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Abstract
The development of highly conductive, flexible, mechanical reinforced and chemically modified cotton yarns for elec-
trodes of supercapacitors represents an important advance in the energy storage devices applied in wearable electron-
ics. The production of carbon-based conductive layers as supports for chemical polymerization of active polymeric 
materials (such as polypyrrole) is an important strategy that associates the high electrical double-layer capacitance of 
the carbon derivatives (carbon nanotubes and graphene nanoplatelets) and the pseudocapacitance of the polypyrrole 
in truly flexible devices with improved electrochemical response—high capacitance. These properties are affected by 
relative concentration of graphene nanoplatelets in carbon complexes due to the variation in overall conductivity of 
electrodes (in consequence of low aggregation degree and available surface area) and the electrochemical properties of 
the resulting devices that reaches capacitance in order of 45.5 F g−1 with a capacitive retention of 70% after 2000 cycles 
of use. These promising results open possibilities for new systems in wearable electronics.
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1 Introduction

The widespread application of wearable electronics in 
healthcare devices, actuators and sensors requires truly 
wearable devices [1–8]. In consequence, it has been 
observed an increasing demand for lightweight and flex-
ible devices characterized by high conductivity level, ther-
mal stability and negligible degradation under repeated 
use [9]. One of the most important applications for wear-
able devices refers to the development of flexible storage 
devices (flexible supercapacitors) [10] with characteristic 
high-power density, long cycling life and fast charge–dis-
charge rate [1, 2, 11–13].

The advances in flexible and stretchable energy storage 
devices must be focused on production of more efficient 
electrodes with improved electrochemical performance of 
power/energy density, in response of new concepts about 
electrodes, current collectors and packaging materials 

[14]. Flexible supercapacitors are classified in three differ- 
ent types: porous three-dimensional structures, paper-
like and fiber-like devices [15]. Paper-like supercapacitors 
make use of cellulose-based surfaces filled with electro-
chemically active and conductive materials [16]. In com-
mon with the 3D porous structures, the most important 
point to be addressed in these structures refers to the 
reduction in electrochemically “dead weight” of supports 
that presents almost negligible gravimetric capacitance 
[17]. In view of this, the fiber-like supercapacitors explore 
lightweight flexible supports disposed in two different 
configurations: the type I in which two fibers are twisted 
around each other and the type 2 that makes use of coax-
ial structure—inner and outer electrodes separated by an 
electrolyte [15].

It is worth mentioning that low performance in 
energy density (E) remains as a drawback to be circum-
vented in the development of wearable supercapacitors. 
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If considered that energy is given by E =
1

2
CV2 , there 

are two possibilities to be addressed: the extension in 
working potential window or the increase in the specific 
capacitance [12]. The improvement in the electrochemi-
cal properties (specific capacitance) depends on chemical 
modification of electrodes.

Different flexible supports have been explored in the 
chemical modification of electrodes for incorporation of 
electrochemical active materials (such as activated car-
bon fiber felt [18], air-laid paper substrate [19] and elastics 
cords [20]). To confer small resistance for electron and ion 
movement along electrodes, it has been reported differ-
ent strategies for chemical modification of surfaces that 
varies from simple impregnation of carbon nanotubes and 
graphene on activated carbon fiber felt [18], dipping and 
drying method for CNT incorporation followed by in situ 
chemical polymerization of polyaniline [19] and electro-
chemical deposition of polyaniline on overlaid CNT layer 
on elastic cord [20].

Textile-based electrodes offer flexibility and poros-
ity degree required for wearable devices. However, their 
characteristic poor electrochemical performance remains 
as a serious drawback to be circumvented [18]. For this, 
the incorporation of carbon nanofillers (carbon nano-
tubes and graphene) endows high electrical conductiv-
ity and good electrochemical performance for electrodes 
[21] allowing the additional advantage for use as breath-
able supercapacitors [22]. In both cases, the association 
of charge accumulation processes at CNT and graphene 
surfaces with fast redox reactions on conducting polymers 
and metal oxides tends to improve the performance of the 
electrochemical flexible devices [23]. On the other hand, 
an important point to be addressed refers to the serious 
aggregation process that takes place at high concentration 
of carbon nanotubes in flexible supports [18].

In terms of natural flexible supports, the cotton is widely 
applied in textiles, characterized by high available sur-
face area and high mass loading capability. Despite these 
important properties, the cotton yarn is characterized by 
poor electrical properties (it is an insulator) [24, 25]. Cot-
ton-based supercapacitors require adequate covering of 
cotton yarns with electrochemically active materials, that 
offer both higher energy and power density in response of 
adequate combination of electric double-layer capacitors 
(EDLC) and pseudocapacitors [1, 2, 26].

Graphene (a very promising EDLC system) is a honey-
comb lattice of sp2—hybridized carbon atoms that offers 
high surface area, high thermal and electrical conductiv-
ity that can be combined with different materials [1, 27], 
providing core–shell structures (with pseudocapacitors, 
as an example) for different devices [1, 12]. As an alterna-
tive, carbon nanotubes represent other important class 

of materials for use as EDLC supports, with advantages 
relative to their simple functionalization [13]. In terms of 
candidates for use as pseudocapacitors, polypyrrole has 
been considered an important material for flexible super-
capacitors due to its high conductivity and chemical stabil-
ity provided by chemically synthesized polymeric chains 
on flexible substrates [11, 13, 26, 28–30]. The adequate 
covering of cotton yarns by carbon derivatives (carbon 
nanotubes—CNT and graphene) followed by chemical 
polymerization of conducting polymers renders flexible 
materials with improved properties for energy storage 
applications [24, 31–34].

With the aim of optimizing both surface area for charge 
accumulation and high conductivity level for electrodes, 
we explored the variation in the relative concentration of 
carbon derivatives (multiwall carbon nanotubes and gra-
phene nanoplatelets) applied as a cover layer on cotton 
yarn for deposition of active layer of polypyrrole. Based 
on the variation of electrical conductivity of resulting flex-
ible electrodes, we established the most adequate com-
bination of carbon nanotubes and graphene nanoplate-
lets (GNP) to provide high surface area/conductivity for 
electrodes and consequently the improvement in specific 
capacitance of material/energy density of device. To evalu-
ate the more adequate ratio of GNP/CNT (EDLC contribu-
tion) on cotton yarn, we prepared samples with different 
ratio of GNP/CNT (10/90, 25/75, 50/50, 75/25 and 90/10) 
from layer deposition process (in a number of five layers) 
for incorporation of additives on cotton yarns. The follow-
ing step (interfacial polymerization of polypyrrole) results 
in the deposition of a polymeric layer of pseudocapaci-
tor on EDLC support that improves their electrochemical 
performance and retention of electrochemical properties 
under mechanical efforts.

2  Experimental

2.1  Materials

Graphene nanoplatelets (GNP), multiwall carbon nano-
tubes (CNT), pyrrole, ethanol, anhydrous ferric chloride, 
triton X-100, camphorsulfonic acid (CSA) and dodecyl 
benzene sodium sulfonate (SDBS) (all from Sigma-Aldrich), 
hydrochloric acid (Quimica Moderna, Brazil) and hexane 
(Synth, Brazil) were used as received. Pyrrole was distilled 
under reduced pressure before each experiment.

2.2  Pre‑treatment of cotton yarns

An initial step (based on Refs. [35–37]) was considered 
for impurities removal and established as follows: cotton 
yarns were immersed in aqueous solution (10 mL) of triton 
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X-100 (1 mL) and rinsed with Milli-Q water—the samples 
were dried in an oven (100 °C). Following this procedure, 
the cotton yarns were kept under sonication in alcohol, 
acetone and water for 15, 5 and 5 min, respectively—with 
the repetition of the last two steps.

2.3  Chemical functionalization of carbon 
nanotubes

The preparation of carbon ink for impregnation of carbon 
nanotubes in pretreated cotton yarns was established with 
an initial step of chemical functionalization of CNTs.

CNT (2 g) was introduced in acidic solution (250 mL) of 
 H2SO4/HNO3 (3:1)—the resulting solution was kept under 
intense stirring for 5 h at 130 °C under reflux to avoid the 
solvent evaporation [38]. Then, the solution was cooled at 
room temperature. After this step, the resulting material 
was filtered, rinsed few times using Milli-Q water to neu-
tralize the pH and dried in an oven at 60 °C for 24 h.

2.4  Preparation of (GNP/CNT)‑modified cotton 
yarns

The coating of the cotton yarns with GNP/CNT layers was 
performed as follows:

The carbon ink was prepared considering a fixed 
amount of carbon derivatives (total mass of 50 mg) in 
50 mL of Milli-Q water. The distribution between CNT and 

GNP was varied in five different ratios: 90% GNP–10% CNT, 
75% GNP–25% CNT, 50% GNP–50% CNT, 25% GNP–75% 
CNT and 10% GNP–90% CNT. The dispersion of GNP/CNT 
mixture was favored by inclusion of SDBS (0.5 g) and the 
sonication of resulting solution for 2 h [38]. The pretreated 
cotton yarns were immersed into the GNP/CNT ink and 
kept under sonication for 15 min. The solvent removal was 
established in an oven (100 °C). After that, the fiber was 
washed in water to remove the exceeding material and 
kept in an oven (100 °C). This process (schematically drawn 
in Fig. 1) was repeated five times resulting in a good cover-
ing degree of GNP/CNT on textiles.

2.5  Synthesis of PPy on (GNP/CNT) cotton yarns

A first solution containing 3 mL of water, 0.251 g of CSA 
and 0.175 g of  FeCl3 was prepared (aqueous phase—kept 
under agitation for 5 min) and received the cotton yarn 
for impregnation with oxidant. After that, it was cooled to 
3 °C for 20 min.

A second solution (oil phase) was also prepared using 
3 mL of hexane and 50 μL of pyrrole and kept at 3 °C for 
20 min. After this step, the oil phase was slowly verted 
on aqueous phase and kept at 3 °C for 12 h. During this 
procedure, the polymerization takes place and a film of 
PPy covers the previous carbon layer [13, 30]. Resulting 
composites of PPy/(GNP/CNT) on cotton yarns were dried 

Fig. 1  Schematic view of polymerization process and preparation of polypyrrole-based electrodes
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at 25 °C and applied as electrodes in the final step for pro-
duction of supercapacitor prototypes.

2.6  Preparation of supercapacitor prototypes

The solid electrolyte to be explored in devices is prepared 
as follows: polyvinyl alcohol (PVA—1 g) is dispersed in 
10 mL of deionized water. The reactor with PVA solution 
is introduced in a thermal bath at 90 °C for 2 h to com-
pletely solubilize the PVA. The solution was left cooling at 
room temperature and stirred for 15 min, while it was add-
ing dropwise of phosphoric acid (1 mL  H3PO4 at 85 wt%) 
[39–41].

After this step, pairs of modified cotton yarns (1 cm) are 
immersed in the PVA solution for electrolyte impregna-
tion. The resulting electrodes are disposed in parallel with 
a fixed distance of 1 mm from each other, as represented 
in Fig. 1. The device is introduced in an oven at 40 °C for 
10 min and receives additional droplets of PVA/H3PO4 
to improve the adhesion degree between electrodes of 
supercapacitor. Finally, the device is dried in the oven at 
40 °C for 10 min.

2.7  Characterization techniques

Scanning electron microscopy (Vega 3XM Tescan at 
accelerating voltage of 5 kV) was used to acquire SEM 
images, while the electrical response (cyclic voltamme-
try, charge–discharge curves and impedance spectros-
copy) of the composites was measured from an Autolab 
PGSTAT 302 N (Metrohm)—considering samples of 2 cm. 
The external DC voltage was provided by a DC Power Sup-
ply HY3003-3 (Polyterm). Raman spectra were acquired 
in a Raman spectrometer (LabRAM Aramis—Horiba 
Jobin–Yvon) in the range of 800–1800 cm−1 with excita-
tion at 532 nm from a He–Ne laser with power of 2.5 mW.

3  Results and discussion

The morphology of materials prepared by successive 
deposition of carbon layers and polypyrrole is depicted 
in Fig. 2, which is compared with the structure of pristine 
cotton yarns (Fig. 2a), GNP/CNT composite (75% of GNP)—
Fig. 2b, c and PPy/(GNP/CNT) (75% of GNP) (Fig. 2d). As 

Fig. 2  SEM images of cotton-
based composites: a pristine 
support, b, c GNP/CNT samples 
(different magnification) and d 
after chemical polymerization 
of polypyrrole on GNP/CNT 
layer (PPy/(GNP/CNT))-75% of 
GNP
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we can see, smooth surface of pristine yarn is modified 
by incorporation of GNP/CNT that affects the rugosity 
degree of material. SEM image with higher magnification 
(see Fig. 2c) reveals the abundance of carbon nanotubes 
on fiber surface and the dispersion of small grains of gra-
phene as islands in structure of CNTs. The following step 
(chemical polymerization) results in the complete cover-
ing of structure with a thin layer of conducting polymer—
polypyrrole—progressively deposited as platelets on pre-
vious carbon-based layer. The progressive polymerization 
favors the growth of polymeric grains on top of polypyr-
role layer—as indicated in Fig. 2d.

Relevant information concerning to the chemical 
composition and interaction level of carbon nanotubes 
and graphene nanoplatelets with polypyrrole can be 
addressed by Raman spectrum—results are summarized 
in Fig. 3. The pristine layer of CNT on cotton yarn presents 
two specific bands: at 1340 cm−1—the D-band (finger-
print of sp3 carbon) characteristic of defects and edges of 
nanotubes or impurities and 1585 cm−1—and the G-band, 
related to crystalline graphitic structures—characteristics 
of in-plane Raman vibration modes of C–C bond—sp2 
bonded carbon atoms [42].

In correspondence, characteristic bands at 1340 cm−1 
(D-band) and 1574 cm−1 (G-band) [43] are observed for 
GNP. It is worth mentioning that ratio between intensi-
ties of D-band and G-band can be explored as an esti-
mative about sp2/sp3 atomic ratio, associated to defect 
concentration degree in carbon structures [13, 26, 44, 
45]. Corresponding values calculated for GNP and CNT 
returned (ID/IG)GNP = 0.63 while (ID/IG)CNT = 1.11, revealing 
a higher order for graphene layer than corresponding 
defective and disordered structure of CNT—the amount 

of defects can be attributed to the functionalization of 
carbon nanotubes.

The following step of polymerization on carbon layer 
introduces three characteristic bands on previously 
observed D- and G- band: the incorporation of polypyr-
role by interfacial polymerization introduces charac-
teristic fingerprints of polypyrrole—bands at 926 cm−1 
assigned to C–H ring deformation vibration—bipolaron 
ring deformation [46, 47], at 962 and 1044 cm−1 assigned 
to polaron symmetric C–H in-plane bending vibration 
[47]. The small displacement observed to lower wave-
number in D- and G-characteristic bands of carbon deriv-
atives with polypyrrole layer (samples PPy/(GNP/CNT)) 
characterizes the presence of π–π interaction between 
the benzene rings from the CNTs and the aromatic rings 
of pyrrole, as previously reported [13, 26, 44]. The com-
parison of ID/IG values for different concentration of GNP 
in GNP/CNT complexes is summarized in Fig. 3b.

In agreement with previously observed behavior for 
pristine CNT-based samples—high amount of CNT in 
matrix returns ID/IG > 1 characterizing the prevailing dis-
order induced by CNT on overall behavior of samples. 
However, an important point to be addressed refers 
to the variation in corresponding value observed for 
increasing amount of GNP and corresponding number 
of defects in the resulting matrix. The general trend of 
reduction in ID/IG continues until to reach a well-defined 
minimum at relative concentration of GNP/CNT in order 
of 75%. Above this relative concentration, the disorder 
prevails and the value of ID/IG assumes an increasing 
value—characterizing this relative concentration as a 
critical point in which the disorder in GNP/CNT compos-
ite tends to a minimum value.

Fig. 3  a Raman spectra of cotton covering layers (CNT, GNP/CNT and PPy/(GNP/CNT)) and b comparison of ID/IG for different GNP/CNT com-
position
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The electrical response of cotton yarns covered by 
carbon layer (different relative concentration of GNP/
CNT) shown in Fig. 4a returns a linear dependence (ohmic 
behavior) for all of samples with increasing slope in the 
I–V curve associated to increasing concentration of GNP in 
GNP/CNT mixture (in the range of 10% < GNP/CNT < 75%). 
Above the relative concentration of 75% of GNP in com-
position, it is observed a strong decrease in the slope of 
characteristic I–V curve as consequence of decreasing con-
ductivity of sample.

The polymerization of polypyrrole on carbon layer 
results in a strong increase of conductivity level of result-
ing matrix (the current is enhanced by a factor of 30). An 
important aspect to be observed refers to the dependence 
of conductivity level of resulting samples with the electri-
cal response of previously deposited layer. The slope of I–V 
curves increases with relative amount of GNP and reaches 

a maximum (current in order of 70 mA) for sample 75% 
GNP. As previously observed, the higher amount of GNP in 
mixture affects the electrical response of samples. Above 
this concentration, typical aggregation of GNP tends to 
reduce the conductivity level of samples—in correspond-
ence with the behavior observed from Raman spectra 
(ID/IG ratio).

Based on these results, corresponding values for conduc-
tivity of samples were calculated—data are shown in Fig. 3c. 
As we can see, the general behavior for conductivity level 
of PPy-based samples follows the general trend of GNP/
CNT-covered samples. As a consequence, the best conduc-
tivity was observed for sample containing 75% of GNP that 
reaches 7 S cm−1. Consequently, the sample prepared with 
75% of GNP was chosen as the most promising template for 
supercapacitor electrodes—due to the association of best 

Fig. 4  a I–V curves for GNP/CNT samples at different concentration of GNP/CNT, b I–V curves for PPy/(GNP/CNT) composites at different 
concentration of GNP/CNT, c dependence of conductivity of samples with composition
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conductivity level of resulting material and lower aggrega-
tion level associated to GNP/CNT complexes.

The prototypes of supercapacitors were assembled 
according Sect. 2.6 using electrodes prepared with 75% 
of GNP. Resulting devices were characterized by standard 
electrochemical methods (galvanostatic charge discharge 
assays, cyclic voltammetry, impedance and cyclability 
assays) to evaluate the potential for use as charge storage 
device.

The cyclic voltammograms shown in Fig.  5a present 
symmetric curves with cone-shaped behavior at increasing 
scan rate in substitution to rectangular format of electrical 
double-layer capacitance. The prolate curves are due to the 
Faradaic pseudocapacitance of polypyrrole, while the dis-
tortion observed at increasing scan rate is a consequence 
of difference between bulk and surface resistance. Higher 
scan rate imposes a limitation for available time to promote 
the diffusion of charge carriers that accumulate at interfaces, 
prevailing the fast Faradaic mechanisms at external (polypyr-
role) layer. The specific capacitance of devices was evaluated 
by galvanostatic charge–discharge curves of supercapacitor 
at different current densities. Figure 5b summarizes the typi-
cal behavior of sample at different current density: the devia-
tion from a straight line in charge and discharge is a conse-
quence of Faradaic prevailing mechanisms. As expected, the 
IR drop is a current-dependent function while more time of 
discharge is observed to lower current density. The value of 
specific capacitance was calculated according Eq. 1 which is 
based on discharge curves:

(1)C
s
=

2D
area

⋅ I

V2
⋅m

where V is the potential (V) from the IR drop to zero, I is the 
current of discharge (A), m is the mass of active layer and 
Darea is the area under the discharge curve.

The results for specific capacitance are shown in Fig. 6a 
and confirm that modulus of capacitance varies inversely 
with the current density. The maximum in capacitance 
reaches a maximum of 43.47 F g−1 for current of 300 mA. 
By comparison with previous reported data with pristine 
CNT structure as support layer [13], it is possible to identify 
an increase in specific capacitance from 30 to 43.47 F g−1 
in consequence of two important factors: the higher sur-
face area of graphene derivative for charge accumulation 
and the reasonable level of conductivity of carbon support 
layer disposed as a template for polypyrrole growth.

The general behavior observed in Fig. 6a is in agree-
ment with data reported in the literature—the specific 
capacitance varies inversely with the charging current [13]. 
From this plot, it is possible to calculate the corresponding 
maximum in energy density and current density. The corre-
sponding value for energy density is 5.9 mW h g−1 (in com-
parison with ~ 3 mW h g−1 in Ref. [13].) and for power den-
sity in order of 68.75 mW g−1 (that is higher than observed 
for pristine carbon nanotube system—30 mW g−1—Ref. 
[13]). These results confirm that incorporation of graphene 
as a support layer in flexible devices represents a critical 
factor for improvement in the electrochemical properties 
of flexible supercapacitors.

Another critical experiment refers to the cyclability of 
resulting device, applied in the evaluation of devices per-
formance under repeated charge–discharge cycles. For 
this, the response of supercapacitor was registered along 
2000 cycles of continuous charge/discharge. The capaci-
tive retention was calculated as the variation in specific 

Fig. 5  a CV curves (at different scan rates) and b galvanostatic charge–discharge curves (at different charge density) for sample 75% of GNP 
in PPy/(GNP/CNT)
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capacitance after successive charge/discharge cycles. 
Result in Fig. 6b shows a capacitive retention in order of 
70% of initial value characterizing a moderate degrada-
tion of material after continuous reuse (2000 cycles). This 
process can be confirmed from impedance spectrum of 
samples. The Nyquist plot in Fig. 6c presents two specific 
regions: a depressed semicircle—characteristic of relaxa-
tion processes and a diffusive signature—at low frequency 
region, it is observed a linear branch with a typical slope in 
order of 45°. The progressive degradation of material (after 
2000 uses) provokes a shift in the overall response in direc-
tion to higher impedance—it characterizes the increase 
in internal resistance of supercapacitor that is associated 
with variation in capacitive retention. The flexibility tests 
were performed according Refs. [17, 23]. The samples were 
successively bent from 0° to 180°. As reported in the lit-
erature, these successive mechanical efforts result in the 
deterioration in the electrical/electrochemical properties 
of electrodes/supercapacitor in response of drop-off in 

the polymeric covering layer of electrodes [17, 23]. How-
ever, our results demonstrate that minimal changes are 
observed in the electrical resistance of electrodes (see 
Fig. 7a) in which is possible to verify variation in order of 
10% after 1000 cycles of bending. Negligible variation in 
resulting capacitance (see Fig. 7b) is observed for corre-
sponding mechanical process in supercapacitor proto-
types, characterizing an important advantage for resulting 
prototypes as truly flexible and wearable devices.

4  Conclusion

The incorporation of GNP/CNT composites as covering 
layers of cotton yarn fibers and supporting layers for 
chemical polymerization produces flexible electrodes for 
use as wearable supercapacitors with improved electro-
chemical properties and prolonged action, as verified from 
good cyclability—high capacitive retention. The electrical 

Fig. 6  a Specific capacitance of supercapacitor prepared with 75% GNP, b capacitive retention of material after 2000 cycles and c imped-
ance of samples performed before and after 2000 cycles of uses
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conductivity and order/disorder ratio varied with rela-
tive composition of GNP/CNT and were explored in the 
determination of most adequate relative concentration 
of carbon derivatives for production of optimized super-
capacitors. The comparison with corresponding systems 
produced with CNT confirmed superior results not only for 
specific capacitance but also for energy and power density 
for resulting devices.
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