
Figure 1. Pictures of the drum-roll collector used to prepare the nanofibers are shown in
Figure S2. Figure 1b and Figure S3 show typical SEM images of the thus produced ternary
blend-based fibers. As indicated by the orange and green arrows in Figure 1b, different
thicknesses of the fibers can be observed. Two classes of thinner and thicker fibers are visible.
From this image, 50 different diameters at the thicker fibers and 50 different diameters at thinner
fibers were averaged by using the ImageJ software, to obtain individually the average fiber
thickness of both classes. The average thickness of the thinner fibers (orange arrow) was
calculated to be 159 nm, while the thicker ones have an average calculated diameter of 845 nm.
These two trends in the distribution indicate that in some fibers the pure PEO component is
prevailing, while in some of the others the presence of the three types of fillers is more
concentrated and contributes to an expansion of the diameter. From the images, no preferential

direction or, in other words, no directional order of the fibers created by the rotating motion of



the drum-roll collector is visible. Therefore, we assume that the velocity of the accelerated fibers

is larger than the rotating motion of the collector.

Figure 1. a) Schematics of blend composition, based on PEO (Mw = 1.000.000), functionalized
MWCNTSs, 2D-WS, and CB particles dissolved in an IPA/water mixture. b) Typical SEM
image of the produced ternary blend-based fibers, with thicker fibers indicated by the green
arrow and thinner fibers by the orange arrow. ¢) Schematics of the electrospinning process using
a standard syringe and gathering the produced fibers on a drum roll current collector, by
applying a potential between the syringe and the collector. d) STEM image of a single fiber
deposited on a TEM grid, where EDS1 can be correlated to a carbon-based particle, while EDS2
is ascribed to an agglomerate of 2D-WS; sheets (see Figure S4 for EDS spectra).

The produced fibers show a homogeneous distribution in the micro-meter scale of the layered
WS, particles in the fibers, as proven by EDS analysis. In Figure S3, sulfur (light blue) and
tungsten (pink) EDS signals are present throughout the entire image. TEM micrograph of the
fibers (Figure 1d) shows two different spots where two different particle agglomerates are
clearly visible in the fibrous material (the spectra for EDS1 and EDS2 are shown in Figure S4).
The first spot (EDS1) can be ascribed to a carbon-based material, which can be either MWCNTSs
or CB added into the blends, since the carbon contribution is larger compared to the tungsten
and sulfur contribution. The EDS2 measurement shows an agglomerate of several mono- or

few-layer WS, sheets within the PEO matrix with an increased contribution attributed to



tungsten and sulfur. From the insights of SEM and STEM images and their elemental analysis,
it can be proved that layered WS is present in the composite fibers.

Raman analysis was used to further characterize the presence of layered WS; in the produced
fibers. Coleman et al. described the method for the LPE of 2D materials like TMDs.?* The
changes in band structure from indirect-to-direct bandgap were calculated and proven when
going from the bulk to the mono- and few-layered WS, and MoS,.*1#2 Raman spectroscopy can
be used to differentiate between bulk and low-dimensional form, as it was described by
Berkdemir et al.** Raman spectra of various WS, samples are shown in Figure S5. For the bulk
material, the (2LA + E2q)/A1q ratio was observed to be 0.55 and 0.47 at an excitation wavelength
of 514 nm and 514.5 nm, respectively.**** Since the measurements were carried out at 532 nm
excitation wavelength, and the sensitivity for the number of layers and the effect on the spectra
depend on the excitation wavelength, bulk WS, was used as a reference to compare the degree
of exfoliation to the literature.***° Figure S5 confirms that the literature-reported values are in
agreement with the experimentally obtained ratio of (2LA + E2g)/A1g = 0.499 from the reference
bulk WS, powder. Therefore, the (2LA + Exg)/Ayq ratio at 532 nm remains a suitable proof of
the exfoliation degree. The single sheets always possess (2LA + Ezq)/Aq ratios above 2, while
double layers achieve ratios around 1.4*%¢ As Figure S6 shows, all measured spectra that
contain WS, feature ratios far above 1, with 1.34 for the binary fibers containing functionalized
MWCNTSs and WS>, 1.74 for the fibers containing only WS>, which means that in these fibers
mainly double- and monolayers of the TMD are present. For the ternary fibers, a ratio of 2.08
results from Raman peaks analysis, indicating that the WS, particles predominantly exist as
monolayers in this sample®® In the range between 1250 cm™ and 1700 cm™, the detection of
MWCNTSs was also possible. As also indicated in Figure S6, D- and E24-bands of carbon are
found at Raman shifts of 1352 cm™ and 1585 cm™, respectively. The D-band position (1352
cm?) strongly depends on the utilized excitation wavelength and shifts towards larger
wavenumbers with increasing excitation energy: this can be attributed to electronic states
emerging in disordered graphitic materials that couple resonantly with the excitation laser,
causing the observed wavelength-depending shifts.*”“¢ However, it is clear that MWCNTS are
present in all samples by looking at E24- and D-bands, except for the PEO-2D-WS, sample,
which does not contain them. The low intensity, large defect concentration, and the poor ratio
between the two bands lexg/lp results from different causes. The first effect is caused by the
overall concentration of the MWCNTSs in the prepared suspension, being low compared to the
other components (around 1.28 wt%), which is why WS; signals simply dominate the spectra.
The comparably large defect band is caused by the utilized MWCNTSs. For a better dissolution
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in the water/IPA mixture, functionalized MWCNTSs with carboxylic acid were used. As a
consequence, more defects are present on the nanotube surface disturbing the graphitic order,
which is the main reason for the low-intensity Ez4-band contribution resulting in the poor, above
described, ratio.*"4°

Figure S7 displays the XRD patterns of all different PEO-based nanofibers that were produced
from the prepared blends. PEO fibers naturally show a certain crystallinity after the
electrospinning process, which is seen throughout all different samples. °>%! In 2001, Deitzel et
al. ascribed the reflexes (indicated as the red dots) directly to the crystalline phase of PEO.%
Besides the comparably small reflexes of PEO, larger relative intensities can be ascribed to WS;
reflexes, and there is no doubt that crystalline WS is present in the fibers originated from the
2D-WS;-containing blends (indicated by the blue rectangles in Figure S7). The (002) reflex at
14.3° (dooz2 = 1.01053 A) from the reference is the most prominent reflex for the 2H-phase of
the TMD. No side phases, such as WOz or 1T-WS,, were produced during exfoliation and fiber-
spinning. In the case of WS, the exfoliation might affect the reflex position and, further, the d-
spacing of layers. The deviation of the reflex positions for all samples corresponds, compared
to the reference, to d-spacing differences from 0.0051% to 0.8447%. The exfoliation of bulk
WS;, dissolved in suspensions and finally electrospun, therefore, did not affect the distance of
the doo2 plane of the 2H-WS; phase and no phase transitions were observed.

The electrochemical characterization of the composite fibers, aimed at determining the most
performing composition in terms of fillers type and quantity, was carried out through CV in a
Swagelok cell-type device (see Figure S8) by using a non-aqueous electrolyte. Due to the polar
nature of PEO, which is soluble in most typical solvents used for electrolytes, PC, a high boiling,
non-polar solvent was used for dissolving TEABF4, which acts as the charge transferring
species (electrolyte) within the electrochemical cell. Different blends with increasing
concentrations of MWCNTs and 2D-WS; as shown in Figures 2a and b were produced and
analysed. From the CV traces (Figure S9) the specific capacitance was calculated by using the
following equation®2°3;

-4
S OAV-v-m

where Cs is the specific capacitance, m is the sample mass in grams, AV is the potential window,

v is the scan rate in mV s, and A is the area of the voltammograms in Figure S9. The potential

window was chosen between -0.25 V to 0.6 V, which was found to be the non-Faradic region

for the composite fibers. Since referring this material system to a reference electrode is difficult

due to the high solubility of PEO in aqueous solvents, a pseudo reference (ferrocene) was used
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to be able to contextualise the applied potential window. Figure S10 shows the anodic and
cathodic peaks of the ferrocene couple (Fc/Fc*) in the used electrolyte system of TEABF4 and
PC at 0.5 M concentration. The offset potential can be derived from the middle of the two peak
potentials. The offset of 0.74 V, which is obtained from these curves, is then subtracted from
the applied potential and corresponds to the potential range -0.99 V to -0.14 V vs Fc/Fc* shown
in Figure S9. Inside this region, no redox reactions are occurring, measured currents are a
consequence of surface charging instead of electrochemical reactions, which enables the
determination of Cs. By adding more charge-conductive species, namely MWCNTs and 2D-
WSy, intuitively the capacitance of the fabricated fibers should increase. A larger concentration
should enable a larger Cs, since more active material is present for charge storage. However,
there is no such trend visible in the obtained data summarized in Table S1. With increasing
scan rates, the size of the diffusion layer decreases, due to the electrolyte diffusion towards the
electrode, which explains the overall larger currents shown in Figure S9.%* For all samples, but
especially for the PEO-WS> and PEO-WS,-MWCNTs-CB composites, a rectangular shape is
measured, proving the capacitive behaviour. The overall shrinking of Cs, with raising the scan
rate, has its origin in the diffusion limitation of charges into the material and is commonly seen
for CV-type measurements.® Therefore, the obtained values discussed from now on are the
ones measured at a scan rate of 10 mV s (Figure S9). Again, for optimization of concentrations
of 2D-WS; and MWCNTSs in the fibers, the 2D-WS,-PEO and MWCNTSs-PEO were measured
in the Swagelok cells in Figures 2a and 2b. It was obtained that, by doubling the concentrations
to 25 mg mL* for WS, and 1 mg mL™ for MWCNTSs, a rapid drop of the specific capacitance
from 20.06 mF g* to 8.69 mF g in the case of 2D-WS; and from 27.47 mF g to 8.03 mF ¢!
for the MWCNTSs containing fibers was obtained, as visualized in Figures 2c and d. Afterwards,
at a concentration of 37.5 mg mL™ for 2D-WS; and at 1.5 mg mL™* for MWCNTSs, the specific
capacitance increases again to 12.24 mF g for 2D-WS; and up to 22.22 mF g in the case of
MWCNTSs fibers. Due to the insolubility issues, there is a limit to the amount of material that
can be added to the suspensions for each species, which was reached or exceeded at these
concentrations of 1.5 mg mL™* for MWCNTSs and 37.5 mg mL™* for WS,. The particles of 2D-
WS> and carbon species, which are present in the blends shown in Figure 1b and Figure 1d,
have lateral sizes around 500 nm up to a few um. By adding more of these large particles into
the blends, homogeneity cannot be longer ensured. We observed that high concentrations lead
to poor dispersion and agglomeration and that the overall distribution of 2D-WS; and MWCNTSs

in the fibers becomes worse compared to blends with lower concentrations.
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Figure 2. C for differing concentrations of a) PEO-MWCNTs fibers from 0.5 to 1.5 mg mL™*
and b) 2D-WS; from 12.5 to 37.5 mg mL™. ¢) and d) show the Cs vs. mass ratio in % at a scan
rate of 10 mV s for 2D-WS,-PEO fibers and MWCNTs-fibers. e) Data for the best performing
samples from a) and b), i.e. for, fibers containing MWCNTs-CB at a concentration of

0.5 mg mL* for MWCNTs and 1 mg mL™ for CB, the mixture of 2D-WS, and MWCNTSs with
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optimized concentrations (dark red), and the mixture of both additives at optimized
concentrations, including the addition of CB at a concentration of 1 mgmL?. The
measurements were done in a Swagelok electrochemical cell using TEABF4 at a concentration
of 0.5 M dissolved in PC as electrolyte. The measurements were done at 10 mV s, 20 mV s,
50 mV s, 100 mV s, 150 mV s, 200 mV s, 250 mV s, and 500 mV s in a range between
-0.25 and 0.6 V (non-Faradic region).

In Figure 2e, the mixture of the best-performing concentrations from Figure 2a and b are
reported, together with the binary composites of 2D-WS>-MWCNTS, as well as the composite
of MWCNTSs-CB. It is important to underline that fibrous samples with binary composition 2D-
WS> + CB do not appear among the ones tested in Figure 2e. The CB-based fibers not
containing all the three additives together provided too inhomogeneous mats, which were not
possible to remove from the aluminium foil after the electrospinning deposition process, making
their electrochemical characterization not feasible. In contrast, the ternary mixture is clearly
outpacing all the investigated binary and mono-filler compositions, with a remarkable value of
Cs reaching almost 100 mF g at the slowest utilized scan rate and decreasing to 50% of this
value at the fastest one. Electrical conductivity measurements prove that the addition of CB
contributes mainly to a decrease in resistance, as it can be seen in Figure S11. Due to a lack of
mechanical stability, also fibers produced from a simple PEO-CB blend were not studied
electrochemically, due to inability of detaching them from the collector foil in the
electrospinning set-up. The composite fibers based on binary 2D-WS>-MWCNTS mixture in
PEO show an increase of the electrochemical performance up to 42.05 mF g compared to the
reference fibers with only one of the two fillers, demonstrating a beneficial cooperative effect
between the two nanomaterials. Notably, a binary blend of MWCNTs and CB in PEO, at the
same concentration kept in the ternary one, shows poor electrochemical performance, other that
being a very brittle and electrostatic sample, with incompatible mechanical properties for use
in flexible device architectures. These fibers appear inhomogeneous, which is most likely
caused by agglomeration of the carbon fillers. Therefore, clogging of the syringe tip while
electrospinning is expected, resulting in low fiber stability and inhomogeneous distribution of
active species. Consequently, a reduced number of conductive paths through the fibrous matrix
is formed, triggering low capacitive performance. In the ternary composite instead, where CB
was added to improve electrical conductivity, the strong enhancement in Cs suggests a beneficial
interaction between 2D-WS; and the carbon species, which are consequently better distributed

in the fibrous polymer matrix, as long as 2D-WS: is present.
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We investigated the mechanical properties of the prepared nanocomposite fibers, to prove their
suitability for use in flexible devices. Mechanically, the fibrous mats show different properties,
depending on the specific filler they contain. Therefore, their UTS, YM, and EB were measured
to test their resilience against mechanical stress. Especially the values of YM and EB play a
crucial role in their use in flexible electronics and supercapacitors: the active material should
not break and remain in its former shape when slightly bent. Since the fibers are spun on a
rotating drum roll collector, the influence of the spinning process itself was investigated by
measuring at least 10 samples along the spinning direction (longitudinal) and perpendicular to
the spinning direction (transversal). As shown in Figure S12, it was noticed how the position
on the mats, where the samples were gathered, influenced their mechanical behaviour: the closer
to the edges they were the lower their maximum tensile stress was. Indeed, while
electrospinning, the needle tip is positioned in the centre of the drum collector and, therefore,
fibers mats are centrally loaded and their thickness decrease as far away from the centre. For
this reason, samples were cut from the middle of the fiber-mats to perform longitudinal
measurements. Even if an orientation of fibers on the rotating collector was expected at first,
the SEM images reported in Figure 1b and Figure S3 did not show a preferential direction,
which was explained by the low rotation speed. Since distances of 25 cm were used for
producing the fibers and large acceleration voltages were present, the fibers reached the
collector quickly. Within that time, the collector itself did not rotate a large distance since it was
rotating at 60 rpm. This result is in agreement with a previous work by Kumar et al.>®, where,
to obtain aligned fibrous material, up to 2500 rpm were needed, while 300 rpm resulted in non-
aligned fibers. Representative stress-strain curves of longitudinal and transversal samples for
each filler mixture are shown in Figure 3a and Figure 3b, respectively. One exception is the
PEO-CB sample. As mentioned before, the CB-based fibers without all three fillers featured
poor homogeneity and, thus, no delamination from the aluminium foil was possible without
damaging the mats. As a consequence, their characterization could not be conducted. As it can
be noticed, from the comparison of the longitudinal samples (Figure 3a), an effective increase
of the maximum tensile stress was observed in presence of carbon-based fillers, whereas all the
other fillers did not bring any improvement.

On the other hand, transversal samples (Figure 3b) did not show any difference in maximum
tensile stress depending on the filler involved in the formulation. Therefore, only PEO-WS;-
MWCNTs-CB composite showed a significant different in maximum tensile stress: a 40 %
reduction was observed from longitudinal to transversal samples. Mechanical properties of the

composites were investigated in terms of YM, EB and UTS and results are reported in Table 1.
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Table 1. YM (MPa), EAB (%), and UTS (MPa) of PEO, PEO WS, PEO MWCNTSs, and PEO-
WS,- MWCNTSs-CB. All the data are reported as average + standard deviation. ANOVA test
(p<0.05).

PEO PEO:2D- PEO:MWCNTs PEO:2D-
WS2 WS2:MWCNTSs:CB
YM - Long. 61.00 £ 42.99+11.92 97.40+17.69 96.47+31.90
(MPa) 16.71
YM-Trans. 60.33+16.50 40.87+9.40 81.63+£21.13 77.87£12.17
(MPa)
EB — Long. 195.07 = 208.69 * 95.57+13.21 139.04 + 31.68
(%) 74.64 34.95
EB - Trans. 136.60 96.00 £ 78.18 +17.63 56.03 £ 15.79
(%) 25.56 40.43
UTS - Long. 4.78 +0.81 5.33+0.97 4.90+0.31 7.11+1.17
(MPa)
UTS - Trans. 4.54 +0.39 3.68 £0.95 5.12 +0.26 2.75%+0.22
(MPa)

As it can be noticed, both the YM (Figure 3d) and the EB (Figure 3c) of samples containing
MWCNTs significantly differed from samples without MWCNTSs, regardless of the
longitudinal or transversal direction. Indeed, the YM of pure PEO increased from (61.00 £
16.71) MPa up to (97.40 = 17.69) MPa for PEO-MWCNTSs. The addition of WS, and CB to
PEO-MWCNTSs did not show a change in the YM (96.47 + 31.90) MPa. Therefore, it could be
stated that the improvement of the YM of the pure PEO was only due to the MWCNTS. Indeed,
MWCNTSs are significantly more rigid than PEO, with a YM in the range of 270-950 GPa, as
measured by Yu et al.*? Furthermore, the UTS data (Table 1) did not show significant changes
in pure PEO after the addition of all the fillers. The maximum value in the longitudinal direction
was obtained by the ternary blend-based fibers with (7.11 £ 1.17) MPa, while the transversal
direction was lacking in strength with just (2.75 £ 0.22) MPa performing worse compared to all
other samples. The values for MWCNTSs-filled fibers differ from samples without MWCNTSs,
On the other hand, as expected, since the fibers are mechanically strengthened due to the

nanotube addition, a decrease in the EB was observed;3! conversely, pure PEO and PEO-WS;
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fibers, showed EB 195 and 209% in the longitudinal direction and ~96-137% in the transversal
direction. The EB of PEO-MWCNT and PEO-WS>-MWCNTs-CB composites showed a
significant decrease with 96% and 139%, respectively, in the longitudinal direction, and 78%

and 56% in the transversal direction (Figure 3c).
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Figure 3: Representative stress-strain curves of pure PEO (light blue), PEO-WS; (light orange),
PEO-MWCNTSs (dark red), PEO-WS>-MWCNTSs-CB (black) in (a) longitudinal direction and
(b) transversal direction. The average values of the EB and the error bars for all samples are
shown in (c) with the added letters for the statistical analysis from ANOVA with a p-value of
0.05. If the p-value is above 0.05, there is a significant difference in the two compared data sets.
This difference is indicated with a letter in the diagrams showing that the two data sets are
significantly different. The average values of the YM and the error bars for all samples are
shown in (d) with the added letters for the statistical analysis from ANOVA with a p-value of
0.05. The explicit values for (c) and (d) can be found in Table 1.

Theoretically, MWCNTSs length of 1.5 um is in a range where the tubes align along the produced
PEO fibers (100-900 nm) and effectively contribute to the strength of the fibers.3! Adding
fillers, except for the MWCNTSs with a comparably high tensile strength, the fibrous materials
are weakened, most likely due to a limited dispersity of CB and 2D-WS;. The EB suffered less

because of CB and 2D-WS; fillers. In contradiction to what was initially expected, throughout
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the whole set of samples an anisotropic behaviour was observed because the transversal
direction significantly differs from the longitudinal direction with a lower elongation and with
withstanding higher loads before breaking. Most likely this can be ascribed to the deposition
along the rotation axis of the current collector used in the electrospinning process: even if
initially thought the low rotation speed of the drum roll collector has no influence, it can be
assumed that fibers are slightly aligned, unnoticeably by only watching at SEM images. The
weakness of the transversal direction cannot be explained by the observed gradient of thickness,
even if the sample position could not be adjusted like in the case of the longitudinal direction
(see Figure S12) the total width of the drum roll was 10 cm, while the length of the cut samples
was 2.5 cm and taken from the middle of the mats.
To characterize thermal stability, TGA was carried out on the composite fibrous materials and
the thermograms are shown in Figure S13. For any filler added, an increase in the degradation
temperature of PEO was observed. Bare PEO-fibers started rapidly decomposing at a
temperature of 141 °C. By adding 0.5 wt% of MWCNTS, the decomposition temperature was
raised up to 171 °C. Surprisingly, the PEO-WS, composite fibers obtained the overall largest
burning temperature with 264 °C. The mixture of PEO-WS>-MWCNTSs was decomposed at
185 °C, while the ternary blend-based fibers at 256 °C. At first it is important to mention that
the influence of WS; is the largest for all samples. This is simply because of the chosen mass
ratios of the mixtures (PEO:WS2:MWCNTSs:CB = 50:25:1:2), therefore WS, should naturally
show a stronger effect. This can be seen at the remaining mass at 700 °C, which is mainly
ascribed to the WO3 mass, since all samples that do not contain WS> have significantly lower
masses. This means that the lower the relative ratio of PEO, the higher the burning temperature.
The only exception is the PEO-WS; sample. One possible explanation could be the
agglomeration of the filler species inside the fibers. As shown in Figure 1d, most likely
agglomerates of WS, and CB or MWCNTSs appear in the produced blends and prevent more
homogeneous mixing. Then, a lower amount of PEO is interacting with the WS, surface because
the carbon species block access to the latter. Since WS> can trap positive charges, numerous
partial negative charges along the PEO chain interact with the WS, surface.>” This weak
interaction of PEO chains might cause larger temperatures for decomposing PEO close to WS,
particles. This could be highlighted by looking at the position of the ending of the mass drop in
TGA data. The ternary blend-based mixture and the binary PEO-WS>-MWCNTSs composite
show a rapid drop until 305-315 °C, while this state is reached around 360 °C for the PEO-WS;
fibers. For decomposing residual PEO, close to the WS, particles, larger temperatures are
necessary due to the PEO-WS; interactions. However, previously it was found that metal oxide-
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WS, composites were able to effectively act as flame retardant for polyethylene implemented
in a PE matrix: we also observed a comparable trend the produced WS,-based composite fibers
from PEQ.%®

After optimizing the concentration for each additive in the composite fibers, a flexible current
collector was used as a substrate for direct fibers spinning, in order to prepare the two main
parts of a flexible symmetric supercapacitor. CB and PTFE were used to produce the current
collector (CB-PTFE CC) used as a substrate (Figure S2), as described in the Experimental
Section. PEIS was employed to characterize the electrical performance of the CB-PTFE CC.
From these flexible substrates and the on-top deposited fibrous mats, pouch cell devices were
fabricated as explained in the Experimental Section and shown in Figure 4a. As it can be
deduced from Figure S14 and Table S2, PEIS measurements on CB-PTFE CC provide a
resistance of 172 Q with a double-layer capacitance of 2.6 nF, using a fitting model based on a
Randles’ circuit, which is an acceptable value for a flexible CC featuring electrical conductivity
and some capacitive behaviour as well.>” Table S1 summarizes the values obtained from the
experiments in Figure S15 of the assembled pouch cells, as well as from the data shown in
Figure 4b. From Figure S15, it can be seen that the pure CB-PTFE CC shows a specific
capacitance of 0.49 F g%, which is a factor 4.65 larger than the ternary fibers measured in the
Swagelok cell. The composite being produced from the CB-PTFE CC and the ternary fibers in
Figure 4b (yellow graph) already shows a large increase of the specific capacitance up to 3.54
F g1. This drastic enlargement can be explained by several reasons. At first, as the reference in
Figure S15 shows, there is a contribution of the CB-based current collector. It is well known in
the literature, especially for Li-ion and Na-ion batteries, that CB acts as a capacitive species.>®*
Additionally, CB affects the conductivity of the composite material. CB as a conductive
material enables charge transport to the electrodes, as the diagram in Figure S11 indicates,
while Figure S2 shows the ability of the substrate to conduct current and sustain a commercial
LED. The aforementioned direct-spinning process onto the CB-PTFE CC likely leads to good
contact between the fibers and the conductive current collector. The decreased distance that
charges have to overcome during the charge-discharge process in the PEO-based matrix is way
more probable when more contact points to the electrode material are present. Furthermore, the
vacuum treatment used to produce pouch cells compresses the fibers as well as the separator
with overall densification of the cell structure. Being the distance between two electrodes in the
capacitor reduced, Cs becomes logically higher, given the inverse proportionality.

The device with the best performance was used to conduct cyclability tests using capacitance

retention measurements. Galvanostatic charge-discharge measurements were performed for
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3000 cycles at a current density of 50 mA g (Figure S16). Cs retention was found to be very
effective and the Cs was maintained constant over 3000 cycles, reaching up to 102.3% of the
initial value. Coulombic efficiency also remained constant for 2000 cycles and then slightly
shifted upwards to a maximum value of 107.1%. This upward trend is known especially for
carbon-based materials, where self-activation takes place by changes in the surface morphology
concomitant with an increase in the specific surface area during successive electrolyte
permeation cycles. Additionally, during cycling, some electrochemically active sites become
better exposed to the electrolyte.®%5! Overall, the constant performance for 3000 cycles shows
that under cycling conditions no degradation or parasitic chemical reactions in the system occur
and that excellent stability of the composite-electrolyte system in the device is ensured.

Figure 4b discloses another beneficial effect to the specific capacitance: for flexible materials,
the bending tests are highly relevant. To test the stability of a flexible supercapacitor, the active
species within it must withstand several cycles of bending (at least 10). After the first bending
cycle, Cs of the cell is even raised up to 12.019 F g*. While bending pressure is applied to the
cell, the internal components are compressed, which is beneficial for improving the contact
among the different species. This effect also explains the differences observed when employing
the same active materials (the fibrous mats) in different cell geometries, namely Swagelok and
pouch cells. By vacuum sealing, a pouch cell is most likely more compressed compared to a

Swagelok cell.
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Figure 4. a) Schematic of pouch cell architecture for the symmetric supercapacitor devices used
for electrochemical analysis. The pouch cells are built using nickel tabs as current conductors,
CB-PTFE coated with the ternary blend-based fibers and a SiO fibrous membrane (Whatman)
as a separator. 120 puL of 1 M TEABF,4 dissolved in PC was used as electrolyte. The
measurements were done at 10 mV s, 20 mV s, 50 mV s?, 100 mV s?, 150 mV s, 200 mV s”
1250 mV s?, and 500 mV s in a range from -0.25 to 0.6 V. Panel b) shows the specific
capacitance depending on the scan rate before bending (yellow), during the first bending (red),
and after the first bending (blue). The inlet visualizes the bending process. In ¢) Another
symmetric cell (different sample from the one used in b) was bent 10 times and the specific
capacitance was measured in the bent as well as in the flat state at a scan rate of 10 mV s,

Consequently, in the latter, stored charges are hindered to flow from the PEO fibers-based
matrix into the current collector since less contact with the current collector exists in this
architecture. This effect was also observed for lithium-ion pouch cells by Zhou et al., where -
with increasing pressure - a decreasing internal resistance was observed, while the capacity was
increasing.®? Additionally, they also observed an irreversible increase of the capacitance even

after removing pressurization, which is also seen in our samples after flattening in Figure 4b
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(blue curve). A decrease compared to the bent (pressurized) state of the Cs is observed (8.992
F g?), but nonetheless it still remains larger compared to the initially prepared cell. The
downward trend in Cs at 100 mV s seen after the first bending cycle (red curve), followed by
an increase at 150 mV s*, becomes understandable by looking at Figure 4c. In the bent
configuration, fluctuations of Cs are always present, mainly caused by the change in pressure in
the cell (not controlled here, but done manually), which affects the distance of the two electrodes
from each other and the electrolyte penetration. In the flat state, almost no fluctuations of Cs
can be noticed. The stability tests in Figure 4c conducted on another device show the same
upward trend on the first bending cycles. Depending on the cycle, Cs varies from a maximum
of 14.35 F g to a minimum of 7.77 F gt in the bent configuration. This is explained by the
bending process itself. By hand, the pressure applied to the cell will always differ from one
bending cycle to another. However, after three cycles of bending, a plateau of around 5.70 F g
! can be observed. This means that pressurization reaches an equilibrium state where the

capacitance remains more or less constant independent from the previous bent state.

We have compared our results with those of similar devices reported in the literature, mostly
flexible supercapacitors based on carbon materials, polymers and TMD-based composites.
Lamberti et al. produced laser-induced, flexible graphene sheets, which in device provided 0.2
mF cm at a scan rate of 10 mV s.6% Also Peng et al. obtained 9.11 mF cm™ at a current density
of 0.5 mA cm with a similar laser-induced flexible graphene material. In comparison, the areal
capacitance of the composite fibers reported in this work achieves values of 107.7 mF cm™ at a
scan rate of 10 mV s, which is comparable or even better than the two cited cases. Zhou et al.
prepared graphite papers using the exfoliation technique and obtain 101.5 mF cm at a current
density of 0.5 mA cm, a value close to the one here presented.2 More comparable with our
architecture, a polymeric flexible system made of polypyrrole-stabilized polypeptides achieved
42 mF cm2 (4 F g2) at a current density of 0.2 mA cm, with our material featuring 5.70 F g
after 10 bending cycles at 10 mV s.” Sun et al. presented a hybrid TMDC-carbon-based fiber
material from MoS, reduced graphene oxide and MWCNTSs and obtained 4.8 F cm™ at a current
density of 0.5 A cm™. Roughly assuming a thickness of 0.02 cm for our composite electrode,
we obtain a volumetric capacitance of 5.39 F cm™ at the scan rate of 10 mV s.%* Here, our
material performs better or comparably to several published examples. From carbon-based
materials there are also works, especially in the field of CNFs, reporting larger Cs: in our
previous work on CNFs, we reached 49 F g at 0.5 A g%, while in other examples activated
CNFs provided 83.3 F g at a current density of 100 mA g™ or 95 F g* at a scan rate of 10 mV
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51102136 However, it is worthy to remind that most CNF-based electrodes have limited

flexibility, which makes them unsuitable for application in flexible energy storage devices.

4. Conclusion

In this work, we studied the effect on the electrochemical and mechanical performances of nano-
engineering electrospun PEO nanofibers with layered WSz, MWCNTSs and CB. The described
achievements suggest that a capacitive behaviour is clearly present in the composite material,
with Cs values up to 0.1 F g at 10 mV s scan rate. It is important to note that this quantity
does not derive from the simple sum of each individual component contribution, but comes from
a synergistic effect of the three different nanostructures, assembled in an optimized way within
the fibrous scaffold. In fact, the structural characterizations performed (XRD, SEM and TEM),
coupled to thermogravimetric analysis, show an intimate contact between the nanomaterials,
which justifies the establishment of cooperative effects in the transport and storage of electrical
charges. The mechanical properties are also influenced by the presence of the nanofillers, with
improved figures of merit and, notably, an increased UTS when CB is present and a 60% boosted
YM boosted when MWCNTS are used, whereas EB is substantially reduced.

As proof of concept to demonstrate the potential for integration into flexible energy storage
devices, we show the fabrication of a flexible symmetric capacitor and test it ability to maintain
a good capacitance after multiple cycles of bending and re-flattening, with only about 25% loss
of the initial Cs after 10 cycles, that suggest how the plastic behaviour of the device is supported
by the effective mutual cooperation of its nano-components.

These findings reveal the impact of nano-engineering polymeric matrices with electrically active
fillers to pave the way to new functional materials, which will promote a step-forward in the
ideation of versatile energy storage units for low-power electronics embedded within portable

and light-weight technologies.

Supporting Information
- Schematic description of the production of 2D WS> powder, MWCNTs suspension, and
steps for the preparation of the ternary blend (Figure S1)
- Conductivity and flexibility tests on CB-PTFE mats and electrospinning process of
polymer fibers onto the CB-PTFE mats (Figure S2)
- SEM and EDS images of fibers produced from the ternary blends (Figure S3)
- EDS spectra of two particles found in the ternary fibers (Figure S4)
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Raman spectra of the WS> bulk reference, produced 2D WS> powder and re-dispersed
2D WS, (Figure S5)

Raman analysis and spectra of various fibrous materials containing different mixtures of
additives, including an inset magnifying the region of Raman shifts in the region of
MWCNTs (Figure S6)

Diffractograms of various fibrous materials containing different mixtures of additives
with the given reflexes for WS> and PEO (Figure S7)

Schematic of the Swagelok-cell used for electrochemical characterization in a
symmetrical supercapacitor configuration (Figure S8)

CV scans on fibrous materials at the optimized additive concentrations at different scan
rates (Figure S9)

Ferrocene redox reaction in 0.5 M TEABF4/PC electrolyte (Figure S10)

Values of all calculated Cs from the CV curves at different scan rates shown in Figures 2,
4b and S15 (Table S1)

Conductivity measurements done on pellets of fibrous mats (Figure S11)

Dependency of stress-strain curves from the position on the fiber mat shown for fibrous
mats of the PEO-WS; composite material (Figure S12)

Thermogravimetric analysis of all produced fiber samples (Figure S13)

Schematic of the Swagelok-cell PEIS measurements on CB-PTFE mats with the
corresponding Randles’ circuit. (Figure S14)

Values, error-values, and error in percentage for the serial resistance, charge transfer
resistance, and double layer capacitance calculated from the PEIS measurements of the
DB-PTFE mats (Table S2)

Cs from CV curves using pouch cells of CB-PTFE current collector and the composite
with ternary fibers in a symmetrical supercapacitor configuration (Figure S15)

C; retention tests carried out using galvanostatic charge-discharge cycles on a pouch cell

at 50 mA g! for 3000 cycles. (Figure S16)
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