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A B S T R A C T   

The search of sustainable gadgets, such as the portable electronics and wearables, have sparked the need for 
more sustainable and environment friendly constituent elements (e.g., electrode materials, separators, and green 
electrolytes) and low-cost scalable fabrication techniques. Herein, a facile and scalable blow spinning technique 
is proposed for the synthesis of a cellulose-based separator for flexible energy storage devices. A cellulose acetate 
and polystyrene (CA:PS) based composite separator is synthesized for the first time for flexible supercapacitors by 
exploiting the blow spinning technique. Different combinations of CA:PS were synthesized, and electrochemical 
performances of the devices were evaluated. A sweat simulation solution is used as green electrolyte for the 
development of symmetrical carbon yarn-based supercapacitors. The influence on the device performances of 
pristine carbon yarn, activated carbon yarns and PEDOT functionalized carbon yarns, electrodes were compared. 
Specific capacitances of 2.8 Fg− 1 and 33 Fg− 1 were obtained for pristine carbon and PEDOT functionalized 
carbon fibers respectively. The fabricated devices exploiting the composite separator exhibited good washing 
stability up to 30 cycles and capacitance retention of 95% up to 1000 charge/discharge cycles.   

1. Introduction 

Electrochemical energy storage devices comprising supercapacitors, 
batteries and hybrid capacitors have attracted increasing interest in the 
past couple of decades, owing to their long cyclic life, safety, high en-
ergy, and power densities. These devices are potential power sources for 
electrical vehicles and portable electronic devices [1–3]. The quest of 
higher electrochemical performance has propelled an assiduous interest 
in materials, structural design and device configurations [4,5]. Signifi-
cant progress in performance enhancement of the supercapacitors de-
vices has been reported in the past decade particularly in terms of long 
cyclic life and more energy density. However, high cost of materials, 
safety issues, resource abundanceness and environmental benigness are 
still considered major challenges for the next generation of green and 
sustainable energy storage devices [6]. Currently a growing interests 
have been reported in cellulose-based components of electrochemical 
energy storage devices such as electrodes (anode & cathode) for batte-
ries [7] and supercapacitors [8], current collectors [9], electrolyte [10] 

and separators for batteries [11]. Nonetheless, development of low-cost 
separators as distinct parts from electrodes and electrolyte has attracted 
little consideration [12]. 

The function of a separator is to avoid physical contact between 
electrodes in order to prevent the short-circuiting of the device and 
ideally, it must exhibit key features such as: excellent chemical resis-
tance, good mechanical strength (to meet device fabrication stresses), 
mild thickness, high level and uniformity of porosity to sustain harsh 
conditions (extreme weather conditions), thermal stability, excellent 
adsorption and retention of the electrolyte, as well as high ionic con-
ductivity [13]. Currently, research focused on separators mainly 
exploited for lithium-ion based energy storage devices such as poly-
ethylene (PE), polypropylene (PP), and their combinations [14] and 
glass fiber-based membranes, composite films and some nonwoven 
separators for fuel cells [12]. Therefore, there are fewer reports about 
separators synthesis and supercapacitors development [15] but even in 
these, separators are referred to have some shortcomings such as low 
surface hydrophilicity and uneven pore size distribution. Hence, 
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alternatives under investigation comprise cellulose-based separators. 
Cellulose is a natural polymer material and just like polysaccharides, 

cellulose as a renewable, biodegradable, biocompatible, non-toxic, 
chemically modified and cost-effective biomass and its derivatives 
[16] are widely exploited in textile, paper, functional materials, 
biomedical fields and energy storage devices [17]. Jian et al., synthe-
sized a bacterial cellulose-based nanofiber membranes and used them as 
separator for Li-ion batteries which exhibits good ionic conductivity, 
dimensional stability and comparable electrochemical performance 
[18]. Similarly, Liao et al., prepared a hydroxyethyl cellulose coated PP 
separators exploiting segregation induced self-assembly, demonstrating 
higher uptake of electrolyte, ionic conductivity and better cycling per-
formance, than non-coated PP [19]. Cellulose acetate (CA) is a type of 
cellulose derived from cellulose and synthesized by reacting cellulose 
with acetic anhydride in the presence of a catalyst (i.e., sulfuric acid) 
[20]. CA is well-known as a biodegradable and biocompatible polymer. 
CA based nanofibers, owing to its environmental benign nature, have 
high potential to be exploited in different fields such as gas sensors [21], 
filtration [22], bone regeneration [23] and supercapacitors[24]. CA 
based composite separators are getting more attention recently in en-
ergy systems to cater the growing demand for portable electronics [25] 
that offer many advantages such as surface hydroxyl groups, excellent 
wettability, sufficient porosity, and good mechanical stability [26]. A 
large number of investigations are currently performed on tuning the 
porosity of the cellulose-based separators that can adsorb maximum 
electrolyte by making composites of cellulose with other polymers such 
as polydopamine/cellulose/polyacrylamide [27], CA/TiO2 [28], PVDF/ 
CA [29], PMMA/CA [30]. All these studies focused on the synthesis of 
porous structures based on cellulose derivatives but pore structure and 
other properties greatly depend on the preparation methods [15]. 

Porous cellulose films have been produced by electrospinning [31], 
force spinning [32], phase-inversion [32] and paper-making technique 
[33]. These techniques have complex preparation methods and poor 
control on parameters such as temperature and extrusion rates [15]. 
Electrospinning is the most widely used technique for fibrous mem-
branes production and well-known from last three decades but still far 
from being applied widely at an industrial scale [15,34]. This is because 
of the low throughput of the technique; it is economically unviable for 
large scale production. Thus the new blow spinning technique has been 
proposed for producing the CA based nanofibers membranes [35]. Blow 
spinning technique enables electrospinning and melt-blow spinning for 
nanofibers synthesis and offers an advantage of ten times more 
throughput of nanofibers without high voltage requirement. This tech-
nique has been successfully employed to synthesize micro and nano-
fibers of polymers with a diameter ranging from few hundreds of 
nanometers to several microns depending on the experimental condi-
tions [36]. Li et al., [37] have employed solution-based spinning to 
synthesize free-standing polyimide based membrane and used it for 
lithium-ion batteries which exhibited satisfactory porosity and 
remarkable thermal stability. Deng et al., [38] fabricated a cellulose and 
carboxylated polyimide based composite separator for energy storage 
applications which has shown excellent porosity and tensile strength. 
Polystyrene (PS) is an inexpensive and robust polymer that is extensively 
used in the plastic industry, filter media, ion exchanger and separator 
[39]. Furthermore, several studies have focused on PS as a composite 
material and the results demonstrated an enhancement in material 
performance compared to its counterpart [40]. Although many studies 
have been reported [41] for exploiting blow spinning for lithium-ion 
battery, to the best of our knowledge, there are no studies in the liter-
ature in which a CA based composite separator is synthesized using blow 
spinning for flexible supercapacitors. 

In this paper, a simple and facile strategy is used to fabricate a cel-
lulose/polystyrene based composite separator through the solution- 
based blow spinning technique. In this technique, the cellulose acetate 
and polystyrene based composite separator is directly deposited on 
flexible carbon yarn based electrodes and embedded of simulated sweat 

solution to work as electrolytes for flexible supercapacitors. The com-
posite separators were optimized in terms of CA/PS ratio, and these 
separators exhibited remarkable charge transfer and excellent cyclic 
stability. 

2. Experimental section 

2.1. Preparation of carbon yarn-based electrodes 

Commercial carbon yarns (TenaxTM-E HTA40 E13 3K200tex) were 
used as flexible current collector and as an active material, when func-
tionalized with PEDOT conducting polymer after nitric acid activation 
treatment. While this activation improves PEDOT adhesion and also 
enhances the device electrochemical performance. 

2.2. Surface functionalization of the carbon yarn 

To increase the adhesion of the coatings, the fibers were submitted to 
several treatments. The first step was the washing of the fibers in acetone 
and ethanol in a 1:1 ratio and then a thermal treatment of the carbon 
yarns was performed at 450 ◦C for 45 minutes (min), with a heating 
ramp rate of 10 ◦C per min. After the treatment, the temperature was 
gradually decreased to room temperature at a cooling rate of 10 ◦C per 
min. The treated carbon yarn was washed again with acetone to remove 
impurities from the surface of the fibres and a dried at 80◦ C on a hot-
plate for 40 min. After all these processes, the carbon yarns were 
immersed into nitric acid (HNO3 ≥ 65 %, Sigma-Aldrich) at a temper-
ature of 80 ◦C for 16 hours (h) to recover the conductivity. After this 
nitric acid treatment, fibers were washed with deionized (DI) water until 
neutral pH was achieved. Then fibers were dried again at 80 ◦C on a 
hotplate. 

2.3. PEDOT functionalization of yarn 

After surface activation, the carbon yarns were coated with a PEDOT 
film by in-situ polymerization of EDOT, the monomer/oxidizing agent 
ratio, EDOT (monomer, Sigma-Aldrich) and FeCl3⋅6H2O (oxidizing 
agent, ChemLab NV), was 1:2 and the polymerization time was varied 
between: 2, 5, 10, 15 and 20 h. This protocol had already been used in a 
previous report [42]. The Ferric chloride was prepared by mixing 0.4 g 
of FeCl3 in 10 ml of distilled water used as the oxidizing agent. Then, 
carbon yarns (~7 cm long and 180 µm thick) were immersed in the 
solution for 20 min. These yarns were next dried on the hot plate for 2 h 
at 50 ◦C followed by its insertion in the cap closed container with a 1.5 
ml of EDOT aqueous solution. Finally, they were placed in the oven at 
90 ◦C to functionalize the strands with PEDOT via in situ vapor phase 
polymerization. This process was repeated in the oven for different time 
e.g., 2, 5, 10, 15 and 20 h in order to optimize the polymerization 
process. For each polymerization time, three carbon yarn wires were 
functionalized at a time. At this point, the dark blueish PEDOT coated 
carbon yarns were obtained, cleaned throughly by consecutive washings 
with a deionized water–ethanol solution and finally were dried at 
ambient conditions. 

2.4. Synthesis of the cellulose based composite separators 

The composite cellulose-based separator was synthesized by blow 
spinning technique while testing different ratios of cellulose acetate 
(CA) and polystyrene (PS) (CA 20, 30, 40, 50, 60, 70 and 80%). A so-
lution of 9% (m/v) each CA and PS are dissolved in N, N-Dime-
thylformamide (Merck) leaving the resulting solutions to stir overnight, 
until it become a homogeneous. These solutions were mixed with 
different CA/PS proportion: 20:80, 30:70, 40:60, 50:50, 60:40, 70:30, 
and 80:20 %. The resulting solutions were poured directly in the spray 
gun cup and the air pressure was fixed at 15 PSI. When the air flow was 
activated, the fibers of the cellulose composite separators were directly 
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deposited on the target. A glass substrate covered with thin aluminium 
foil was used as target to prevent static electricity, and the carbon yarns 
were attached to it. The use of controlled environment conditions (at a 
constant temperature of 90 ◦C) promotes the evaporation of the solvent 
which enhance the formation of fibres on the carbon yarn. The separator 
coated yarn threads were then removed from the target for device 
fabrication. 

2.5. Electrolyte preparation 

Simulated sweat solution (SSS) was prepared following a previously 
reported protocol (ISO 105-E04: 2013) [43] where by dissolving 0.05 g 
of L-histidine (Sigma Aldrich, 99 %), 0.5 g of sodium chloride (Sigma 
Aldrich, 99.5%), and 0.22 g of sodium phosphate monobasic (Fluka 
analytical, 90%) in 100 ml of ultrapure water (pH = 5.5) in the deion-
ized water and SSS is then stored in the fridge. 

2.6. Fabrication of supercapacitor device with twisted configuration 

All the devices were fabricated using carbon yarn coated with CA/PS 
composite fibers curled up to 10 turns around the coated PEDOT func-
tionalized electrode. Earlier, the electrodes were impregnated into SSS 
overnight. Before fabrication extra electrolyte was removed and 40 µl of 
SSS solution was used as electrolyte. 

2.7. Morphological and chemical and mechanical characterization 

The morphology of the samples was analysed by optical microscope 
(Leica DMi 8) and Scanning electron microscopy (SEM) (Hitachi S 
2400). The chemical composition of the composite separator and that of 
the active material was investigated by confocal Raman spectroscopy 
(Witec Alpha 300 RAS) using a laser source with excitation wavelength 
of 532 nm. All spectra were acquired for 50 s while using a low laser 
power. For the analysis of the composite separator this was set to 0.6 
mW and for the PEDOT coated yarns to 0.152 mW. 

For the peeling test of the coating, a manual and mechanical method 
was used. In the manual method, a tape was glued to the surface of the 
yarn and then pulled from the surface of the electrode surface. The tape 
is ripped without controlling the force and velocity of the removal but 
the information about the detachment of the material could be obtained. 
The mechanical process on the tensile machine leads to better control of 
a tensile and velocity of pulling which was fixed at 5 mm/s. 

The electrochemical analysis was performed by cyclic voltammetry 
measurements, galvanostatic charge and discharge and impedance 
spectroscopy using Gamry 1010 potentiostat/Galvanostate. All the 
measurements were performed in a symmetric electrode configuration 
of device in artificial sweat solution as electrolyte. 

3. Results and discussions 

Separators play a crucial role in conventional capacitors, super-
capacitors, and other energy storage devices by separating the elec-
trodes electrically and prevent their short circuits. A separator must 
have specific attributes to be used for energy storage systems such as 
porosity, good electrolyte affinity, chemical and thermal stability to 
ensure ionic conductivity of soaked electrolyte. Traditional separators 
(such as Polyolefin, polyethylene, polypropylene etc.) are considered 
hazardous and expensive material owing to high cost of raw material 
and synthesis techniques [44]. Due to these problems, natural resources- 
based polymers are considered potential materials for novel multifunc-
tional devices because they offer biodegradability, non-toxicity, and 
potential to be adopted into circular economies. Cellulose acetate has 
attracted considerable attention thanks to its diverse attributes such as 
abundant availability, environmental benigness, non-toxicity and 
chemical stability. The pure cellulose separators are flammable and 
demonstrate high moisture content, limited porosity and limited surface 

area which limit its applications in energy storage devices. Herein, In-
fluence of processing parameters on the production of CA based mem-
branes by blow spinning was first attempted with CA solution, but a film 
was formed instead a membrane of fibres. As such the influence of 
adding a certain amount of PS solution to the CA solution was studied. 
Polystyrene is a cheap polymer that is widely used in plastic industry 
and used as carrier to produce porous membrane structures and fibrous 
structure in blow spinning process [45]. PS is polymer matrix restrict the 
size of phase separation to molecular dimension due to chemical and 
physical linkages (covalent bonds and hydrogen bonding) between CA 
and PS [46]. Blending PS with CA polymer help not only in production of 
porous structure but also improve other attributes such as thermal sta-
bility, chemical and mechanical stability. Hence, solutions with different 
CA/PS ratios were tested as well as the influence of deposition time and 
gun-target distance. This study is detailed in supplementary information 
S1. Fig. 1a depicts a schematic representation of the entire preparation 
procedures from surface treatment and functionalization and fabrication 
of the supercapacitor devices. Fig. 1b shows a photograph of the spray 
cloud emerging from the airbrush during the blow spinning process and 
the corresponding spray pattern on the target (i.e., an aluminium coated 
glass substrate as shown in Fig. 1c). In the traditional spraying technique 
of the solution, compressed air atomizes the solution into a fine spray of 
liquid droplets. But when a polymer solution is used as precursor, the 
viscoelasticity of the polymer solution prevents the breakage of the 
stream into droplets. The trimming of the polymer occurs at the edge of 
the nozzle leading to growth of the stretched solution in shape of fila-
ments. This stream of solution filaments moved in the axial direction by 
the high-speed gas flow, as observed in the Fig. 1b. The concentration 
and viscosity of the solution filaments keep changes owing to gradual 
vaporization of the solvent which eventually arrests the filaments in 
fibres. The conical shape dispersion of the fibres is observed near the 
target with a spray pattern shown in the lower part of the Fig. 1b. 

Fig. 1 shows that on the target blow spinning provides symmetric 
spray deposited patterns with two distinct fibers distribution zones. 
While one is a dense zone, i.e., with a high fibers density and the other 
one is a dispersed fibers zone, i.e., it has a lower concentration of fibers. 
In the dense zone, the fibers are observed with random orientation while 
radially oriented extended flashes of isolated fibers are originating from 
the dense zone toward dispersed zone. According to Marchioli et al., 
[47] and Sow et al. [45] fibers in the vicinity of the wall of an airflow 
channel observed segregation and oriented in streamwise direction 
which depends on inertia and aspect ratios of the fibers. Therefore, it can 
be concluded that the radial outward flux of the compressed air is 
responsible for the radial orientation of the stretched streaks of the 
segregated fibers. Fig. 1d shows that target carbon yarn is uniformly 
covered with the composite separator for all the ratios as shown in the 
digital images (S3 supporting information). SEM images Fig. 1e and 1f 
show the fibrous morphology of the synthesized separator on the carbon 
yarn confirming the viability to fabricate fibrous membrane from CA/PS 
system exploiting blow spinning technique. Fiber melting was also noted 
for blow spun membranes as shown in the SEM image Fig. 1e. 

Some of the fibers were observed to be melted at single node and rest 
majority of the stretched streaks of fibers were soldered together along 
the 1D orientated bundles. The melt process advances by solvent-based 
re-dissolution and ultimately solidification. This demonstrated that this 
process is primarily happening during the fiber streaks flight when the 
fibers include some un-evaporated solvent and get in contact with each 
other. Fig. 1f shows the presence of micropores on the surface of the 
fibers. Similar pores distribution has also been found to exist on the 
surface of electrospun fibers under high relative humidity conditions 
[48]. Similar to the electrospinning technique, their formation is also 
expected in blow spinning process which results from polymer-solvent 
interactions in moist air [49]. Fig. 2a shows a schematic of the func-
tionalization process of the carbon yarn with PEDOT polymer. The 
carbon yarns comprise of multi-filaments of the carbon fibers with an 
average diameter of 6 µm each and demonstrated an exceptionally 
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smooth surface as shown in Fig. 2b. After the carbon yarns were sub-
jected to in-situ polymerization, Fig. 2c-d exhibit the resulted hydro-
thermally coated CF electrodes, which visibly demonstrated the growth 
of 2 and 10 h PEDOT nanocoating over their surface. The SEM image of 
bare carbon yarn refer to Fig. 2b and coated yarn are shown in Fig. 2c 
and 2d, detail the smooth surface of the carbon fibres. The SEM images 
in Fig. 2c-e clearly demonstrate the uniform coverage of carbon fibers 
with PEDOT nanostructure nearly leaving any uncoated area. It is also 
clear in Fig. 2 e the even distribution of the PEDOT nanostructures over 
carbon fibers which is expected to provide higher surface area to the 
carbon yarn electrode. The 3D morphology of deposited structure is 
beneficial for ions intercalation/adsorption [50]. The SEM morphology 
of the separator is depicted in Fig. 2g. The pore size of the composite 
separator was analysed using ImageJ (1250 pores were measured 
randomly). The average pore size of the separator is 15 μm. 

As will be shown in electrochemical section, the composite cellulose- 
based separators with increasing percentages of CA in the composition, 
have negligible effects on electrochemical performances of the devices. 
Therefore, the chemical composition of a single CA based green sepa-
rator was investigated by Raman spectroscopy. Fig. 3a shows the Raman 
spectrum acquired for the separator synthetized with a CA/PS ratio of 
80%:20%. From top to bottom it presents the raw materials (CA and PS) 
and the 80% CA:20% PS composite separator spectra. 

This is a linear combination of both raw materials spectra with no 
other contaminant phases detected as shown in Fig. 3a which is further 
highlighted by arrow pointing some characteristic functional groups of 
CA and PS in the composite separator spectrum. The main characteristic 
peaks corresponding to CA and PS vibrational modes are listed in 
Table S2 and identification is according to literature [51]. Also, the 
carbon yarns coated with PEDOT to form the supercapacitor electrodes 
were further investigated by Raman spectroscopy. The aim was to study 

the effect of polymerization time on the PEDOT coating compositions, 
thickness, and structure, as the coating method relied on the oxidative 
polymerization of EDOT monomer. Fig. 3b shows the Raman spectra of 
the carbon yarn before (top) and after polymerization (bottom) as a 
function of its duration. The carbon yarn spectrum shows as previously 
reported the two characteristic D and G bands centered at 1367.87 and 
1592.24 cm− 1 [52]. The PEDOT spectra confirms that the surface of the 
carbon electrodes was successfully coated with PEDOT regardless of the 
polymerization time. The main bands assignments have been made 
considering the data reported in the literature [53,54] and are sum-
marized in Table S3. The most intense peak was always detected at 
1437.88 cm− 1 and it corresponds to the Cα=Cβ symmetric stretching 
vibration of the PEDOT benzoid structure. As it is shown, its intensity 
strongly correlates with polymerization time and hence, with the 
amount of PEDOT on the electrodes surface and consequently, also with 
PEDOT coating thickness. This should be thin for polymerization times 
below 10 h, because vibration bands at wavenumbers lower than 1000 
cm− 1 are hardly visible. Besides, the most intense detected bands at 
around 1200–1600 cm− 1 seem to have poorer crystallinity as the cor-
responding peaks are broader. Also, SEM images confirmed that 
although a polymerization time equal or above than 2 h is enough to 
uniformly cover the supercapacitors electrodes with PEDOT, they also 
show that its morphology is polymerization time dependent, and which 
may would have impact on the device’s electrochemical performance. 
The carbon yarns are functionalized with PEDOT exploiting in-situ 
polymerization for different time such as 2, 5, 10, 15, and 20 h respec-
tively. After performing polymerization, conductivity of the carbon 
yarns and also adhesion of the polymer film was evaluated using peel-off 
test (detail shown in supporting information). The results are shown in 
Fig. S4(b) suggesting that PEDOT coating is well adhered to the surface 
of carbon yarn for polymerization times higher than 10 h. For 

Fig. 1. a) Schematic illustration of cellulose acetate-based composite separator synthesis, b) optical image of spray plume while blow spin process, c) Optical image 
of spray collected on glass target, d) CA/PS base composite separator deposited on carbon yarn, e-f) high-magnification SEM image of the composite separator. 
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polymerization times above 10 h, it was observed that the peeling-off 
testing promoted the break of some carbon filaments from the core of 
carbon yarn affecting the conductivity values (polymerization time of 2 
h) or an easy detachment of PEDOT coating polymerization time of 5 h. 
To conclude, a polymerization time of 10 h was selected to proceed with 
the assembly of supercapacitors. 

Potassium hydroxide, Na2SO4 and H2SO4 were used as aqueous and 

gel-polymer in combination with polyvinyl alcohol (PVA) are the most 
used electrolytes for flexible supercapacitors due to their excellent 
conductivity. However, for supercapacitors integrated on textiles, it may 
be a risk since leakage of electrolyte can causes safety issues due to their 
toxicity. To avoiding these safety issues, we have studied the possibility 
to used human sweat solution as electrolyte. Human body sweat 
comprised various chemicals such as amino acids, proteins, lipids and 

Fig. 2. Schematic of in-situ polymer functionalization of carbon yarn with PEDOT, b) SEM image of pristine carbon yarn, c-d) SEM image of 2 and 10 h PEDOT 
coated carbon yarn, e) higher magnification images of PEDOT coated carbon yarns, f) carbon yarn uniformly covered with CA/PS based composite separator, g) 
higher magnification image of the composite separator. 

Fig. 3. a) From (top) to bottom Pristine (cellulose acetate - CA and polystyrene - PS) and composite separator (80%:20% CA:PS) Raman spectra, b) From top to 
bottom carbon yard Raman spectra before (black) and after performing PEDOT polymerization for different time intervals. 
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except for ionic species, most of the constituent elements in the sweat 
solution are neutral and have almost no interference in ionic conduc-
tivity [55]. Artificial sweat solution was tested in the electrochemical 
characterization of the fabricated devices. Before performing the elec-
trochemical analysis of the devices and study electrochemical behavior 
of the composite separator, electrolyte affinity and porosity tests were 
performed to estimate the amount of electrolyte absorbed by the com-
posite separators (see detailed procedure and mathematical model in 
supporting information). The separator exhibited a relative porosity of 
about 59 % for each composite separator membrane prepared with 
different CA and PS ratios, which are comparable to other cellulose- 
based separators and higher than traditional separators as shown in 
the Table 1. In order to investigate the long-term stability of the CA 
based composite separators, the electrolyte uptake and swelling of 
separator membrane was calculated by immersing the separator in 
simulated sweat solution at room temperature for 48 h. Then, the mass 
and area changes of the samples after different storage time to compute 
the stability of the separators was measured, using the mass of the 
separator Wo before soaking and W1 after 48 h soaking. The calculation 
was performed according to the equation(S2) and electrolyte absorption 
of different CA-based composite membranes were compare with each 
other as shown in the Fig. 4a and b. The comparison was also performed 
with other cellulose-based separators and with traditional material such 
as polypropylene and PVDF based separators. 

The thickness of the blow spun CA based composite separator is 
evaluated by measuring the thickness at three different points of flexible 
separator coated wires namely right, middle and left corner of the 
electrode. The average thickness of the separator around the wires is 
measured and these results are compared as shown in the Fig. 4c and d. 
It is clear that the electrodes are uniformly covered with composite 
separators with an average thickness of 1.2 mm. 

Electrochemical measurements were performed using symmetrical 
two electrode configurations in simulated sweat solution as electrolyte 
to evaluate the capacitive performance through cyclic voltammetry, 
galvanostatic charge/discharge and specific capacitance. Different 
combinations of device fabrications were studied with pristine carbon 
fibers, activated carbon fibers and conductive polymer functionalized 
carbon fibers. Different devices were fabricated for all the studied CA:PS 
ratios of composite separator and the CVs recorded at 100 mVs− 1 scan 
rates, between voltage window from 0 to 1 V, are shown in Fig. 5b. All 
the CV curves exhibit nearly rectangular shape with no distinct redox 
peaks which demonstrates an ideal and efficient nature of electric 
double layer capacitor(EDLC), and for pure carbon-based active material 
[65] the variation on the composition of membranes does not show a 
considerable influence. Fig. 5c is shows the CVs of devices performed 
with activation of the carbon wires as activation details described in the 
experimental section. The electrochemical response of these devices 

deviate from the ideal EDLC behavior in which shape of the CVs is lifted 
upward [66]. This is a symptom of a slow charge transfer process in 
which charging and discharging response delayed by the potential dif-
ference across micropores [67]. This is attributed to the faradaic process 
involved in charging and discharging, and functional group present on 
the surface of the electrode and material exhibits pseudocapacitive 
behavior [68], which in turn increases specific capacitance of the device 
as demonstrated in Fig. 5d-e. Since, all the composite separators 
demonstrated negligible variability in electrochemical performance, 
80%:20% CA:PS ratio was chosen as green separator to evaluate elec-
trochemical performance. Fig. 5 d shows the CVs recoded at different 
scan rates and the capacitance of the cell is also calculated using the 
following relation [69], 

Ccell = Q/2V =
1

2Vν

∫v+

v−

i(V)dV (1)  

where Ccell is the capacitance of the cell, i is the current, ν is the scan 
rate, V (V = V+ - V− ) described the potential window. Specific capaci-
tance is computed using equation (2),  

Csp (F/g) = Ccell /m                                                                         (2) 

where m denotes the mass of the electrodes. 
The specific capacitances of activated carbon fiber (ACF)//ACF, 

PEDOT/CF//CF and PEDOT/CF// PEDOT//CF supercapacitors were 
computed using two electrode configurations in SSS as electrolyte and 
15 cycles were recorded for each configuration. The specific capacitance 
was computed for every 14th cycle. Fig. 5e show the specific capacitance 
at different scan rates and highest specific capacitance of 2.28 Fg− 1 

achieved at 30 mVs− 1. However, as we increase the scan rate, specific 
capacitance decrease at rapid rate owing to a incomplete EDLC forma-
tion [52]. Fig. 5f shows the galvanostatic charge and discharge (GCD) 
curves for activated carbon wires-based supercapacitors with CA 80% 
separator at different current densities ranging from 1.25 mAg− 1 to 30 
mAg− 1. The GCD curves nearly triangular shape with some distortion of 
from ideal EDLC which is attributed to the pseudocapacitive behavior of 
the material. This pseudocapacitive behavior is more pronounced at 
lower current densities ascribed to faradaic reactions taking place dur-
ing charge and discharge. It is also worth noting that no obvious IR 
(ohmic drop) drop is observed even at lower current density which in-
dicates a relatively low internal resistance. This can be attributed to 
faster charge transfer and ion diffusion ability supported by CA based 
separators. CV curves are also obtained for PEDOT functionalized car-
bon fibers in PEDOT/CF//CF and PEDOT/CF//PEDOT/CF configura-
tions with CA:PS 80%:20% as separator. The CV curves for the 
fabricated devices are recorded for different scan rates. The CVs 
demonstrated a symmetric reversible quasi-rectangular shape from 5 to 

Table 1 
Comparison of electrolyte affinity and porosity of traditional and cellulose-based separators.  

Sr# Separator electrolyte Technique Porosity 
(%) 

Electrolyte affinity 
(%) 

Ref. 

1 Polypropylene n-butanol – 39.2 62.9 [56] 
2 PVDF n-butanol Electrospinning 75 405 [56] 
3 PVDF/Al2O3 n-butanol Electrospinning 55.8 152 [56] 
4 PVDF-CA Li/GPE/LiCoO2 Electrospinning 52 331 [57] 
5 Cellulose/PVDF-HFP LiPF6 in EC/DMC Electrospinning 65 186 [58] 
6 Cellulose LiPF6 in EC/DMC Vacuum assisted filtration 26  [59] 
7 Cellulose LiPF6 in EC/DMC Paper making technique 63.8 333 [60] 
8 Nano fibrillated cellulose 

(NFC) 
LiPF6 in EC/DMC Solvent casting and vacuum 57  [61] 

9 Cellulose diacetate LiPF6 in EC/DMC Solvent casting by dip coating 41 277 [62] 
10 Carboxyl methyl cellulose LiPF6 in EC/DMC Doctor blade casting 62.5  [63] 
11 Mesoporous cellulose LiPF6 in EC/DMC Solvent casting with evaporation induced self- 

assembly 
75 280 [64] 

12 CA: PS 
80%: 20% 

Artificial sweat 
solution 

Blow spinning technique 59 251 This 
work  
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100 mVs− 1 and fast ions transportation as shown in Fig. 6a-d. The total 
charge stored by conducting polymers (PEDOT/CF) composite electrode 
material can be divided into parts: i) surface adsorption/desorption of 
ions of electrolyte with composite electrodes and their reaction can 
represented as follows:  

PEDOT/CF) surface + C+ + e- ↔ (PEDOT/CF + )surface                       i) 

ii) The second mechanism of charge storage is intercalation of cat-
ions (C+) into bulk of the composite electrode material as referenced in 
the Eq. ii):  

PEDOT/CF + C+ + e- ↔ PEDOT/CF                                                 ii) 

Here C+ denotes the cations from electrolyte (sweat artificial solu-
tion). In addition, the conductive and exposed inner pores of the elec-
trode surface support the movement of the electrolyte’s ions which 
accumulate at an increased number of free active surface sites of the 
material. The electrochemical charge accumulation process includes 
surface adsorption and desorption of counter-ions in and out of the 
PEDOT polymer chain which effectively lean on ion diffusion, surface 
area of the material and conductivity of the PEDOT electrodes. Mitraka 
et al., and Libu et al., have improved the capacitive performance of the 
PEDOT conducting material in artificial sweat solution and combination 
of artificial solution with other electrolytes [70–72]. Cations from the 
sweat electrolyte (Na+ or K+) enter the PEDOT:PSS channel and the 
oxidized PEDOT+ can be reduced to its natural state by ions exchange 
with the sweat electrolyte as shown in equation ii). PEDOT conductive 
polymer is suitable as an active material for electrode fabrication owing 
to availability of free electron sites which promote specific preferred 
reaction pathways. Moreover, there is no protective layer coverage 
along the electrode–electrolyte interface which then becomes a vibrant 
interface for charge transfer in the SCs device. The electrode–electrolyte 
interface system distinguishes PEDOT from other heterogeneous electro 
catalysts, which allows the PEDOT based composite material reachable 
by neutral and ionic reactants. The presence of high positive charge 
density in bulk of PEDOT phase play a significant role for conductivity 

and charge accumulation of anions [73]. This improvement in conduc-
tivity is observed in specific capacitance, when compared to activated 
fibers which is 10 Fg− 1 and 33 Fg− 1 at 5 mVs− 1 respectively. This in-
crease in specific capacitance ascribed to enhanced surface area which 
offers more active sites for electrolyte ions during faradaic reactions 
indicating possible pseudocapacitive behavior of the PEDOT. These re-
sults show better performance than other separators in the same artifi-
cial sweat electrolyte such as functionalized carbon covered with 
electrospun cellulose acetate separator by Lima et al. with specific 
capacitance of 2.3 Fg− 1 [52], PEDOT:PSS functionalized Polyester/cel-
lulose electrode covered Polyester/cellulose substrate with specific 
capacitance of 5.65 Fg− 1 and PEDOT: PSS functionalized Polyester/ 
cellulose covered with cellulose fibers separator with specific capaci-
tance 2.9 Fg− 1 by Manjakkal et al. [70,71]. The devices assembled with 
composite separator exhibited comparable performance with other 
separators as shown in Table 2. 

The electrochemical properties of the supercapacitors which include 
ion exchange, charge transfer and capacitance were computed by 
impedance spectroscopy analysis in the frequency range of 10 mHz to 
100 kHz. The Nyquist plot for the composite separators coated carbon 
yarns with different CA ratios in the sweat electrolyte are shown in 
Fig. 6e. Nyquist plots are also obtained for PEDOT functionalized carbon 
yarn-based supercapacitors devices (PEDOT-Cf//CF, PEDOT-Cf// 
PEDOT-CF) in sweat electrolyte as shown in Fig. 6f. In the low fre-
quency range, the impedance decreases sharply with increasing fre-
quency and a plateau is noted at high frequencies. The straight line in 
the low range frequency of the Nyquist plot indicates the slower diffu-
sion of ions into the active material and the capacitive behaviour of 
carbon yarn wires-based supercapacitors. The absence of semi-circle in 
high frequency range in Nyquist plot and the small value of charge 
transfer resistance (Rct) exhibit the high conductivity of the electrode. 
The PEDOT functionalized electrodes in symmetric and asymmetric 
configurations exhibited comparable or slightly higher resistance than 
when tested in asymmetric configuration owing to high amount of 
PEDOT in symmetric devices with resistances of 28 Ω and 31 Ω and 

Fig. 4. a-b) Comparison of porosity and electrolyte affinity of different ratios of CA based composite separators, c-d) thickness and uniformity of composite sepa-
rators deposited on carbon wires at different position of electrode and average of thickness. 
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corresponding charge transfer resistance of 78 Ω and 81 Ω respectively. 
During practical application, flexible electronic devices are subjected 

to different mechanical type of loading and therefore flexible electronic 
devices and supercapacitors must sustain bending, twisting, and tensile 
stresses. The flexibility and bending stability of the devices were 
measured by performing electrochemical analysis with the device bent 
at different angles (0◦, 30◦, 60◦, 90◦, 120◦, 150◦, and 180◦) and the 
fabricated device demonstrated excellent bending stability with capac-
itance retention of above 98 % as shown in the Fig. 7. The cyclic vol-
tammograms were also recorded in the flat position after these bending 
stress levels were applied and the device almost fully recovered its 
default capacitance. These demonstrations complement the suitability of 
easy integration of these separators coated devices into textiles, owing to 
the high bending stability and capacitance retention. This attribute also 
demonstrates that the device can clearly withstand the mechanical 

stresses during traditional weaving process necessary for textile inte-
gration and during wearability. 

Device connection in series or parallel is a necessity for power supply 
to electronic devices and for their practical applications. Devices are also 
connected and stacked in series and parallel configuration. The flexible 
strip-shaped supercapacitors can be further integrated for high energy 
and power capabilities by connecting in series and parallel. For instance, 
the voltage windows linearly increased with the increasing number of 
supercapacitors being connected in series as shown in Fig. 8a-b. The 
specific capacitance can be enhanced by connecting them in parallel. As 
shown in Fig. 8c and d, both the discharge time and output current 
increased by three times when three supercapacitors were connected in 
parallel configuration. The voltage profiles and of the CVs were perfectly 
retained, indicating that the connected devices steadily performed 
without degradation. Furthermore, the capacitances linearly increased 

Fig. 5. a) Schematic view of the device fabrication and fabricated device (inset below), b and c) CV curves comparison of all separators pristine and activated carbon 
fibers, d-e) CVs comparison recorded at different scan rate for CA: PS 80%:20% and specific capacitance, f) galvanostatic charge and discharge comparison at 
different current densities. 

A. Rafique et al.                                                                                                                                                                                                                                 



Chemical Engineering Journal 464 (2023) 142515

9

with the increasing number of supercapacitors. As the photograph 
inserted in Fig. 8 shows, a red LED is lighted by connecting devices in 
parallel and series. This is an efficient way to exploit flexible super-
capacitors as steady sources of energy output devices by connecting 
them in series and parallel configurations. These results indicate that it 
might be an available approach to monitor the operating voltage and 
current by employing series and parallel configurations with slight en-
ergy losses. A video of LED lighting demonstration is attached in sup-
porting information appended to this work. 

E-textile during practical application subject to many stress levels 
such as abrasion resistance and washing resistance. Wearable devices 
and e-textiles must sustain these stresses during wearability and washing 

process. Abrasion resistance is the ability of the fabric to resist to the 
surface wear of the device integrated in the textile caused by the flat 
rubbing contact with another material. As per ASTM standards, there are 
two different methods commonly used by the textile industry to assess 
abrasion resistance, namely Whyzenbeek (ASTM D4157-07) and Mar-
tindale testing method (ASTM D4966-98). We have used both methods 
with specific modifications to evaluate the abrasion resistance of the 
devices because both of these test methods are used to measure flat 
abrasion resistance of a textile in the industry. It should be mentioned 
that there is no correlation between these two methods. The devices 
were integrated into the textile and abrasion tests were performed after 
different sets of rotations were imposed, as shown in Fig. 9a. After 

Fig. 6. a-b) CVs comparison recorded for inner PEDOT functionalized carbon wires electrodes and outer electrode carbon fibers and corresponding specific ca-
pacitances at different scan ates, c-d) CVs comparison for PEDOT functionalized electrode (inter & outer) and corresponding specific capacitances comparison at 
different scan rate, e-f) impedance spectroscopy spectra of PEDOT functionalized carbon yarn and its comparison with pristine carbon yarn. 
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subjected to a total of 600 abrasion cycles the electrochemical perfor-
mance of the device was evaluated afterwards and the devices demon-
strated excellent abrasion stability even capacitance has increased as 
compared to the default device. This can be caused by an increase in 
contact area between electrodes and electrolyte. Similarly, in the 
Whyzenbeek modified test, fabric is manually rubbed back and forth on 
the textile integrated devices and the electrochemical performance of 
the device is evaluated. The capacitances of the devices in both cases 
increased which is ascribed to enhanced contact factor between the 

inner and outer electrodes with electrolyte owing to the pressure exerted 
by roller in the mechanical testing and also during manual testing. It is 
observed in both cases that the CVs demonstrated an upward shift 
during the abrasion testing which may be ascribed to the absorption of 
electrolyte by the abrasion rollers and also due to increase in equivalent 
series resistance as shown in Fig. 9b and e. After rotation testing the 
electrolyte was added to overcome its evaporation along time leading to 
a shift toward a default position, which is evident from CV’s shapes. The 
fabricated devices have demonstrated excellent abrasion resistance with 

Table 2 
Comparison of flexible supercapacitors performance with CA based devices in artificial sweat electrolyte.  

# Material Electrolyte Substrate V. 
W 

Separator Capacitance 
Fg− 1 

Energy 
density 
(mWhkg− 1) 

Power 
density 
Wkg-1 

Ref. 

1 Func. CY Artificial Sweat 
Solution 

Carbon yarn 1 Electrospun Cellulose 
Acetate 

2.3 386 0.046 [52] 

2 PEDOT: PSS Artificial Sweat 
Solution 

Polyester/cellulose 1.3 Polyester/Cellulose 5.65 1360 329 [70] 

3 carbon H2SO4 Stainless steel  Eggshell membrane 2.3   [74] 
4 PEDOT: PSS Artificial Sweat 

Solution 
cellulose/polyester cloth 0.8 Cellulose fibers 2.9   [71] 

5 mesoporous carbon EmimTFSI stainless-steel 3.5 Pullulan 18 7200 4600 [75] 
6 MWCNT PEO/LiCl Micro fibrillated 

cellulose (MFC)  
Microfibrillated 
Cellulose 

154.5 
mFcm− 2   

[76] 

7 PEDOT/CY- 
PEDOT/CF 

Artificial Sweat 
Solution 

Carbon yarn 1 Blow spun Cellulose 
Acetate 

33 4046 292 This 
work 

8 PEDOT/CY-CY Artificial Sweat 
Solution 

Carbon yarn 1 Blow spun Cellulose 
Acetate 

10   This 
Work  

Fig. 7. Bending stability test a) schematic of the imposed bending angles to assess the flexibility of the devices, inset shows the pictorial demonstration of bending of 
the devices, b-c) shows the comparison of CVs recorded at different angles and corresponding capacitance and capacitance retention, inset shows the pictorial 
demonstration of bending of the devices. 
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a complete capacitance retention (100 %) in both methods. 
As part of e-textile practical application one of the most important 

restrictions of incorporating electronic devices in fibrous textiles is its 
washing resistance. A capacitor device using pristine carbon as electrode 
and CA: PS 80%:20% as separator was placed in a teabag and immersed 
in a 100 ml water with 200 µl of soap in a beaker. Then stirring at 200 
rpm for 30 min was applied. Before performing this washing, the CV 
curves of the device were recorded. After 30 min of washing under 
constant stirring, device was removed and dried under ambient condi-
tions. Then 40 µl SSS electrolyte was added and after washing CV curves 
were recorded again. Fig. 9g and video demonstration (in supporting 
information) shows the comparison of the CV curves before and after 
washing and devices demonstrated an excellent stability after 30 cycles 
of washing. Cyclic stability tests, for 1000 cycles were also performed 
and are shown in Fig. 9h-i. Fig. 9i shows the CV curves recorded for 
different cycles, and it is clear from the graph that device has shown an 
excellent cyclic stability with above 95% capacitance retention. 

4. Conclusions 

The blow spinning technique proved to produce quality and stable 
cellulose-based separators with solution-based composites. Different CA: 
PS compositions ratios were tested but the results show no influence on 
the electrochemical performances of the device nor on the blow spinning 
deposition time, being obtained a suitable membrane in 3 min of 
deposition. Symmetric fiber-shaped supercapacitors were fabricated 
with simple carbon yarns and carbon yarns functionalized with PEDOT 
being chosen CA:PS 80%:20% as greener composition and simulated 
sweat solution as electrolyte. Specific capacitance of 33 Fg− 1 was ob-
tained showing the viability of the separator performed by blow spin-
ning, SSS as electrolyte and carbon yarns functionalized with PEDOT. 
Mechanical resistance to bending and abrasion was evaluated demon-
strating that devices had a capacitance retention of above 98 %. More-
over, the washing resistance and cyclic stability was also tested, and 
results show above 95% of capacitance retention after 30 min soap 

Fig. 8. a-d) Supercapacitors connected in series and stacked in parallel and LED demonstration, a-b) graphical representation of series supercapacitors and corre-
sponding CVs of parallel and series supercapacitors, c-d) graphical demonstration of stacking of three supercapacitors in parallel configuration and corresponding 
CVs in stacking position along with digital picture demonstration (see video in supporting information). 
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washing procedure and 1000 charge/discharge cycling. The yarn-based 
supercapacitors herein reported can be one step forward for flexible 
energy storage devices for E-textile and wearable electronic devices. 
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