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Abstract 

Energy crisis and environmental pollution have been one of the major global issues. In this regard, the search for 
new energy storage materials is cheap, flexible and high-performance supercapacitors electrode which has become 
intensive. Also, reducing the amount of organic dyes polluting in water is a great significance. Herein, one-step elec-
tropolymerization of methylene blue on carbon fiber and the resulting films were applied to the supercapacitor. The 
high performance is associated to the outstanding conductivity, electrochemical stability and superior mechanical 
flexibility of carbon fiber. A new flexible electrode for supercapacitors was successfully fabricated by demonstrating 
with a good electrochemical performance and a promising alternative to reduce the water pollution.

Keywords: Supercapacitors, Methylene blue, Organic dye, Carbon fiber fabrics, Electropolymerization

© The Author(s) 2021. This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material 
in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material 
is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the 
permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creat iveco 
mmons .org/licen ses/by/4.0/.

Introduction
Modifications are made in the surface of an electrode can 
could alter its mechanical and electrochemical proper-
ties. Various modification methods such as adsorption, 
bonding and deposition are used for this purpose [1]. 
Another method used for the modification of electrodes 
is the electropolymerization, which has some advantages 
like good uniformity in electrodes coating, which could 
not be obtained by others methods and the possibility of 
change in the properties of the coated polymers. The pol-
ymers obtained from electropolymerization may present 
specific properties were described earlier [2–4].

The various purposes of electrodes applications some-
times become necessary for the electrode material to 
possess with different properties. Carbon fiber fabrics 
(CFF) as materials are used as supercapacitors electrodes 
that have exceptional properties such as light weight, 
strength, flexibility, energy storage capacity and low cost, 

which are the desirable characteristics for smart and 
wearable technologies and nanodevices [5, 6]. However 
some properties of this fabric may be modified by giving 
this material to a whole new range of applications.

Recently, deposition of polyaniline doped with metal-
hexacyanoferrates nanoparticles were improved the 
electrical conductivity and specific capacitance of the 
electrode material turning to be applicable for the energy 
storage devices as supercapacitors and batteries [5, 6]. 
The environmental impact caused by improper disposal 
of materials can made the use of organic dyes, which fea-
ture electroactivity properties being able to be artificial 
electron donors (acceptors) in enzyme reactions and to 
undergo electropolymerization, some are very interesting 
materials to be used for new coating materials applied to 
the electrodes [7–9]. Methylene blue is the phenothia-
zine derivative dyes which have an attracting attention 
since it presents catalyst material behaviour in the pres-
ence of biomolecules and different inorganic compounds 
[10, 11]. One of the primary advantages of electropoly-
merization of methylene blue (MB) lies in the stability of 
the resulting polymer, which is synthesized from a low 
cost monomer in aqueous solution [2]. Obviously, the 
existence of reversible redox pair in MB may have the 
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potential ability for storage of charge and they can be uti-
lized as active electrode materials for pseudocapacitors. 
According to the above benefits, the component of dye 
molecules in the dye-containing effluents could be reu-
tilized as electrochemical energy storage materials [12–
14]. Previously, the electrochemical polymerization of 
MB on platinum foil using 0.76 mM of MB in electrolytes 
containing 0.05  M sodium tetraborate and 0.5  M KCl 
with different pHs were observed [15]. Kertesz and Berkel 
using a 3 mM MB concentration in a buffer solution (pH 
6.8) with a glassy carbon electrode reached 100 µA of 
anodic current and investigated with electrospray mass 
spectroscopy [16]. Zhao et al. using 1.0 mM of MB in a 
PBS electrolyte obtained an anodic peak current of 300 
µA [3]. Liu et al. electropolymerized with a concentration 
of 2.0 mM of MB in GC electrode in 0.2 M  Na2SO4 (pH 
2.0) at sweep rate of 50  mVs−1 [1]. Recently, using carbon 
cloths with graphitic outer layers and a gel electrolyte 
doped with 50 mM of MB obtained 30  mAcm−2 of areal 
current [14]. The MB pre-adsorbed on activated carbon 
obtained more than 60 mA in a 1.0 M  H2SO4 [17].

Herein, we demonstrated the polymerization of MB in 
carbon fiber fabrics and used as electrodes for superca-
pacitor. Cyclic voltammetry was used to deposit the poly-
mer films on the surface of the CFF electrode in 0.5  M 
 Na2SO4 solution (pH 2.0) as electrolyte. The choose by 
the alkaline electrolyte solution was made since it has 
obtained a good results [7, 10] in the influence of the 
solution pH in the growth of the film and the anodic peak 
current. It is known that the electropolymerization of 
MB reaches higher growth rates in basic solutions [2, 7, 
10]. Despite the studies involving the effects of electropo-
lymerization of MB (PMB), the effects in the preparation 
of carbon fiber electrodes which are used for the super-
capacitor studies are not established. The main purpose 
of this article is to investigate the electrodeposition of 
MB on a highly flexible carbon fiber fabrics with differ-
ent concentrations using  (Na2SO4) basic solution for 
eletropolymerization by cyclic voltammetry technique. 
The surface and morphological characterization was per-
formed by FTIR and FESEM studies. The electrochemical 
characterization of the obtained polymer film was carried 
out in acidic (0.5  M  H2SO4) medium by, CV, GCD and 
EIS.

Experimental
Chemicals
Methylene blue (MB) was obtained from Sigma Aldrich®. 
All other chemicals were purchased from AnalaR-grade 
and used as received without further treatment. Carbon 
fiber fabrics types RC200P with low resistance were pur-
chased from Barracuda™, Brazil. Double distilled water 
was used for all experiments.

Material characterization
Fourier transform infrared spectroscopy (FTIR) was 
performed with the Agilent Cary 630® FTIR spectrom-
eter (USA) in the range from 4000 to 400   cm−1 allow-
ing to identify the presence of the polymer at the carbon 
fiber electrode surface. Field emission scanning electron 
microscope (FESEM) obtained with Thermo Scientific™ 
Quattro (ThermoFisher Scientific, USA) was used for the 
electrode surface morphological analysis.

Cyclic voltammetry (CV), galvanostatic charge–dis-
charge (GCD) and electrochemical impedance spec-
troscopy (EIS) measurements were performed using the 
multi-potentiostat (IVIUM Technologies). The electro-
chemical measurements were made using a three-elec-
trode cell topology in a 0.5 M  H2SO4 aqueous solution as 
the electrolyte at room temperature. The PMB/CFF elec-
trode, platinum sheet and Ag/AgCl electrode were used 
as working, counter and reference electrodes, respec-
tively. The analysis of the PMB/CFF electrode was per-
formed using CV at different scan rates ranging from 2 
to 100 mV  s−1. The electrochemical impedance spectros-
copy (EIS) was carried out under halfwave potential by 
sweeping the frequency between 100 MHz and 100 kHz 
at amplitude of 50 mV.

From the obtained curves it is possible to observe 
a double-layer capacitive behavior from the carbon 
fiber and a pseudocapacitive contribution from MB 
redox reactions. The capacitance value may be obtained 
through the integral of the graphic area applied in the 
below equation. The integral of the discharge area is nec-
essary to determine the energy density since the Faradaic 
reactions make the charge/discharge curves non-sym-
metric [18–20]:

where C is the capacitance of the electrode (F  g−1), i is 
the current (A), 

∫

Vdt is the integral current area of the 
discharge curve and V is the potential with the initial 
and final value of  V1 and  V2, respectively. To obtain the 
specific current, it is necessary to divide the capacitance 
by the mass (g) of electroactive material deposited in the 
electrode surface.

Electrodes fabrication
Carbon fiber fabrics of 1.0  cm × 1.0  cm were used as 
substrate material for the electrodes [21]. No specific 
preparation was necessary for preserving the CFF mate-
rial characteristics (mechanical strength, flexibility, high 
conductivity and lightness). The deposition process of 
MB into the CFF electrodes surface was performed by 
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cyclic voltammetry in the potential range between − 1.0 
and 1.5  V during 30 continuous cycles at a scan rate of 
50  mV   s−1 using aqueous solution containing 0.2  M of 
 Na2SO4 (pH 2.0) with different concentrations of MB 
(0.1, 0.2, 0.4, 1.0  mM). The electrodes were dried at 
ambient temperature and washed with distilled water to 
remove the non-polymerized materials from the elec-
trode surface and dried in air. The weight of the active 
material coated on the CFF electrode surface was opti-
mized at ~ 1.0 mg  cm−2.

Results and discussion
Electrochemical polymerization mechanism of MB
Polymerization of MB at carbon fiber electrode surface 
was performed by cyclic voltammetry (CV) technique 
in the range between -1.0 to 1.5 V during 30 continuous 
cycles at a scan rate of 50 mV  s−1. Figure 1a–d shows the 
polymerization curves for 0.1, 0.2, 0.4 and 1.0  mM  MB 
concentration electrode at a scan rate of 50 mV  s−1. From 
the obtained peaks it is possible to see the reversibility 
of the process and that the repetitive cycling leads to the 

formation of the polymer film. During the scanning of 
the positive potential, the polymerization reaction starts 
with adsorption of the monomer on the CFF electrode 
and the first anodic peak due to the MB monomer redox 
behavior at 0.41  V versus Ag/AgCl, and the irrevers-
ible second anodic peak corresponding to cation-radical 
species at more positive potentials at 0.72 V. It might be 
before formation of the radical cation species, one of the 
substituents of the tertiary amino group is oxidized in a 
mechanism involving hydroperoxide. These reactive ani-
ons can attack one of the methyl groups of the tertiary 
amino group bound to the aromatic ring [7, 22, 23]. The 
redox mechanism of MB and polymerization path is sug-
gested in Scheme 1.

FTIR spectroscopy
The FTIR spectra for the poly(methylene blue) in carbon 
fiber fabrics (PMB/CFF) electrodes with different molar 
ratios are presented in Fig. 2 for a convenient comparison 
and allowing the identification of the functional groups 
present in the polymer film. The infrared vibration bands 

Fig. 1 CV curves of MB electropolymerization (50 cycles) for a 0.1 mM, b 0.2 mM, c 0.4 mM and d 1.0 mM MB concentration
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for the monomer (MB) and the polymer at the carbon 
fiber showed the spectra according to previous stud-
ies [22]. The MB monomer showed a C = C group in 
the aromatic ring at 1588   cm−1. The peak at 1310   cm−1 
belong to the vibrations of C-N bond of aromatic tertiary 
amine group and a peak near from ~ 826  cm−1 associated 
to the bending vibrations of N–H group of reduced MB 
monomer [12]. The out-of plane C-H bending vibrations 
can also be observed at approximately 680   cm−1 [1, 22]. 
The various concentrations of PMB electrodes showed a 
peak at around 1666 and 1576  cm−1 belongs to the C = N 
and phenyl ring (C = C) stretching vibrations, respec-
tively. The polymerized electrodes showed the absence 

of N–H wagging peak at 820  cm−1 that due to the oxida-
tion of MB. The aromatic tertiary amine (C-N) group also 
remains in the spectra confirms the polymer film coated 
on the CFF surface.

FESEM analysis
The surface characterizations of the PMB/CFF fabri-
cated electrodes were performed by FESEM analysis. 
Figure 3a–d shows the FESEM of various PMB/CFF elec-
trodes fabricated with 0.1, 0.2, 0.4 and 1.0 mM concen-
trations of MB, respectively. It can be seen that, the film 
has coated from the MB polymer into the unidirectional 
carbon fiber surface. Also, the good adhesion of the 
thin MB polymer was grown in CFF surface for higher 
concentrations.

Figure  4a–d shows the EDS spectra to confirm the 
presence of C, N and S in the CFF electrode surfaces. The 
elemental compositions were presented in Table 1. Nev-
ertheless, peaks from the electrolyte (Na, S and O) were 
inevitably due to the formation thin coating. The EDS of 
PMB electrodes were confirmed that the carbon is the 
predominant component in the electrodes with some 
small peaks of nitrogen and sulphur from the formation 
of MB coating.

Effect of scan rate
The electrochemical performance of the PMB electrodes 
with different concentrations was investigated by cyclic 
voltammetry at different scan rates ranging from 2 to 
100  mVs−1 in 0.5 M  H2SO4 electrolyte (Fig. 5a–d). From 
the CV curves, it can be observed that, the combina-
tion between EDLC and pseudocapacitive effects in the 
charge storage. The EDLC behavior is typical from the 
porous carbon fiber can be utilized as electrode substrate 
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Fig. 3 FESEM images of PMB film with coated CFF using a 0.1 mM MB, b 0.2 mM MB c 0.4 mM MB and d 1.0 mM MB

Fig. 4 EDS spectra of the 0.1, 0.2, 0.4 and 1 mM MB electrode confirms that the existence of C, N and S
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and current collector and it was expected to be an effi-
cient electrode for polymerization. A typical behavior 
from pseudocapacitive materials was also identified by 
showing redox peaks where the current density increases 
with the MB concentration as shown in Fig. 5a–d. Typi-
cal oxidation and reduction peaks from the polymeriza-
tion of MB at the electrode surface were exhibited after 

performed with a scan rate. The voltammogram for 
0.1 mM MB were showed two small oxidation peaks, one 
near from + 450 mV and another one close to + 660 mV 
(versus Ag/AgCl). One big reduction peak can be seen 
near from + 120  mV (versus Ag/AgCl) probably may be 
derived from the merge of two reduction peaks. It can 
also be observed that a small change in the peaks posi-
tions due to the increase of the scan rate.

Galvanostatic charge–discharge
The galvanostatic charge and discharge behavior of PMB/
CFF fabricated electrodes were examined at various cur-
rent densities ranging from 0.3 to 5 A   g−1 in the poten-
tial range from 0 to 0.6  V as shown in Fig.  6a–d. The 
results showed the capability of the electrode material to 
be applied in energy storage devices as supercapacitors. 
From the curves, it is possible to observe that the best 
behavior was obtained with 0.3 A   g−1 and the discharge 

Table 1 Elemental composition for  the  polymerized 
electrodes with different MB concentrations

Material (mM) C (wt%) N (wt%) O (wt%) Na (wt%) S (wt%)

0.1 46.87 19.64 31.84 0.58 1.08

0.2 54.95 21.81 21.44 0.52 1.28

0.4 53.82 20.80 23.68 0.33 1.38

1.0 68.31 18.43 11.04 0.15 2.07

Fig. 5 CV curves of MB electrodes at different scan rates in the potential range of − 0.20 to 0.80 V (vs. Ag/AgCl) a 0.1 mM MB, b 0.2 mM MB, c 
0.4 mM MB and d 1.0 mM MB
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time increases with the MB concentration. An almost 
negligible IR drop in the discharge curve was observed 
for all current densities. This IR drop is associated to the 
internal resistance and ionic conductivity [11]. Despite 

the predominance of the EDLC energy storage pro-
cess the inherent to the porosity of the electrode mate-
rial and the pseudocapacitive behavior of the PMB. The 
coated film can be identified for higher concentrations 

Fig. 6 Charge/discharge curves at different current densities of MB carbon fiber fabrics electrodes within an operating potential of 0⁓0.60 V (vs. 
Ag/AgCl) at different current densities 0.3 to 5 A  g−1 a 0.1 mM MB, b 0.2 mM MB, c 0.4 mM MB, d 1.0 mM MB and e specific capacitance comparison 
at different current densities
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of MB giving a hybrid behavior to the coated electrodes 
and improving its total capacitance. The electrical double 
layer capacitance on the carbon fiber electrode surface is 
associated to the charge accumulation at the electrode/
electrolyte solution boundary whereas the pseudoca-
pacitance is promoted by the reduction/oxidation reac-
tions of MB. From the Eq. 1, it is possible to determine 
the gravimetric specific capacitance using the discharge 
interval from the GCD profiles and the respective results 
are shown in the Fig. 6e. The 1.0 mM electrode presented 
the highest specific capacitance of 89.67 F  g−1 at a cur-
rent density of 0.3 A  g−1

. It is important to note that the 
0.4 mM electrode has showed a good specific capacitance 
retention value with the increase in the current density 
(from 1 to 5 A  g−1) which may be explained by stabil-
ity of the polymer film at the electrode surface with the 
increase in the current density. During the experiments, 
it can be observed that the 1.0  mM electrode has pre-
sented the leakage of the monomer to the electrolyte 
solution when the current density was more than 2 A  g−1.

Stability
The long-term cyclic stability and reversibility results can 
provide important information for the as-prepared elec-
trode. The cyclic performance of 1 mM MB was further 
examined by galvanostatic charge–discharge tests for 
1000 cycles in the voltage range of 0.0 to 0.6 V with 0.3 
A/g in three electrode system. From the Fig. 7, it can be 
seen a retention from approximately 95.5% in the avail-
able capacity over 1000 cycles. This implies an excellent 
long-term cycling capability offered by the electrode.

EIS
By the previous data, the electrodes have presented with 
two different storage mechanisms and ion transport phe-
nomena that can be analyzed from EIS. Nyquist plot can 
be utilized by the frequency response of the electrode/
electrolyte system and can give information about elec-
trochemical processes occurring in both parts. Generally, 
Nyquist plots can be represented by plotting with imped-
ance real component (Z’) versus impedance imaginary 
component (Z”). Fitting data were obtained from the 
experimental results an equivalent electrical circuit can 
be found. Figure 8a–d shows the fitted Nyquist plots of 
0.1  mM, 0.2  mM, 0.4  mM and 1.0  mM PMB/CFF elec-
trodes. The interception of the plotted data with the real 
axis is usually associated to the resistance of the elec-
trolyte. But, from the obtained results it is possible to 
observe that the resistance Rs is probably not only the 
resistivity to inherent from the electrolyte. Since it var-
ies from electrode to electrode using the same solution as 
electrolyte, it is more suitable that this resistance is char-
acteristic of the resistivity of the material that composes 

the electrode associated with the resistivity of the elec-
trolyte. The transfer of electron resistance increases with 
increasing MB concentration from 0.1  mM to 0.4  mM 
indicating a growth in polymeric coating thickness and 
consequent reduction in electrode surface conductiv-
ity. At a concentration of 1.0  mM this resistance drops 
considerably, possibly due to the loss of unpolymer-
ized monomer adsorbed from the electrode surface to 
the electrolyte, making the charge transfer resistance 
(Rct) of this electrode close to the resistance of the low-
est MB concentrations. This may be explained by the loss 
of polymer film thickness due to the low polymerization 
of the monomer at 1.0 mM concentration, which would 
also justify the reduction in specific capacitance com-
pared to the 0.4  mM concentration. The equivalent cir-
cuit values are summarized in Table 2. The two constant 
phase elements of the equivalent circuit are associated to 
the capacitive characteristic of the porous electrode and 
the formation of the double layer on the electrode surface 
by the coating. The increase in constant phase element 
(CPE) values, with the higher value at 0.4  mM concen-
tration, justifies the higher specific capacitance exhibited 
by this electrode. The frequency factor (N), which defines 
the proximity of the CPE element with a resistor (N = 0) 
or an ideal capacitor (N = 1), showed the moderate val-
ues for the two constant phase elements indicated in the 
equivalent circuit.

Conclusions
Flexible PMB films on CFF were successfully fabricated 
by simple one-step electropolymerization using cyclic 
voltammetry method. The PMB/CFF exhibited a high 
specific capacitance of 89.67 F  g−1 at a current density 

Fig. 7 Cyclic stability of 1. 0 mM MB electrode from charge/discharge 
studies at current density of 0.3 A/g
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Fig. 8 Nyquist plots of the coated electrodes a 0.1 mM MB, b 0.2 mM MB, c 0.4 mM MB, d 1.0 mM MB and e equivalent circuit obtained by the 
frequency response

Table 2 Fitting data of equivalent circuit elements obtained by the frequency response

Electrode (mM) Rs (Ω) Rct (Ω) Q1 ×  10–3 (F) N1 Q2 ×  10–6 (F) N2

0.1 2.94 1.27 17.70 0.77 497.9 0.90

0.2 2.80 2.45 28.22 0.78 578 0.70

0.4 2.86 5.03 49.13 0.78 1032 0.72

1 2.55 1.67 53.34 0.81 797.2 0.70
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of 0.3 A  g−1 in a three-electrode system establishing that 
the MB film can be directly used for supercapacitors. 
Moreover, the high quality of the MB film (steadiness and 
robustness) and the good electrochemical performance 
make the MB suitable for being used in the fabrication of 
carbon fiber fabrics basis electrodes applied to pseudoca-
pacitors given to increase its capacitance values. Utilize 
the variety of dyes from the wastewater containing redox 
properties can also possible to make efficient energy stor-
age materials.
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