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Composite films consisting of polythiophene (PTh) and graphene oxide (GO) were synthetized by
electrochemical polymerization. Consequently, the GO was reduced via cyclic voltammetry to form a
reduced composite (PTh/rGO), which presented higher conductivity than PTh. Specific capacitance
values were calculated from galvanostatic charge-discharge profiles. At a current density of 0.5 A-g™,
the specific capacitance of PTh/rGO presented a good value (318 A-g™). However, its behavior was
distant from a typical supercapacitor, indicative of a low reversibility during the charge-discharge
processes and poor capability as supercapacitor material. Moreover, its stability diminished
considerably after repetitive cycling. Experimental conditions of synthesis of PTh/rGO require to be
optimized for the application of the composite as electrode material in supercapacitors.
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1. INTRODUCTION

Future energy demands strongly require inexpensive, flexible and sustainable storage systems
with large energy and power density [1,2]. During the last years, electrochemical supercapacitors have
raised as promising energy storage devices, due to their higher power density, faster charging-
discharging processes, and higher energy storage compared to the Li-ion batteries [3,4]. In general,
depending on the energy storage mechanisms, supercapacitors can be can be classified into two general
categories: electrical double layer capacitors (EDLCs) and pseudo capacitors (PCs) [5]. EDLCs store
electrical energy by using the electrical double layer capacitance via reversible ion absorption at the
electrode/electrolyte interface. In contrast, PCs are related to fast reversible faradaic reactions at the
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surface of electroactive materials [6,7]. EDLCs have energy densities and specific capacitances values
close to a conventional capacitor due to the nature of electrode materials and the limited surface area.
On the other hand, PCs have higher energy density and a fast loss of power density at the cost of a
shorter life cycle [8]. They can store greater charge than EDLCs because of the smaller charge
separation at the electrode/electrolyte interface and the pseudocapacitance resulting from faradaic
reactions at the interface. Nevertheless, the use of PCs is usually restricted to low working voltages.
They also show stability issues and unsatisfactory high/rate capabilities, arising from low
conductivities of electrode materials [9]. Therefore, the real challenge in the electrochemical
performance of supercapacitors is to promote their energy density and preserve their high power
capability and long cycle life [10,11] through the rational selection of electrode materials and design of
high surface area morphology [12].

Many carbon materials have been employed for EDLCs because of their high surface area and
superior electric double layer capacitance, which can store charge by ion adsorption/desorption at the
interface between electrode and electrolyte, leading to enhanced electrochemical performance [13-15].
Among these materials, graphene (GR), a single layer of sp>-bonded carbon atoms, is one of the most
attractive because of its excellent electrical and thermal conductivity, electrochemical stability and
mechanical properties [16,17]. However, up to date graphene remains as a relatively expensive
material because of the absence of large-scale production technology. Graphene oxide (GO), which
can be easily synthetized from graphite at lower cost, appears as a viable option. GO can be typically
reduced (rGO) with hydrazine, hydrothermal reduction, high temperature treatment and laser-writing
method [18,19].

Recently, graphene derived materials have been combined with conducting polymers in order
to improve the performance of supercapacitor electrodes through the synergistic effect of EDLC
capacitance and pseudo-capacitance. The resulting materials usually show better electrochemical
properties than their pure conducting polymer counterparts, such as a higher conductivity and
increased stability during the charge-discharge process [20,21]. Polythiophene (PTh) is considered as
one of the most promising conducting polymers because of its low cost, high environmental stability
and good electrical conductivity. Laforgue and co-workers performed the first known study using PTh
as a supercapacitor, reporting a specific storage level of 110 F-g~' [22]. Since then, several compounds
have been applied to improve the thermal and electrical conductivities of PTh [23,24]. To date, most of
the explored GR/PTh composites have been synthetized via traditional chemical polymerization. Zhao
et al. reported graphene nanosheet/PTh composites, which presented characteristics of a
semiconductor. However, the authors did not characterize electrochemically their use in energy storage
applications [25]. In 2011, Alvi et al. explored the use of a GR/PTh composite as supercapacitor [26],
reporting a specific capacitance of 176 F-g'. Yadav and coworkers, reported the covalent grafting of
GO with PTh, and its subsequently reduction. The PTh/rGO composite presented a maximum
capacitance of 230 F-g™ at 1 mV-s™ and, most significant, 100% cycling retention after 5000 cycles
[27]. More recently, our group performed a study related to the chemical synthesis of GR/PTh
composites with different composition ratios. The composite material with 50% PTh presented the
highest capacitance, with a value of 365 F g ' at 1 A-g™* [28].
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Traditional chemical polymerization is the most common method used for preparing
composites of conducting polymers and graphene materials [29]. The reaction is usually carried out in
a graphene oxide dispersion with the monomer, which is polymerized by the use of an oxidizing agent.
The GO can be subsequently reduced to graphene by the use of a reducing agent like hydrazine [30] or
borohydride [31]. In comparison, electrochemical polymerization offers a quick, safe and clean
synthesis method. The electrochemical perturbation applied to the system results in the direct coating
of the working electrode with a composite film, with no need of oxidizing agents or annexed chemical
procedures. Additionally, graphene oxide can be electrochemically reduced in a rapid manner [32,33].

In this work, we report the in situ synthesis of PTh and rGO composite using electrochemical
methodologies, rather than tradition chemical polymerization and reduction. To the best of our
knowledge, this reduction method has not been previously used for PTh—rGO composite films. This
technique allows the direct and simple preparation of composites in one-step without polymeric
binders or covalent modifications. The reduced PTh/rGO composite exhibited superior electrical
conductivity than PTh and PTh/GO. The supercapacitance property of PTh/rGO was characterized and
compared to the other synthetized materials. PTh/rGO presented low stability after cycling, being not
suitable for use as an electrode material for supercapacitors.

2. EXPERIMENTAL DETAILS

2.1. Reagents

Reagents were of analytical grade or the highest commercially available purity. Graphite, and
KCI were purchased from Merck. Thiophene monomer was purchased from Sigma Aldrich. Aqueous
solutions used in electrochemical measurements were prepared with ultrapure water of resistivity not
less than 18 MQ cm (Milli-Q, USA). Anhydrous acetonitrile was used as solvent for the preparation of
the polythiophene and polythiophene-graphene oxide (PTh/GQO) composite.

2.2. Synthesis and characterization of graphene oxide (GO)

Graphene oxide was synthetized via Hummers’ method with some modifications [34]. Briefly,
4 g of graphite powder were dissolved with vigorous stirring in 10 mL of H,SO4 at 90 °C and oxidized
using a combination of 2 g of K,S,0g and 2 g of P,Os. The stirring continued for four more hours at a
temperature of 80 °C. The solution was then diluted with 500 mL of Milli-Q water. After dilution, the
solution was stirred overnight. The pre-oxidized graphite was then filtered and washed with deionized
water until a neutral pH was achieved, and then dried at room temperature overnight. This powder was
then subjected to further oxidation with 92 mL of H,SO, and 12 g of potassium permanganate
(KMnOQOy,) in an ice bath solution. The mixture was stirred for 2 more hours at 35 °C. After this, 184 mL
of Milli-Q water were added to the mixture. The reaction was terminated by the addition of 10 mL of
H.0, and 560 mL of Milli-Q water to reduce the manganese in the solution. The color of the mixture
changed to bright yellow and the mixture was then stirred overnight. The precipitate was centrifuged at
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3000 rpm and washed with water until reaching a neutral pH. Finally, the obtained GO was filtered and
dried under vacuum at 40°C for 24 h to avoid decomposition. Fourier transform infrared spectroscopy
(FTIR) spectra were measured using a Jasco FT/IR 4100 spectrometer in the frequency range 500 —
4000 cm™', on preparing a KBr pellet. UV-visible spectra were recorded with a Jasco V-630 UV-
visible spectrophotometer. All measurements were taken at room temperature. Typical signals for
graphene oxide were identified by both techniques, confirming the effective synthesis of GO.

2.3. Electrochemical methods and characterization

A CH Instruments (CHI 760E) potentionstat/galvanostat electrochemical workstation was used
to measure the electrochemical properties of the samples at ambient temperature (20 °C). A
conventional three-compartment cell was employed throughout the work. A platinum disk electrode (2
mm diameter) was used as working electrode. The counter electrode was a coiled Pt wire of large area,
separated from the electrolytic solution by a sintered glass frit. Prior to each experiment, the working
electrode was polished to a mirror finish with an aqueous alumina slurry (particle size 0.3 and 0.05
micron) on micro-cloth pads, rinsed thoroughly with water and dried. All potentials are referred to a
Ag/AgCIl (KCI,1 M) electrode. Each working solution was purged with high purity argon for 15 min
prior to each experiment and a lower flow was maintained over the solution during the measurements.
Tetrabutylammonium hexafluorophosphate (BusN-PFg) was dried at 110 °C and kept into a dryer until
used as supporting electrolyte. Acetonitrile was dried with phosphorus pentoxide under a N
atmosphere reflux. The PTh film was synthetized at 1.9 V on a platinum electrode from a solution of
thiophene monomer (0.03 M) and supporting electrolyte (BusN-PFg 0.1 M) in dried acetonitrile.
PTh/GO film was obtained at the same conditions, but adding GO to the solution (1 mg-ml™). PTh/GO
composites were reduced to PTh/rGO using cyclic voltammetry in KCI aqueous solution (1 M) at a
scan rate of 100 mV-s~' between -1.2 and 0.0 V. The final deposits were weighted at a microbalance in
order to perform the charge-discharge characterization. Cyclic voltammetry profiles of characterization
were carried out in 1 M KCI, between -0.2 and 0.8 V at a scan rate of 50 mV-s™. Galvanostatic
charge—discharge profiles were measured in KCl 1 M, at a current density of 0.1 and 0.5 A g™
Electrochemical impedance spectroscopy (EIS) was performed at AC voltage amplitude of 0.01 V and
a frequency range from 0.1 Hz to 1000 kHz at open circuit potential.

3. RESULTS AND DISCUSSION

3.1. Electropolymerization and capacitance properties of PTh, PTh/GO and PTh/rGO

The PTh and PTh/GO films were obtained through chronoamperometry on a platinum
electrode. It has been previously reported that water interferes in the formation of the conducting
polymers. Electrochemical synthesis of films in aqueous electrolytes results in lower conductivity
compared to those obtained from anhydrous conditions [35]. In the specific case of PTh, water even at
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low levels, has a negative and critical effect in the film forming electrodeposition, modifying the
radical polymerization mechanism [36,37]. Therefore, PTh film was synthetized by
chronoamperometry of a solution of thiophene monomer (0.03 M) and supporting electrolyte
(BusN-PFg 0.1 M) in dried acetonitrile at 1.9 V (Figure 1). The PTh/GO was obtained at the same

conditions but adding GO to the solution (1 mg-ml™).
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Figure 1. Chronoamperometric responses for the electrochemical formation of PTh in anhydrous

acetonitrile, 0.03 M thiophene monomer and BusN-PFg 0.1 M, and PTh/GO composite on a
platinum electrode.

In the case of PTh/GO, electropolymerization time was selected to match the final charge of the
deposited PTh. The difference in the profiles is related to the incorporation of GO to the PTh network
in order to maintain the electrical neutrality. The obtained films were weighted at a microbalance in
order to perform the charge-discharge characterization.

The reduction of GO in the PTh/GO composite was achieved by electrochemical methods,
scanning the potential from -1.2 to 0.0 V in KCI aqueous solution (1 M) at a scan rate of 100 mV-s .
As Figure 2 shows, the reduction of GO in the PTh/GO composite appeared approximately at -0.85 V
in the first scan. No peaks associated to a reduction process were detected during the second cycle.
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Figure 2. Cyclic voltammogram of the reduction of PTh/GO in KCI (1 M), at a scan rate of 100 mV"s’
1

Graphene oxide has hydroxyl and carboxylic groups [38] on the surface that can be reduced.
After the first cycle, the GO present in the PTh/GO composite, was reduced electrochemically to rGO.
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To get insights about the performance of the synthetized films, cyclic voltammetry responses of PTh,
PTh/GO and PTh/rGO were recorded in KCI 1M, between -0.2 and 0.8 V at 50 mV-s™, as Figure 3
depicts. Ideal capacitors present a rectangular symmetric current—potential characteristic. However, the
synthetized PTh/rGO film deviated from this shape, which indicates the formation of a poor efficient
electrochemical double layer capacitor with low charge propagation. PTh and PTh/GO exhibited a
form closer to the rectangular shape.

The larger area of the curve of the reduced film is indicative of a larger capacitance in
comparison to the PTh and PTh/GO films. No peaks associated to pseudofaradaic reactions were
detected and thus, the activity of the PTh-rGO composite is related to the pure interaction between the

charged electrode surface and ions.
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Figure 3. Cyclic voltammograms of the response of PTh, PTh/GO and PTh/rGO films on a platinum
electrode in KCI 1 M at a scan rate of 50 mV-s™.

Specific capacitance (C) of a single electrode in a three electrode system can be calculated by

galvanostatic charge-discharge curves, applying the following equation [39,40]:
i At

€= m AV

where i (A) is the discharge current, At (s) is the discharge time, m (g) is the mass of the active
electrode material and AV (V) is the voltage range. In this work, a current density of 0.1 and 0.5 A-g™
was applied in order to measure the charge-discharge curves, while the mass of the films was estimated
by the use of a microbalance. The specific capacitances for the modified electrodes are summarized in
Figure 4. At both current densities, the specific capacitance of PTh can be enhanced in more than 60%
by the inclusion of GO. After its reduction, the capacitance increases even more, presenting improved
C values in comparison to PTh and PTh/GO. This higher specific capacitance can be attributed to the
larger conductivity of the reduced graphene oxide and superior surface area. However, in the case of
PTh/rGO, the charge-discharge profiles exhibited an asymmetric triangular shape with a non-lineal
potential-time relationship, indicative of a low reversibility during the charge-discharge process and
poor capability as supercapacitor material.
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Figure 4. Discharge curves of the synthesized materials at a current density of 0.1 A g™ and specific
capacitance values of the electrodes (F-g™) at different current densities.

The specific capacitance of PTh/rGO at 0.5 A-g™ (318 A-g™) presents a good value, however
its behavior is far from a typical supercapacitor. Previous C obtained at the same conditions report 180
F-g! for 3D N-doped graphene—carbon nanotubes networks [41], 287 F-g* for pyrolyzed
GO/resorcinol-formaldehyde resin composite [42], 275 F-g™ for S-doped graphene oxide hybrid
nanosheets by in situ-polymerization of a thiophene derivative (thiophene-2,5- diyl)-co-(benzylidene)
[43] and 74025 F-g' for sponge electrodes fabricated from graphene, poly(3,4-
ethylenedioxythiophene) (PEDOT) and MnO,, with a 99% capacitance retention over 1000 stretching
cycles [44].

At 0.5 A-g™ and after 400 cycles, the specific capacitance of PTh diminished in approximately
37%, with a value of 111 F-g™. In the case of PTh/rGO, the same test produced a decay in C of 40%,
presenting a final value of 127 F-g™'. Therefore, the introduction of reduced graphene oxide to a
polythiophene film by electrochemical polymerization in the above descripted conditions, does not
increase the stability of the film after repetitive cycles of charge and discharge.

3.2. Electrochemical impedance spectroscopy (EIS) characterization

Impedance spectroscopy experiments are very useful to obtain a deeper understanding into the
capacitance and other relevant electrochemical information of composite materials. Figure 5 shows the
electrochemical impedance spectra for the modified electrodes with the synthesized materials.
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Figure 5. Nyquist plots of modified platinum electrode at open circuit potential in KCI 1 M.
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Typically, the impedance analysis can be divided in high- and low-frequency regions. The
high-frequency zone is related to interfacial processes, while at lower frequencies, the imaginary part
of the impedance spectra is related to the capacitive behavior of the electrode, related to the charging
mechanism, and in an ideal capacitor tends to a 90° vertical line. In the case of PTh modified electrode,
no obvious semicircle was registered at the frequencies selected in this study, suggesting that the
resistance to electron transfers can be neglected. PTh/GO and PTh/rGO modified electrodes exhibited
an arc at the high-frequency zone. The larger diameter of the arc for the PTh/GO modified Pt
electrode, indicates a low charge transfer rate resulting from a high electron transfer resistance. Then,
the reduction of GO improves the conductive properties of the composite.

At low frequencies, the 45°-sloped region corresponds to the Warburg resistance resulting from
the frequency dependence of the ion diffusion/transport in the electrolyte. At this zone, PTh/rGO
showed a line closer to 90° compared to PTh/GO, suggesting a better capacitive behavior. From the
EIS analysis, it can be seen that PTh/rGO exhibited a lower charge transfer resistance and a better
capacitive behavior than that of the PTh. This result is consistent with the capacitance evidence.
Previous reports related to the electrochemical preparation of conducting polymers and rGO
composites, shown similar results. PPy/rGO composites presented better capacitive behavior than
PPy/GO films [45], while the introduction of GO in PANI [46] and PEDOT [47] films by
electropolymerization, resulted in composites with better performance than the sole polymer films. The
reduced resistance of the composites was associated to higher surface area and to the presence of
charged GO counter ions located in the vicinity of the conducting polymer matrix, which are more
easily available for the charge compensation process [48]. Therefore, the lower resistance of the
PTh/rGO composite could be attributed to the network of the reduced graphene structure, which
facilitates the efficient access of electrolyte ions to the surface and reduces the ion diffusion path.

4. CONCLUSIONS

Graphene oxide was incorporated to a polythiophene film by electrochemical polymerization
and further reduced using cyclic voltammetry. This technique is a one-step method for the preparation
of composites, and unlike traditional chemical synthesis has a simple and direct protocol, with no need
of polymeric binders or covalent modifications. The synthetized PTh/rGO film presented higher
conductivity in comparison to its oxidized form (PTh/rGO) and polythiophene. However, PTh/rGO
deviated from the traditional rectangular symmetric current—potential profile and exhibited an
asymmetric triangular charge-discharge shape with a non-lineal potential-time relationship, indicative
of a low reversibility during the charge-discharge processes and poor capability as supercapacitor
material. Moreover, its stability after cycling considerably decreased. Therefore, the introduction of
reduced graphene oxide to a polythiophene film in the above descripted conditions, does not increase
the stability after repetitive cycles of charge and discharge. Based on these evidence, PTh/rGO, a
systematic study considering variables like the concentration of the monomer and GO, and
electrodeposition time need to be accomplished to improve the final performance and stability of the
film, in order to be applied as supercapacitor material.
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