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Abstract  

Microstructured composite films based on poly(3,4-ethylenedioxythiophene) (PEDOT) and 

nanographene oxide (nGO) were prepared by electrochemical polymerization of 3,4-

ethylenedioxythiophene in nGO aqueous solution on the surface of glassy carbon electrodes at 

a constant potential. The microstructure pattern of the electropolymerized films was shaped 

using microsphere lithography process with mono- or bilayers of polystyrene microspheres 

arranged on the electrode surface. During the electropolymerization, the nGO was 

incorporated into the composite film as a charge-compensating anion for PEDOT accelerating 

the electropolymerization process. We demonstrate that addition of small amount of sodium 

dodecyl sulfate to the reaction medium suppresses the aggregation of the nGO sheets resulting 

in a better defined defect-free morphology of the PEDOT:nGO films. After dissolving the 
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template polystyrene particles, PEDOT:nGO films retained a porous honeycomb-like 

structure. The nGO incorporated into PEDOT:nGO composite was electrochemically 

converted to reduced nGO (nRGO) in a simple one-step reduction process. We show in this 

paper that the resulting PEDOT:nRGO films demonstrate increased redox capacitance and 

enhanced electroactivity for ascorbic acid oxidation. 

 

1. Introduction 

Composites of conducting polymers with graphene and its derivatives have attracted 

considerable attention due to their remarkable electroanalytical performance [1–4] and high 

electrochemical capacitance [5–8]. Among these materials, composites of poly(3,4-

ethylenedioxythiophene) (PEDOT) with graphene oxide (GO) have received special 

recognition [8–11], because of the high conductivity and electrochemical stability of PEDOT, 

and the solution processability of GO. Incorporation of GO in the PEDOT film improves the 

mechanical and electrochemical stability [11,12] of the composite and increases the effective 

surface area of PEDOT [11]. In addition, by having an anionic nature [13], GO can act as a 

charge-stabilizing counterion for the positively charged PEDOT backbone. This enables a 

facile approach for preparing PEDOT:GO composite electrode films by electrochemical 

polymerization of 3,4-ethylenedioxythiophene (EDOT) in GO solutions with no additional 

counterions used [9–11,14,15]. Recent studies have demonstrated such PEDOT:GO 

composites to be promising materials for supercapacitors [6], and implantable bioelectrodes 

[11] due to their excellent charge storage capacity and biocompatibility [11,15]. 

Morphological control is an efficient approach for improving the performance of 

electrodes used in electrochemical sensing [16,17]. In particular, microstructured porous 

graphene materials exhibit larger active surface area resulting in enhanced analytical response 

as compared with dense electrodes [18,19]. Open porous morphology also facilitates ionic 
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diffusion accompanying electrochemical processes. Moreover, three-dimensional graphene 

structures exhibit efficient electronic transport due to the decreased junction contact resistance 

between spatially oriented graphene sheets [16]. All these factors result in ultrasensitive 3D-

structured electrochemical sensors [16]. Therefore, we assume that three-dimensional 

PEDOT:GO microstructures might also display promising electrochemical sensing properties. 

The microstructure of PEDOT:GO composites is primarily defined by the morphology of 

large graphene flakes, which is rather difficult to control.  The most widely used approach for 

preparing PEDOT:GO-modified electrodes, which is electropolymerization of EDOT in GO 

solution [9,11,14,15,20], results in formation of  relatively smooth layered films with large 

GO sheets adhered parallel to the working electrode surface [11,14,20,21]. Such orientation of 

graphene sheets may hinder the ion diffusion, while compact morphology of the composites 

results in low specific surface area. There are only a few reported approaches for the 

morphological control of PEDOT/graphene composites. Yang et al. synthesized a highly 

porous PEDOT film by chemical oxidative polymerization of EDOT on the surface of a 

single-layer reduced GO (RGO) film [12]. The porous morphology of PEDOT resulted in 

high capacitance while the presence of RGO enhanced the mechanical and electrochemical 

stability of the PEDOT layer. Porous PEDOT:RGO films were also prepared by 

electrochemical polymerization of EDOT in a dispersion of high porosity RGO [21]. More 

recently, porous PEDOT/graphene composites have been developed by deposition of PEDOT 

onto open-cell graphene foams by drop-casting [22] or chemical polymerization [23]. The 

resulting PEDOT/graphene composites demonstrated large specific surface area and high 

specific capacitance (522 F g–1) [23]. In the recent study [5], laser patterning was employed to 

bring 3D porous sponge-like morphology to PEDOT:RGO composites thus giving rise to high 

areal capacitance and mechanical stretchability. However, most of these composites included 

PEDOT microphases stabilized by small inorganic [12,23] or polymeric [5,22] counterions. It 
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would be therefore favorable to develop PEDOT:GO 3D-microstructures with GO used as the 

only counterion to PEDOT. This would provide more efficient interaction of the components 

resulting in a synergetic effect of their properties. 

Here we suggest a facile approach to assemble 3D-structured PEDOT:GO composites, 

which were prepared by templated electrodeposition of PEDOT in the presence of 

monomolecular GO flakes with nanoscale lateral sheet dimensions of ~100 nm. In the text 

from here on, we will use the term nanographene oxide (nGO) for the GO used in this work. 

In addition to its nanoscale lateral sheet dimensions, the nGO exhibits higher diffusibility, and 

the ability to form nanoscale structures that cannot be done with bigger micrometer sized GO 

flakes. Hence, nGO is a promising starting material for developing functional composites with 

controllable nano- and microstructures. On the other hand, the morphology of 

electropolymerized PEDOT can be easily tailored by using various template agents, e.g. 

dissolvable polymer microspheres [24–26]. Thus, template electrodeposition of PEDOT in the 

presence of nGO flakes may result in an electrically conducting microstructured PEDOT 

network incorporating nGO counterions. 

To the best of our knowledge, the preparation, characterization, and morphological control 

of PEDOT:nGO composites have not been previously reported. In the present work, 

PEDOT:nGO composite electrodes were prepared via electropolymerization of EDOT in the 

presence of nGO. Both dense and spherically templated PEDOT:nGO films were assembled 

and we report here their capacitive properties and enhanced electroactivity towards ascorbic 

acid (AA) oxidation. 
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2. Experimental Section 

2.1 Materials and reagents 

An aqueous dispersion of single-layer nanographene oxide (nGO, 1 g L–1) with the lateral 

flake size of 90  15 nm was purchased from Graphene Supermarket. Non-functionalized 

polystyrene microspheres (PSB) with a diameter of 3.0 µm were obtained from Polysciences, 

Inc. (catalog No. 17134-15). 3,4-ethylenedioxythiophene (EDOT) was supplied from Sigma 

Aldrich. The glassy carbon (GC) disc working electrodes (WE, BASi, diameter: 3.0 mm, 

active area: 7.1 mm2) were polished with an alumina slurry (0.05 µm particles size) and rinsed 

thoroughly with deionized water (resistivity 18.2 M cm) before use. 

 

2.2 Preparation of the film electrodes 

The PSB microspheres were first arranged in a hexagonal close-packed mono- or bilayer 

structure on the surface of the GC-WE. To prepare a monolayer of the PS beads, the GC-WE 

surface was first framed with an 1.45 mm thick silicone mask with inner diameter of 3.0 mm 

and outer one of 5.0 mm, then 5.4 μL of 0.25% (w/v) aqueous dispersion of PS beads was 

applied on the electrode surface (Fig. S1A). The electrode was covered by a beaker and left 

overnight for slow evaporation of the solvent. The abovementioned procedure was repeated 

with the PSB modified electrode to prepare a bilayer of PS beads. 

Then the PEDOT:nGO layer was electropolymerized up to the half-height of the 

uppermost PSB layer. To prepare the electropolymerization solution, 10.5 µL of EDOT and 

50 µL of 0.02 M sodium dodecyl sulfate (SDS) aqueous solution were dissolved in 10 mL of 

1 g L–1 nGO dispersion (resulting concentrations: [EDOT] = 0.01 М, [SDS] = 110-4 M). The 

solution was ultrasonicated for 20 min and then purged with nitrogen gas for 10 min to 
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remove oxygen. The PSB modified GC-WEs was equilibrated in this solution for 2 h under 

nitrogen atmosphere. After that, they were placed in the electrochemical cell filled with a 

fresh electropolymerization solution in which a commercial Ag/AgCl/3 M KCl and a glassy 

carbon rod served as the reference electrode (RE) and counter electrode (CE), respectively, 

which were used in all measurements in this paper. The electropolymerization of EDOT on 

the PSB modified GC-WE was performed potentiostatically at the constant potential of 

1.05 V using the PGSTAT 12 potentiostat/galvanostat. The polymerization was terminated 

after passing the cut-off charge of 33.8 mC cm–2 (PSB monolayer) and 113 mC cm–2 (PSB 

bilayer).  

After the electropolymerization, the PEDOT:nGO electrodes were washed with toluene for 

10 min to dissolve the PSB template particles and obtain a porous PEDOT:nGO film structure 

(Scheme 1), then repeatedly rinsed with acetone and distilled water and finally dried at room 

temperature. 

Compact (non-templated) PEDOT:nGO films were electrodeposited directly to the GC-

WE surface with no PS beads. The compact PEDOT-nGO films were denoted as “mono-“ and 

“bilayer” films depending on the polymerization charges, which were the same as given for 

their PSB templated mono- and bilayer counterparts. To verify the effect of PEDOT, we 

prepared also nGO compact films (0.35 mg cm-2) by drop casting 5 μm of 1 g L–1 nGO 

aqueous solution onto the GC-WE followed by drying on air. The drop casting procedure was 

repeated 5 times to prepare thick and uniform nGO film. 

Electrochemical reduction of nGO incorporated in the PEDOT:nGO films was carried out 

in 0.1 M KCl solution by cycling the applied potential between 0.0 to –1.6 V for 5 cycles with 

a scan rate of 50 mV s–1. 
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To verify the effect of incorporation of nGO in the PEDOT:nGO films, we prepared also 

monolayer PEDOT films from 0.01 M EDOT and 110-4 M SDS aqueous solutions (without 

nGO) with the same polymerization charge as given for the PEDOT:nGO film above. 

 

2.3 Film characterization 

We carried out XPS measurements at Top Analytica Ltd. (Turku, Finland) to characterize 

the surface functional groups on the nGO surface and the composition of PEDOT:nGO film. 

The XPS spectra were collected using a Phi Quantum 2000 (Physical Electronics) instrument 

with a monochromatized Al Kα radiation source. We studied the electrochemical reduction of 

PEDOT:nGO with Raman spectroscopy (Renishaw Raman Microscope connected to an 

argon-ion laser with the excitation wavelength of 514 nm) and cyclic voltammetry in 

deaerated 0.1 M KCl aqueous solutions. Linear-sweep voltammetry was used for studying the 

AA oxidation at the PEDOT:nRGO film electrodes. The morphological characterization of 

the PEDOT films was carried out with a Leo 1530 scanning electron microscope. The 

electrochemical impedance spectra (EIS) were measured in 1.0 M KNO3 aqueous solution 

under nitrogen atmosphere with the Autolab PGSTAT 12 potentiostat/galvanostat that was 

equipped with a FRA2 impedance module (Metrohm Autolab B.V., Utrecht, The 

Netherlands). We measured the spectra in the frequency range of 100 kHz–10 mHz at the 

open circuit potential (Edc  0.26 V) and Eac = 5 mV.  

Transmission electron microscopy (TEM) characterization of nGO 

An aqueous solution of 1 g L–1 nGO (or the same solution with 110–4 М SDS added) was 

ultrasonicated for 20 min and then drop cast onto a microscopic copper grid covered with a 

collodion substrate and dried at room temperature. TEM images of the samples were obtained 

using a Leo 912AB Omega electron microscope (Carl Zeiss, Germany). 
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3. Results and Discussion 

Scheme 1 represents the approach for preparing the spherically PSB templated thin 

PEDOT:nGO film electrodes. The size of the template microspheres is large enough to 

facilitate the diffusion of the 90 nm sized nGO sheets into the 3D structure, so that they could 

be incorporated in the growing PEDOT:nGO layer as counterions together with some SDS 

anions that are present in the electropolymerization solution. The resulted porous 

PEDOT:nGO films have a thickness of ca. 1.5 µm and 3.9 µm for mono- and bi-layer 

structures, respectively. 

 

(Scheme 1 here) 

 

According to the C 1s XPS spectrum (Fig. S2B), the nGO contains carboxylic groups 

(288.9 eV) [14], which are known to be ionized in aqueous dispersions at neutral pH (pKa = 

4.3–6.6) [27]. Therefore, nGO may serve as counterions for the positively charged PEDOT 

during the electropolymerization, in addition to the polar epoxy and carbonyl groups 

contributing to the negative surface charge of nGO, which were observed in the C 1s XPS 

spectrum at 286.5 eV and 288.0 eV, respectively. Good dispersion stability of the nGO flakes 

is required for them to form uniform composites with PEDOT. However, GO exhibits 

relatively poor dispersibility in neutral aqueous media because of phenolic and some 

carboxylic groups that are not ionized [27]. As shown by the TEM images in Fig. S3A, the 

nGO flakes form large aggregates in aqueous dispersions, which have difficulties in 

penetrating into the cavities between the PS beads and stabilize the PEDOT polycations 

during the electropolymerization process. For this reason, we introduced small amounts of 

anionic surfactant (110-4 M SDS) to the polymerization solution, which prevented the 
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aggregation of the individual nGO flakes as shown in Fig. S4B. Although SDS is also able to 

act as a counterion for PEDOT, nGO is still expected to be the main counterion due to its 

higher concentration. In fact, the concentration of the carboxylic groups in a 1 g L-1 nGO 

aqueous solution is ca. 9.610–4 M, which was estimated from the XPS measurement results 

(see the Supplementary material). Hence, the carboxylic groups of nGO is present in a ca. 10-

fold excess compared to the sulfate groups of SDS. 

 

(Figure 1 here) 

 

Fig. 1A shows the cyclic voltammograms (CV) for the EDOT oxidation recorded during 

the first potential cycle of the electropolymerization. The figure shows that the 

electropolymerization proceeds at much lower potentials if nGO is present in the 

polymerization solution (curve 2). The polymerization starts already at potentials E > ca. 0.9 

V showing higher oxidation current densities than in the absence of nGO (curve 1). The low 

current densities obtained for the EDOT oxidation in the absence of nGO can be explained by 

the rather low concentration of SDS anions in the polymerization solution (10-4 M), which is 

hundred times lower than the EDOT concentration (0.01 M). Hence, the diffusion of the SDS 

anions to the growing PEDOT layers limits the electrodeposition rate. The addition of nGO to 

the polymerization solution accelerates the formation of the PEDOT film (Fig.1B) because 

nGO compensate the charge of the growing chains of PEDOT and thus catalyzes the reaction. 

In fact, electropolymerization of PEDOT within the PSB monolayer takes 27.9 min in the 

SDS solution and only 8.1 min in the mixture of SDS and nGO. In the latter case, nGO 

probably acts as a dominant counterion incorporated in PEDOT, while incorporation of SDS 

anions requires longer polymerization time due to the diffusion limitations. Based on the CV 

in Fig. 1A (curve 2), we chose 1.05 V to perform potentiostatic electropolymerization of 

EDOT. Higher potentials could cause electrochemical degradation of the resulting PEDOT 
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film [28] and loss in its electroactivity (i.e. electrical conductivity) [29]. On the other hand, 

using lower electropolymerization potentials (0.97 – 1.00 V) slows down the 

electrodeposition process, so that longer times are required for reaching the cut-off charge 

values (Fig. S4). 

After the electropolymerization at 1.05 V and dissolving the PSB templates with toluene, 

the morphology of the hollow PEDOT structures deposited on GC was analyzed with SEM 

(Fig. 2). The hollow monolayer PEDOT structure in Fig. 2A deposited only in the presence of 

110-4 M SDS shows continuous well-formed imprints of the PS beads with a diameter of ca. 

3 µm. In the absence of SDS (Fig. 2B), the imprinted PEDOT structure prepared from EDOT 

added to the pure nGO dispersion, loses partially its regularity showing cracks in the walls 

separating the cavities. The SEM image in Fig. 2C shows that by adding a low concentration 

of SDS (110-4 M) to the polymerization solution, it is possible to obtain a relatively regular 

monolayer PEDOT:nGO structure, which is almost identical to the PEDOT structure prepared 

in the presence of only SDS (Fig. 2A). In Fig. 2C, the PEDOT structure has a well-defined 

open-surface porous morphology with the cavity diameter of ca. 3 µm. It is obvious that the 

addition of the small amount of SDS to the electropolymerization solution prevents the 

bundling of the nGO flakes to larger aggregates causing the formation of the irregular 

PEDOT:nGO structure shown in Fig. 2B. 

The formation of an imprinted bilayer PEDOT:nGO structure turned out to be more 

challenging than a monolayer structure (Fig. 2D). Although it is possible to form the hollow 

imprinted PEDOT:nGO bilayer structure by electropolymerization at 1.05 V in the presence 

of both SDS and nGO, it is more fragile and irregular than its monolayer counterpart in Fig. 

2C. Therefore, we did not the study the formation of the imprinted PEDOT:nGO bilayer 

structures in more detail. However, we can speculate that as the electropolymerization of 

PEDOT:nGO starts at the interface of the GC/PS beads and the electrolyte solution, the 
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diffusion of the nGO flakes with the diameter of 90  15 nm to this interface may be sluggish 

and thus, the electropolymerization rate may vary within the 3D structure resulting in 

irregular film growth.  

 

(Figure 2 here) 

 

Fig. 3 compares the Raman spectra of the monolayer PEDOT:nGO structure with that of 

the monolayer PEDOT prepared with SDS as the only counterion. For the latter PEDOT 

structure, the spectrum 1 contains all the characteristics bands of p-doped PEDOT: 574 and 

990 cm–1 (deformation of oxyethylene rings), 697 and 1094 cm–1 (C–S–C and C–O–C 

deformations respectively), 1250 and 1364 (Cα–Cα and Cβ–Cβ stretching respectively), and 

1433, 1514 and 1563 cm–1 (C=C stretching vibrational modes) [30]. As shown in spectrum 3, 

the bands of pure nGO at 1342 and 1604 cm–1 corresponding to the D- and G-modes of 

graphene oxide, respectively [31], overlap strongly with the PEDOT bands. The spectrum 2 of 

PEDOT:nGO is almost identical to the spectrum 1 of PEDOT prepared only in the presence of 

SDS confirming the successful formation of PEDOT on the electrode surface. However, the 

spectrum of PEDOT:nGO shows a weak shoulder at 1610 cm–1 which is characteristic of 

nGO, but not observed in the spectrum 1, thus verifying also the successful incorporation of 

nGO in PEDOT film as a charge-stabilizing counterion. A similar weak shoulder at ca. 1600 

cm-1 originating from GO has been previously observed in the Raman spectra of PEDOT:GO 

and polypyrrole-GO [14]. 

 

(Figure 3 here) 
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The elemental composition of the nGO and PEDOT:nGO films were determined from the 

XPS spectra (Fig. S2A). The survey XPS spectrum of the nGO is featured by oxygen 1s band 

at ca. 529 eV and carbon 1s band with a binding energy of ca. 286 eV. The C:O atomic ratio 

of ca. 2.36 for nGO calculated from the XPS data is in good accordance with typical GO [14]. 

The PEDOT:nGO spectrum additionally shows a 2p sulfur band at about 163 eV, which refers 

to PEDOT and probably SDS anions. The intensity of this band is insufficient for a reliable 

determination of the peaks corresponding to PEDOT and SDS. Table 1 summarizes the 

elemental composition of the nGO and PEDOT:nGO films derived from the XPS spectra. 

Theoretical composition of PEDOT (–(C6H4SO2)n–) corresponds to the atomic ratio C:S = 

6:1, which is increased up to ca. 19:1 in the PEDOT:nGO composite (Table 1), indicating the 

presence of ca. 13 graphene carbons per thiophene sulfur atom. Assuming the elemental 

composition of PEDOT to be theoretical (–(C6H4SO2)n–), composition of nGO to be 

(C1O0.425)m (Table 1) and m:n ratio to be 13 we can estimate the weight composition of 

PEDOT:nGO composite as ca. 37 wt.% of PEDOT and ca 63 wt.% nGO. In this calculation, 

we have neglected the possible presence of the SDS in the composite because we believe nGO 

to be the primary counter-ion incorporated in PEDOT due to its tenfold abundancy in the 

polymerization solution compared to SDS. We speculate that the high content of nGO can be 

explained by the electropolymerized PEDOT fragments being wrapped with the GO sheets. 

Due to their relatively small size (90  15 nm), compared with the flake size of ‘normal’ GO 

size (> 1 µm), a rather high amount of nGO can be adsorbed to PEDOT.  

 

(Table 1 here) 

 

Although nGO is expected to be the primary counterion for nGO, some amount of SDS is 

also incorporated in the PEDOT:nGO film because DS- being a sole small counterion is present 

in the polymerization medium. The incorporation of SDS anions in electrodeposited PEDOT 
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films was previously shown in literature [32]. SDS can also act as a surfactant being adsorbed 

on PEDOT and nGO fragments thus affecting the morphology of PEDOT:nGO films (Fig. 2). 

It was previously shown that the GO incorporated in the PEDOT:GO and polyaniline 

(PANI)-GO composites can be electrochemically reduced irreversibly to obtain PEDOT:RGO 

[20,29] and PANI-RGO [33] by scanning the potential to -0.85 or -0.9 V (vs. Ag/AgCl/3 M 

KCl) and keeping it there for 10-30 min. The reduction of GO in the PEDOT film can also be 

obtained by cycling the potential repeatedly between (e.g.) -0.9 V to 0.5 V (vs. Ag/AgCl/3 M 

KCl) [29]. The reduction removes most of the oxygen-containing surface functional groups of 

GO and partially restores the sp2/sp3 hybridization of the carbon atoms in the hexagonal 

graphene lattice, and, thus, its electrical conductivity. At the same time, the removal of 

oxygen-containing species decreases the negative surface charge of nGO and so may weaken 

the ionic interaction between GO and PEDOT. The uncompensated cationic sites of PEDOT 

can then incorporate low-molecular-weight anions from the electrolyte solution as charge-

stabilizing counterions (e.g. Cl– could be incorporated into the PEDOT film when the 

reduction is performed in KCl solution). The exchange of GO to the smaller counterions 

increases the population of bipolarons in the PEDOT chains which can result in significant 

increase in PEDOT electrical conductivity [34,35]. Although the ionic interaction in 

PEDOT:GO is suppressed by the reduction process, the reduction can enhance the - 

interaction between the conjugated structure of PEDOT and restored graphene lattice of the 

reduced GO, thus facilitating charge carrier transport in PEDOT chains and additionally 

improving its electrical properties [36]. The advantage of the GO reduction in the PEDOT 

film is that a synergistic effect between the PEDOT film and RGO can be obtained improving 

the electrical conductivity of both GO and PEDOT within the composite film, and thus giving 

rise to an electrocatalytic effect, which is beneficial especially in electroanalytical 

applications.  
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In this work, we did the electrochemical reduction of nGO in the PEDOT:nGO films in 0.1 

M KCl aqueous solution by cycling the applied potential between 0.0 to -1.6 V for 5 cycles 

with a scan rate of 50 mV s–1 (Fig. 4). Although the GO can be irreversibly reduced at -0.9 V 

[29], we performed the reduction to more negative cathodic potential limit in order to achieve 

more complete deoxygenation of the nGO [37]. The reduction at the sufficiently low cathodic 

potential also converts PEDOT to the non-conducting form, but applying a positive potential 

to the film after the reduction oxidizes the polymer back to its electrically conducting form. 

We used only 5 cycles due to the relatively thin PEDOT:nGO films. The first cathodic scans 

from 0.1 to -1.6 V are shown in Fig. 4A for the PEDOT monolayer structures prepared 

electrochemically in the absence (1) and presence of nGO (2), as well as for the PEDOT:nGO 

bilayer structure and the pure nGO film. PEDOT prepared in the absence of nGO (1) exhibits 

no clear reduction peaks upon scanning the potential to -1.2 V, while both the 3D monolayer 

and bilayer PEDOT:nGO composites revealed distinct reduction peaks at -0.79 V (2 and 3). 

The intensity of this peak is ca. 3 times higher for the bilayer compared with the monolayer 

film, which is the evidence of the higher amount of nGO present in the bilayer films. The bare 

nGO film (4) has the reduction peak at exactly the same potential as the mono- and bilayer 

PEDOT:nGO. The reduction peak potential of -0.79 V is also in a good accordance with 

previously reported GO reduction potentials in PEDOT:GO [29] and PANI:GO [33]. It is 

interesting, that the bare nGO also exhibits strongly increasing reduction currents at E < ca. -

0.9 whereas the currents for the PEDOT:nGO composites decrease at these potentials. As it is 

known that nGO can undergo further reduction at more negative potentials after the reduction 

current peak [37], we believe that the reduction process is suppressed by the low electron 

conductivity of the PEDOT film which is present in the reduced (undoped) and electrically 

non-conducting form at E < ca. -0.9 V. 
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(Figure 4 here) 

 

Fig. 4B shows the CVs recorded between 0.0 V to -1.6 V (five potential cycles starting at 

0.0 V) during the electrochemical reduction of GO in the monolayer PEDOT:nGO film. As 

expected, the first cathodic scan shows a strong and broad reduction peak at -0.79 V that 

decreases greatly during the 2-5 cathodic scans. We have previously observed the same 

behavior for electrochemical reduction of PEDOT:GO films [29] indicating that most of the 

reduction of GO to RGO occurs during the first cathodic potential scan. In the CVs recorded 

during the 3-5th potential cycles, the oxidation and reduction peaks of the PEDOT film can be 

observed at ca. -0.75 V. Below this potential at ca. -0.9 V the conducting polymer gradually 

converts to the non-conducting form and thus, suppresses the reduction process of nGO in the 

PEDOT film (Fig. 4A).  

The monolayer PEDOT:nRGO film was characterized with CV in the potential range 

of -0.5 to 0.5 V in 0.1 M KCl with the scan rates of 10, 25, 50 and 100 mV s-1 (Fig. 5). The 

CVs show almost an ideal capacitor-like rectangular shape that we also observed for PEDOT-

RGO films in our earlier studies [33]. The rather low current densities observed for the CVs 

can be explained by the very open PEDOT:nRGO film structure consisting mostly of cavities 

(d = 3 µm) and a network having only ca. 250 nm thick honeycomb walls (Fig. 2C). The CVs 

show also very good electrochemical reversibility (fast charging and discharging) at all scan 

rates. For example, for the scan rate of 50 mV s–1, the ratio between the oxidation and 

reduction charges (Qox / Qred) obtained from the CV was 1.06 indicating excellent 

reversibility.  

 

(Figure 5 here) 
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We determined redox capacitances of the PSB templated monolayer and bilayer 

PEDOT:nRGO films by using electrochemical impedance spectroscopy, and compared them 

with their non-templated compact film counterparts (Fig. 6). The term redox capacitance 

refers here to the capacitance arising from the Faradaic oxidation and reduction reaction of the 

PEDOT matrix. The PSB templated and non-templated films were prepared with the same 

total polymerization charge to ensure that the same amount of PEDOT was deposited on the 

GC substrate by assuming that the electropolymerization yield was 100%. The almost vertical 

impedance spectra in Fig. 6A show that all PEDOT:nRGO films had close to capacitive-like 

behavior. We have therefore estimated the redox capacitance (C) according to equation 1 

from the low frequency part of the impedance spectra (three last frequencies) [14]: 

1

2 ''
C

f Z


 
     (Eq. 1) 

 

Equation 1 was rearranged as |−Z”| vs. f−1 (Fig. 6B) and a straight line (y = ax) was fitted to 

low frequency impedance data points. We determined then the redox capacitance from the 

slope (a) of the straight lines (C = (2a)−1). The redox (areal) capacitances for both the 

monolayer and bilayer PEDOT:nRGO films show that the PSB templated films have ca. 1.3-

1.5 times higher capacitances than the non-templated ones that were prepared with the same 

polymerization charge (Table 2). It is, therefore, reasonable to expect that the PSB templated 

PEDOT:nRGO films may show a higher electroactivity than the non-templated films. 

Moreover, the capacitances of the bilayer structures are ca. 2.2-2.5 times higher than for the 

monolayers, which is in rather good accordance with their geometrical organization on the 

GC substrate making them beneficial in electroanalytical application (Scheme 1). 

 

(Figure 6 here) 
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(Table 2 here) 

 

As a proof of the concept application, we have studied the oxidation of ascorbic acid on the 

PSB templated mono- and bilayer PEDOT:nRGO films and compared them with the monolayer 

templated PEDOT film prepared without nGO and the non-templated (compact) mono- and 

bilayer PEDOT:RGO films (Fig. 7). The LSVs in Fig. 7 show that both the templated mono- 

and bilayer PEDOT:nRGO films clearly enhanced the electroactivity towards the AA oxidation 

(curves 3 and 4) confirming the advantage of the hollow open 3D structure. The higher surface 

area of the templated PEDOT:nRGO films contributes also to higher AA oxidation currents 

compared to GC that has a flat and uncoated surface (curve 6). The oxidation peak potentials 

of the PEDOT:nRGO films are located at ca. 0.45 V (monolayer) and 0.49 V (bilayer) as shown 

in Table S2. By fitting a straight baseline to the LSVs reveals that the integrated peak area under 

the templated bilayer PEDOT:nRGO film is only slightly higher than for the monolayer one 

(Table 2). Although the surface area should be higher for the bilayer film, which is supported 

by its much higher background (capacitive) current observed at 0 V compared with the 

monolayer film, it indicates that the PEDOT:nRGO network is incomplete with defects (Fig. 

2D) hindering the electron transfer from the AA solution/PEDOT:nRGO interface to the 

underlying GC substrate. This in turn decreases the electroactivity of the bilayer structure 

compared to a defect-free structure explaining that it demonstrates no significant improvement 

of electroactivity comparing to monolayer film.  

PSB templated PEDOT film prepared without nGO and both mono- and bilayer compact 

PEDOT:nRGO films show a rather low electroactivity for the AA oxidation with peak 

potentials at 0.49–0.52 V (curves 1, 2, and 5), which is approximately the same as for the 

templated bilayer PEDOT:nRGO film (curve 4). We can speculate that the lower oxidation peak 

potential of the relatively defect-free templated monolayer PEDOT:nRGO film (0.45 V) 
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indicates that the film possesses also an electrocatalytic effect for the oxidation of AA. 

However, we want to stress that in addition to this preliminary study, the electrocatalytic effect 

of the porous open structure PEDOT:nRGO films must be still confirmed in a more thorough 

complementary study conducted in the presence of common interferents to AA, such as uric 

acid and dopamine. 

 

(Figure 7 here) 

 

4. Conclusions 

We have shown that it is possible to prepare microstructured mono- and bilayer films of 

PEDOT:nGO by templating the GC electrode surface prior to the electropolymerization with 

PS beads having a diameter of 3.0 µm. The films can be formed because the nGO flakes (1 g 

L–1) with a lateral size of 9015 nm can diffuse in between the cavities of the PS beads and 

thus, function as charge compensating counterions in the electropolymerization of EDOT. We 

found that the PEDOT:nGO film formation was greatly improved in presence of 110-4 M SDS 

forming almost a defect-free PEDOT:nGO network with an open porous structure after 

dissolving the PSB microspheres with toluene.  

To improve the electroactivity of the composite network, the nGO that was incorporated in 

the PEDOT film was irreversibly reduced electrochemically to RGO by applying a sufficiently 

low negative reduction potential to the PEDOT:nGO film in aqueous 0.1 M KCl solution. The 

reduction converts the electrically non-conducting GO to its electrically conducting RGO 

counterpart, thus improving the electrically conductive network within the composite film and 

enhancing its electroactivity. As a proof of concept application, we show here that the porous 

open structure significantly increased the electroactivity of the PEDOT:nRGO film for the 
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oxidation of ascorbic acid compared with a compact composite PEDOT:nRGO film or a PSB 

templated PEDOT film prepared without nGO. This demonstrates the advantage of using the 

PSB templated PEDOT:nRGO films in electroanalytical applications. Loading the 

PEDOT:nRGO cavities with highly hydrophobic selective substances (e.g. ionophores), 

binding them covalently either to nRGO or the PEDOT film, or using surface functionalized 

PSB particles to create an imprint of a target molecule on the inside of the cavities, may open 

interesting possibilities for highly selective detection of specific analytes and biomarkers. 
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FIGURES, SCHEMES AND TABLES: 

 

Scheme 1. Schematic presentation (sideview) of the deposition of the microstructured PSB 

monolayer (A) and bilayer (B) (left), the formation of the PEDOT:nGO film around the PS 

microspheres by electropolymerization at 1.05 V (middle) and the dissolution of the PS beads 

with toluene forming a hollow PEDOT:nGO structure on the GC-WE surface. 
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Fig. 1. Electropolymerization of 0.01 M EDOT on the PSB modified GC electrodes with (A) 

CV (the first potential cycle shown, scan rate: 50 mV s–1) and (B) constant potential of 1.05 V 

from an aqueous solution containing 110–4 M SDS in the absence (1) and in the presence of 

1 g L–1 nGO (2). 
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Fig. 2. SEM images of PEDOT (A-C) monolayer and (D) bilayer structures prepared 

electrochemically at 1.05 V on the PSB templated GC substrates from 0.01 M EDOT 

solutions containing: A. no nGO, 110-4 M SDS; B. 1 g L–1 nGO, no SDS; C-D. 1 g L–1 nGO, 

110-4 M SDS. A-C was prepared with the charge density of 33.8 mC cm–2 and D with 113 

mC cm–2. 
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Fig. 3. Raman spectra of the PSB templated PEDOT monolayer structures prepared 

electrochemically in the absence (spectrum 1) and presence of nGO (spectrum 2). The 

spectrum 3 shows the vibrational bands of a drop-cast pure nGO. 

 

 

Table 1. The elemental composition of the nGO and PEDOT:nGO films derived from the 

XPS spectra shown in Fig. S2A. 

 

 C, at.% O, at.% S, at.% at.(O)/at.(C) at.(C)/at.(S) 

nGO 70.2 29.8 0.0 0.425 0.00 

PEDOT:nGO 71.6 24.6 3.8 0.344 18.8 

PEDOT* 66.7 22.2 11.1 0.333 6.00 

*theoretical values calculated from the PEDOT chemical formula –(C6H4SO2)n– 
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Fig. 4. A. Linear sweep voltammograms (LSV) recorded during the reduction of the PSB 

templated PEDOT monolayers prepared in the absence (1) and presence of nGO (2). We have 

denoted the LSVs of the templated PEDOT:nGO bilayer structure and the pure nGO film 

(0.35 mg cm-2) as (3) and (4), respectively. B. Five consecutive CVs illustrating the 

electrochemical reduction of the PSB templated PEDOT:nGO monolayer; The electrolyte 

solution and scan rate in A and B was 0.1 M KCl and 50 mV s–1, respectively. 
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Fig. 5. CVs of the PSB templated PEDOT:nRGO monolayer measured in 0.1 M KCl with the 

scan rates of 10 (blue), 25 (green), 50 (red) and 100 mV s-1 (black). 
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Fig. 6. A. The electrochemical impedance spectra of the PSB templated (red squares) and 

non-templated compact (blue circles) monolayer PEDOT:nRGO films, and their templated 

(green triangles) and non-templated (black rhombs) bilayer counterparts. The inset shows the 

high frequency part of the spectra B. The –Z´´ vs. f-1 relationship for the three lowest 

frequencies of the individual film types shown in Fig. 6A. 

 

 

Table 2. The areal capacitances of the PSB templated and non-templated compact mono- and 

bilayer PEDOT:nRGO films.  

 

Sample 

Areal capacitance, mF cm–2 

monolayer bilayer 

PEDOT:nRGO (non-templated) 0.74 1.82 

PEDOT:nRGO (PSB templated) 1.07 2.64 
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Fig. 7. LSVs obtained for the ascorbic acid oxidation (10-3 M) on the PSB non-templated 

compact monolayer (1) and bilayer (2) PEDOT:nRGO films, templated monolayer (3) and 

bilayer (4) PEDOT:nRGO films. The templated PEDOT film prepared without nGO (5) and 

uncoated GC-WE (6) are shown for comparison. Background electrolyte: 1.0 M KNO3; Scan 

rate: 50 mV s–1. 

 

 


