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Optically transparent electrodes for spectroelectrochemistry 

fabricated with graphene nanoplatelets and single-walled carbon 

nanotubes  

Jesus Garoz-Ruiz,a David Ibañez,a Edna C. Romero,a Virginia Ruiz,b Aranzazu Heras*a and Alvaro 
Colina*a 

Optically transparent electrodes (OTEs) are needed for a wide range of applications such as solar cells, printable 

electronics, touch screens, light emitting diodes or flexible displays. Furthermore, OTEs are required for normal 

transmision spectroelectrochemistry measurements to obtain simultaneously electrochemical and spectroscopic 

responses. The search for new materials with a good transparency and conductivity, the basic requirements for an OTE, is 

outstanding. For this reason, carbon allotropes, such as graphene nanoplatelets (GNPs) and single-walled carbon 

nanotubes (SWCNTs), have been used in the present work in order to fabricate GNPs/SWCNTs-OTEs. The methodology 

used to fabricate these hybrid electrodes, based on vacuum filtration techniques, has several advantages such as the use 

of commercial nanomaterials, an easy cleaning of the final electrode and the availability of the process to almost any 

laboratory. The optimization of transparency and conductivity of these new electrodes has been achieved by performing a 

design of experiments, showing that it is needed to reach a percolation threshold of SWCNTs to ensure a minimum 

conductivity. The suitable performance of the GNPs/SWCNTs-OTEs has been validated by studying a film of poly(3,4-

ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) by spectroelectrochemistry. 

1. Introduction 

Carbon nanomaterials are becoming more and more important 

in different fields such as electronic devices,
1
 catalysis,

2
 

reinforcing materials
3
 and energy conversion

4
 and storage.

5
 

These new materials will conquer areas that need optically 

transparent electrodes (OTEs) due to their prospective 

advantages,
6
 leading to replace the indium tin oxide (ITO),

7
 

because of its well-known limitations and the limited 

availability of indium sources.
8
 Furthermore, the applications 

of carbon nanomaterials in analytical chemistry,
9
 specifically in 

electrochemistry,
10,11

 are growing significantly in recent 

years.
12

 

Single-walled carbon nanotubes (SWCNTs) are a carbon 

allotrope with special electronic,
13

 optical
14

 and 

electrochemical
15

 properties. Due to their extraordinary 

conductivity, electrocatalytic effect and inertness, SWCNTs 

have a great importance in the field of electroanalysis,
16

 for 

example, in the detection of biomolecules by 

spectroelectrochemistry17 and in electrochemical microfluidic 

sensing.18,19 Networks of carbon nanotubes are considered as 

a new transparent and flexible electrode that can be seen as 

an alternative to ITO electrodes.
20

 Our group has previously 

developed a methodology, based on filtering a dispersion of 

SWCNTs and press-transferring the homogeneous film formed, 

to fabricate SWCNTs-OTEs easily and reproducibly.
21

 

Moreover, the good conductivity and optical transparency of 

low-pressure transferred SWCNTs films have also given very 

satisfactory results in spectroelectrochemistry applications.
22

 

Graphene, a hexagonal bidimensional network of carbon 

atoms, is another carbon allotrope with remarkable hardness, 

strength, flexibility, thermal behaviour, electrical conductivity 

and transparency.
23

 These properties allow graphene to be 

used as one of the best transparent electrodes,
24

 for example 

in organic electronics, improving the behaviour under bending 

of ITO electrodes that show irreversible failures.
25

 Graphene 

has also been widely employed for electrochemical sensing,
26

 

among many other applications.
27

 Carbon nanotubes and 

graphene are being increasingly used together for different 

applications,
28

 being filtration a methodology that is achieving 

promising results even for transparent electrodes.
29,30

 

Graphene nanoplatelets (GNPs) are layers of stacked 

graphene sheets with high surface areas that are easier to 

obtain and handle than graphene. Their electrochemical 

properties have been deeply studied, for example, in order to 

determine endocrine-disrupting chemicals.
31

 GNPs have been 

used as a solid phase extraction sorbent for the quantitative 

analysis of phthalate esters in aqueous solutions.
32

 They have 

also been used for other applications such as electrochemical 
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detection of biomarkers and DNA bases,
33

 adsorption and 

removal of pharmaceutical pollutants in order to solve 

environmental problems
34

 and development of biosensors
35

 

and temperature sensors.
36

 

OTEs play important roles in information and energy 

technologies and their importance today is unquestionable. 

According to the advantages previously mentioned, carbon 

nanomaterials are being included in the development of OTEs 

devices,
37

 for example, SWCNTs in screens that detect touch 

force and location
38

 and GNPs in solar cells.
39

 

Meanwhile, spectroelectrochemistry is a hybrid multi-

response technique that involves recording the spectra 

evolution of an electrochemical process. Transmission 

spectroelectrochemistry in normal configuration requires the 

use of OTEs to allow the light beam to pass directly through 

the electrode surface. Therefore, materials with a good 

electrical conductivity and optical transparency are needed. 

Benefits associated with carbon based OTEs, such as the wide 

working potential window, the good electrochemical activity, 

the chemical stability under different pH conditions and the 

simplicity of surface modification, are already known for 

spectroelectrochemistry
40

 and are expected to be improved 

with the use of GNPs and SWCNTs together. 

Therefore, in this work we transfer these commercial 

nanomaterials on various substrates in a homogeneous, 

versatile, quick and inexpensive way. Polymer composites 

filled with GNPs and carbon nanotubes show an improved 

electrical performance.
41,42

 In addition, several methodologies 

including microwave irradiation
43

 or filtration
44

 have allowed 

GNPs and carbon nanotubes to be jointly used. Screen-printed 

pressure sensors,
45

 free-standing papers prepared by filtration 

for lithium ion batteries,
46

 filtered sheets with piezoresistive 

behaviour for multi-directional strain sensing,
47

 temperature 

stable supercapacitors
48

 and hydrogen gas sensors,
49

 are some 

applications in which carbon nanotubes and GNPs are 

currently being used together.  

Our group has previously demonstrated the good 

behaviour of SWCNTs-OTEs.
21,22,50,51

 Therefore, the key point 

of the present work is the fabrication of homogeneous 

GNPs/SWCNTs-OTEs in a simple, clean and reproducible way. 

We have overcome the disadvantages related to other 

methods (some of them cited above) such as the large number 

of steps, long fabrication time, the need of curing processes, 

high temperatures, functionalization of the carbon 

nanomaterials or lack of homogeneity, as well as the use of 

strong etching agents, solvent mixtures, dispersing agents, 

surfactants and high cost techniques or instruments. 

The new methodology is based on the use of well-

dispersed commercial GNPs and SWCNTs in an organic solvent. 

No surfactant or dispersing agent was used to prepare these 

dispersions and no chemicals were used to dissolve the filter, 

reducing the risk of contamination with these species and 

improving the homogeneity of the films. GNPs and SWCNTs 

quantities used to fabricate GNPs/SWCNTs-OTEs have been 

optimized to get the best transparency and conductivity. The 

suitability of these GNPs/SWCNTs-OTEs has been 

demonstrated with the spectroelectrochemical 

characterization of poly(3,4-ethylenedioxythiophene) 

(PEDOT)
52

. 

2. Experimental 

2.1. Reagents and materials 

GNPs (average thickness of 8-12 nm, particle diameters less 

than 2 µm and a surface area of 600-750 m
2
 g

-1
, grade three, 

CheapTubes), SWCNTs (0.7-1.1 nm in diameter, (7,6) chirality, 

Sigma-Aldrich), 1,2-dichloroethane (DCE, Acros Organics), 

hydrophilic polytetrafluoroethylene (PTFE) membrane (filter 

pore size 0.1 µm, JVWP01300, Millipore Omnipore), 

poly(ethylene terephthalate) (PET, 175 µm thick, HiFi Industrial 

Film), silver conductive paint (Electrolube) and epoxy 

protective overcoat (242-SB, ESL Europe) were used to 

fabricate the GNPs/SWCNTs-OTEs. Ferrocenemethanol 

(FcMeOH, 97%, Sigma-Aldrich) and KCl (Acros Organics) were 

used to prepare the solutions. 

Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) 

(PEDOT:PSS, Sigma-Aldrich) and LiClO4 (Acros Organics) were 

used to test the spectroelectrochemical performance of the 

GNPs/SWCNTs-OTEs.  

All the reagents were used as received without further 

purification. All chemicals were of analytical grade. Aqueous 

solutions were prepared using high purity water (resistivity of 

18.2 MΩ cm, Milli-Q gradient A10 system, Millipore) and they 

were freshly prepared or stored at 4 ºC, when necessary.  

For safety considerations, all handling and processing were 

performed carefully, particularly when DCE was used.  

 

2.2. Instrumentation 

Transmittance was measured using a halogen light source (HL-

2000, Avantes) and a spectrometer (S2000, Ocean Optics). The 

light beam, supplied by the halogen light source, was 

conducted to and collected from the spectroscopic cell 

(qpod2e, Quantum Northwest) by 200 µm optical fibers 

(Ocean Optics).  

All electrochemical experiments were performed using a 

potentiostat/galvanostat (CHI900, CH Instruments or 

PGSTAT302N, Metrohm Autolab) and a standard three-

electrode cell with a GNPs/SWCNTs-OTE as working electrode, 

a gold wire as counter electrode and a homemade Ag/AgCl/KCl 

3 M as reference electrode.  

Spectroelectrochemistry setup included a 

potentiostat/galvanostat (PGSTAT302N, Metrohm Autolab), a 

halogen light source (DH-2000, Ocean Optics), two collimating 

lenses, a cuvette, two optical fibers (Ocean Optics) and a 

spectrometer (QE65000 198-1006 nm, Ocean Optics).  

A tip-sonicator (CY-500, Optic ivymen System) and a 

laboratory hydraulic press (Spectropress, Chemplex Industries, 

Inc.) were also used to fabricate the electrodes. Raman 

characterization was carried out with a Confocal Raman 

Voyage (BWTEK). A laser wavelength of 532 nm with a power 

of 5 mW was employed to obtain the spectra using a 20X 

objective. The spectral resolution was 3.8 cm
-1

.  
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Field emission scanning electron microscopy (FE-SEM) 

images were recorded on a Philips XL 30 S FEG microscope. 

 

2.3. Electrode fabrication 

Electrodes have been fabricated according to a methodology 

based on one of our previous works for SWCNTs-OTEs.
21

 

Several modifications have been carried out to allow us to 

fabricate OTEs with GNPs and SWCNTs together. The whole 

process is illustrated in Fig. 1 and it consists of seven simple 

and consecutive steps. 

Firstly, 5 mg/L GNPs and 5 mg/L SWCNTs dispersions in 

DCE were prepared (Fig. 1.a). GNPs and SWCNTs dispersions 

were separately ultrasonicated using a tip-sonicator without 

adding surfactants. The procedure was slightly different 

according to each carbon nanomaterial. On the one hand, 80 

mL of DCE were added to 0.5 mg of GNPs. This dispersion was 

sonicated applying a power of 130 W for 30 minutes. Then, 

DCE was added to obtain a dispersion volume of ca. 90 mL 

which was sonicated once more at the same power for 5 

minutes. Finally, the volume was adjusted to 100 mL. On the 

other hand, 10 mL of DCE were added to 0.5 mg of SWCNTs. 

This dispersion was sonicated applying a power of 250 W for 

15 min. Then, DCE was added to obtain a dispersion volume of 

ca. 90 mL which was sonicated again at 100 W for 20 minutes. 

This SWCNTs dispersion was sonicated more vigorously at 250 

W for 20 min. Finally, the volume was adjusted to 100 mL. 

Before using both dispersions the following days to prepare 

the GNPs/SWCNTs-OTEs, 10 mL of each dispersion were 

sonicated for 15 minutes at 100 W to ensure a proper 

homogeneity without nanomaterial agglomeration. The fact 

that no surfactant was needed to prepare these two 

dispersions avoids the contamination of the electrode with this 

kind of species.  

The second step was the vacuum filtration of the desired 

volume of the GNPs dispersion to form a film on the PTFE filter 

(Fig. 1.b).  

Two minutes later, the desired volume of the SWCNTs 

dispersion was filtered through the GNPs/PTFE filter obtaining 

a second homogeneous film on the GNPs one (Fig. 1.c). This 

vacuum filtration technique provides highly homogeneous 

hybrid GNPs/SWCNTs films. The filter with both films was dried 

at room temperature for five minutes to achieve a proper 

transference during the next step.  

Next, PET sheets were washed with deionised water and 

dried. Afterwards, the press-transference of the GNPs/SWCNTs 

film to the PET sheets was performed by applying 28 ± 1 tons 

for about ten minutes using a hydraulic press (Fig. 1.d).  

Then, the filter was carefully separated using tweezers (Fig. 

1.e) obtaining a good adhesion of the SWCNTs side of the 

hybrid film to the PET support and being the GNPs film on its 

upper side. The use of pressure in the transference step, 

avoiding the use of chemicals to remove the filter, reduces the 

contamination sources of the final electrode.  

The homogeneity and optical transparency of the 0.785 

cm
2
 films are easily observed in Fig. 2, where films with 

different composition are shown.  

Electrical contacts were made with a line of silver 

conductive paint from the film to the end of PET that was dried 

in an oven at 75 ºC for 45 minutes (Fig. 1.f). 

Finally, silver conductive paint was electrically isolated by 

an insulating epoxy protective overcoat which was dried in the 

oven at the same temperature for 2 hours (Fig. 1.g). 

 
Fig. 1 Fabrication process of GNPs/SWCNTs-OTEs: (a) preparation of the GNPs and 

SWCNTs dispersions, (b) filtration of the GNPs dispersion, (c) filtration of the SWCNTs 

dispersion, (d) press-transference of the bilayer film, (e) removing of the PTFE filter, (f) 

silver electrical contacts and (g) isolation of the silver electrical contacts. 

 

Fig. 2 A Burgos Cathedral photograph is observed through different GNPs/SWCNTs 

films transferred on PET. 
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For comparative purposes, electrodes with only GNPs or 

with only SWCNTs were also prepared.  

In conclusion, our proposed methodology has been used to 

prepare press-transfer commercial GNPs, SWCNTs and hybrid 

GNPs/SWCNTs films on a flexible, polymeric, non-conductive 

and optically transparent support in a reproducible, simple and 

clean way, available for all laboratories. 

 

2.4. Electrode characterization 

A FE-SEM image of a hybrid GNPs/SWCNTs-OTE fabricated by 

filtration of 0.3 mL of the GNPs and 0.58 mL of the SWCNTs 

dispersions is shown in Fig. 3. As can be observed, GNPs are 

deposited on the SWCNTs film. It is noteworthy that GNPs are 

interconnected by the SWCNTs film but not between them.  

Raman spectroscopy represents one of the most useful 

characterization techniques for carbon nanomaterials. Fig. 4 

shows the spectra of three electrodes fabricated by filtering 

different volumes of the corresponding nanomaterial 

dispersions. PET spectrum has been subtracted. 

 
Fig. 3 FE-SEM image of a hybrid GNPs/SWCNTs-OTE fabricated by filtration of 0.3 mL of 

the GNPs and 0.58 mL of the SWCNTs dispersions. 

 

Fig. 4 Raman spectra of three electrodes fabricated, according to the proposed 

methodology, filtering the following dispersion volumes: 2 mL of GNPs (blue line), 0.5 

mL of SWCNTs (green line) and, both consecutively, 2 mL of GNPs and 0.5 mL of 

SWCNTs (orange line). 

The GNPs/PET film shows three main bands at 1336 cm
-1

, 

1577 cm
-1

 and 2622 cm
-1

 attributed to the characteristic GNPs 

D, G and 2D bands, respectively.
53

 The G band at 1577 cm
-1

 

and the 2D band centered at 2622 cm
-1

 indicate that our GNPs 

are not a high quality graphene. Furthermore, the small band 

at 2435 cm
-1

 reveals the presence of graphite. 

Meanwhile, SWCNTs have also been widely studied by 

Raman spectroscopy
54

 and Raman 

spectroelectrochemistry.
55,56

 In agreement with these works, 

the characteristic Raman bands of SWCNTs are observed on 

the SWCNTs/PET film. The band at 1592 cm
-1

, so-called G 

band, corresponds to the tangential displacement modes of 

SWCNTs, while the band at 1337 cm-1, so-called D band, is 

related to the disorder induced mode. The band peaking at 

2631 cm-1, the so-called G’ band, is referred to the high 

frequency two phonon mode. 

As might be expected, the GNPs/SWCNTs/PET electrodes 

show Raman bands related to the two carbon nanomaterials. 

Therefore, Raman spectra shown in Fig. 4 demonstrate that 

both materials can be successfully press-transferred to PET 

substrates, and that GNPs are attached to the SWCNTs layer. 

Consequently, the method proposed opens up new 

avenues in the fabrication of homogeneous hybrid films useful 

in electrochemistry and spectroelectrochemistry in an easy, 

reproducible and cost effective way. 

3. Results and discussion 

In order to assess the performance of the OTEs, their 

electrochemical responses were studied in the boundary 

conditions, fabricating the electrodes only with GNPs or 

SWCNTs. Cyclic voltammetry of 6·10
-4

 M FcMeOH in 0.1 M KCl 

between -0.20 V and +0.60 V at 0.01 V s
-1

 was carried out, Fig. 

5. The cyclic voltammogram obtained with the SWCNTs 

electrode shows a good electrochemical behaviour where the 

reversible oxidation of FcMeOH is observed, as can be inferred 

from the value of 0.081 V for the difference between the    

 

 

Fig. 5 Cyclic voltammograms obtained with two OTEs made of only GNPs or only 

SWCNTs. Experimental conditions in text. 
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anodic and the cathodic peak potential (ΔEp), close to the 

expected valued of 0.059 V. Actually, ΔEp depends on the 

concentration of FcMeOH for the same electrode, as will be 

shown below. However, the conductivity of the GNPs 

electrode was too low as can be inferred from the absence of 

any redox process. GNPs alone are not able to form an 

interconnected and conducting network (percolation 

threshold) with a proper transparency using this methodology. 

This shows that SWCNTs form interconnected networks (see a 

FE-SEM image in Fig. S1 of the ESI) more easily than GNPs 

which may be due to the different structure of each carbon 

nanomaterial. Therefore, one-dimensional tubes (SWCNTs) are 

better than two-dimensional platelets (GNPs) to fabricate OTEs 

on inert surfaces with this methodology. In view of the results 

depicted in Fig. 5, we can conclude that the fabrication of OTEs 

made only of these commercial low cost GNPs is not possible. 

It should be mentioned that when high-quality exfoliated 

graphene is used, the methodology based on press-

transferring graphene films obtained by filtration is capable of 

fabricating graphene-OTEs with good electrochemical 

responses.57 Nevertheless, GNPs/SWCNTs-OTEs show better 

electrochemical performance than high-quality exfoliated 

graphene-OTEs reported for similar electrodes in literature57 

for the same level of transparency. 

However, with the methodology proposed in this work it is 

possible to fabricate good performing OTEs with an external 

layer of GNPs supported on a conductive SWCNTs film, 

GNPs/SWCNTs-OTEs. A first methodology was used, filtering 

the GNPs and SWCNTs dispersions separately in two different 

filters. Initially, the SWCNTs film was press-transferred on the 

PET support. Afterwards, the GNPs film was press-transferred 

on top of the SWCNTs film. This methodology was discarded 

because it did not show the expected results in terms of 

homogeneity of the GNPs film on the SWCNTs one. For these 

reasons, a second methodology based on the filtration of the 

two nanomaterial dispersions through the same filter 

sequentially was developed. From this point onwards, this will 

be the methodology used in this work to fabricate these 

carbon OTEs, which has been widely explained in the electrode 

fabrication section. The new methodology provides 

homogeneous bilayer electrodes of these two carbon 

nanomaterials (GNPs/SWCNTs-OTEs). 

A design of experiments was performed in order to 

evaluate the influence of the volume of the GNPs (VGNPs) and 

SWCNTs (VSWCNTs) dispersions used in the filtration step, on the 

spectroscopic and electrochemical behaviour of the 

GNPs/SWCNTs-OTEs, analysed in terms of transparency and 

conductivity, respectively. Transparency was evaluated by 

measuring the transmittance at 550 nm (T550) and taking the 

PET sheet as reference spectrum. Meanwhile, conductivity was 

evaluated by measuring the voltammetric reversibility, 

expressed as the peak potential difference between the anodic 

and the cathodic peak (ΔEp). Cyclic voltammetry experiments 

of 6·10
-4

 M FcMeOH in 0.1 M KCl between -0.20 V and +0.60 V 

at 0.01 V s
-1

 were carried out to measure the voltammetric 

reversibility. T550 and ΔEp were measured five times for each 

sample. With the aim of minimizing experimental costs, a 

response surface with only eleven runs in a rotatable central 

composite design 2
2
 with star and three center points was 

performed. VGNPs and VSWCNTs were the two experimental 

factors used to study the response variables (T550 and ΔEp). The 

order of the experiments was fully randomized. Preliminary 

studies were carried out to delimitate the range of variability 

of the two experimental factors, finding that the best range 

was between 0.55 and 3.2 mL for VGNPs (concentration of 5 

mg/L) and between 0.28 and 1.6 mL for VSWCNTs (concentration 

of 5 mg/L).  

Fig. 6 shows the response surfaces for T550 and ΔEp with 

respect to the values of VGNPs and VSWCNTs.  

 

 

Fig. 6 Response surfaces of the design of experiments for (a) transmittance of the 

GNPs/SWCNTs-OTEs at 550 nm, T550, and (b) peak potential difference, ΔEp, obtained in 

the cyclic voltammetry of FcMeOH, with respect to VGNPs and VSWCNTs. Experimental 

conditions in text. 
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As can be seen in Fig. 6a, T550 is affected by both VGNPs and 

VSWCNTs because the two experimental factors are significant 

for the response. The optimal transparency is the maximum 

value of T550, being logically achieved at the lowest values of 

these two factors, VGNPs and VSWCNTs. T550 decreases with 

increasing VGNPs and VSWCNTs, but not exactly in the same scale. 

The increase of VSWCNTs contributes more than the increase of 

VGNPs to decrease the T550. Meanwhile, as it is shown in Fig. 6b, 

conductivity follows a different trend. VSWCNTs is the only 

significant factor. The response surface consists of vertical 

regions, indicating that the increase of VSWCNTs is responsible 

for the decrease of ΔEp which is related to a better 

conductivity of the electrode. If VSWCNTs is not high enough, 

there is not an interconnected network of SWCNTs and ΔEp 

increases indicating a poor conductivity of the electrode. 

Besides, the influence of these GNPs to create a conducting 

interconnected network is really low, being always necessary 

the presence of SWCNTs. Therefore, the need to reach a 

percolation threshold of SWCNTs is undoubtedly required to 

allow the GNPs/SWCNTs bilayer to have a minimum 

conductivity to be used as OTEs. Indeed, the fact that carbon 

nanotubes act as an efficient supporting and catalytic material 

to enhance the electrochemical properties of graphene has 

been previously reported.58 Therefore, in terms of ΔEp, 

conductivity is almost independent of the amount on GNPs for 

each amount of SWCNTs. Thus, it is possible to fabricate 

SWCNTs electrodes modified with GNPs just making sure that 

there is an interconnected SWCNTs network as substrate. 

It is noteworthy that high amounts of GNPs and SWCNTs 

provide voltammograms where the ratio between the intensity 

of the anodic and cathodic peaks is greater than one in 

reversible one-electron systems. This result has been 

previously reported for SWCNTs,21 indicating that the excess of 

the carbon nanomaterial can lead to unexpected 

electrochemical behaviours. Moreover, the transparency 

decreases considerably, leading to worse OTEs. Therefore, 

experiments performed in this design of experiments indicate 

that the amount of these carbon nanomaterials should be 

higher than a lower limit of SWCNTs to achieve a good 

conductivity of the film, and lower than an upper limit of both, 

GNPs and SWCNTs, to obtain a good transparency, avoiding 

unexpected electrochemical behaviours. 

The main goal of this work is the fabrication of electrodes 

for spectroelectrochemistry with different GNPs/SWCNTs 

ratios, always with a good transparency and conductivity. The 

design of experiments has allowed us to prove a large number 

of possibilities to fabricate electrodes changing the amounts of 

GNPs and SWCNTs. However, T550 is lower than 35% in 

approximately half of the design shown in Fig. 6a, suitable for 

many applications but too low to be considered good for OTEs. 

For this reason, a smaller experimental domain is needed in 

order to study highly transparent GNPs/SWCNTs-OTEs. 

Following the same strategy, a new design of experiments 

was performed changing both VGNPs and VSWCNTs between 0.1 

and 0.5 mL (concentration of 5 mg/L). Again, cyclic 

voltammetry of 6·10
-4

 M FcMeOH in 0.1 M KCl between -0.20 V 

and +0.60 V at 0.01 V s
-1

 was performed. Results obtained with 

this second design of experiments were coherent with those of 

the previous one, but now they supplied more information. By 

reducing the experimental domain, T550 increased to values 

between 48% and 95%, clearly higher than those obtained in 

the first design of experiments where T550 varied between 4% 

and 69%. Fig. 7 shows the cyclic voltammograms registered 

with several GNPs/SWCNTs-OTEs with different conducting 

and optical properties obtained in this second design of 

experiments.  

Analysing the results related to the conductivity, two 

different behaviours were clearly observed depending on the 

amount of SWCNTs. As can be seen in Fig. 7a, when VSWCNTs 

was lower than 0.3 mL ill-defined cyclic voltammograms were 

registered, indicating that the percolation threshold of the 

SWCNTs network was not achieved and yielding films with 

poor conductivity. In this case, increasing the amount of GNPs 

helps to improve the conductivity as can be observed in Fig. 7a 

where better responses are obtained at higher VGNPs values for 

electrodes fabricated with 0.1 mL of the SWCNTs dispersion. 

The typical shape of the reversible voltammogram of FcMeOH 

is not observed (Fig. 7a), but the higher the VGNPs was, the 

better the peak definition and the higher the current intensity 

obtained.  

 

 

 

Fig. 7 Cyclic voltammograms of different GNPs/SWCNTs-OTEs (a) below percolation 

threshold of SWCNTs network, and (b) above percolation threshold of SWCNTs 

network. Experimental conditions in text. 
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Significantly better electrochemical responses were obtained 

when VSWCNTs was high enough to establish a good SWCNTs 

interconnected network that guarantees a proper conductivity 

to the electrode (Fig 7b). Percolation threshold was achieved 

by filtering at least 0.3 mL of the SWCNTs dispersion, 

corresponding to ca. 0.002 mg of SWCNTs per cm
2
 of electrode 

area. In this case, all GNPs/SWCNTs-OTEs show a really good 

electrochemical performance and a high transparency. The 

presence of a higher VGNPs did not show any significant 

difference in terms of electrochemical behaviour when a good 

interconnected SWCNTs network made by filtering 0.5 mL of 

the SWCNTs dispersion is established. This fact can be 

explained in terms of achieving a reversible electrochemical 

behaviour. On the contrary, transparency is highly influenced 

by VGNPs.  

Thus, depending on the specific application of the 

GNPs/SWCNTs-OTEs, different GNPs/SWCNTs ratios can be 

selected with, a priori, excellent results. As it is shown in Fig. 

7b, the strategy of design of experiments has allowed us to 

fabricate a collection of GNPs/SWCNTs-OTEs easily, with 

different GNPs/SWCNTs ratios, using our press-transfer 

methodology and offering suitable transparency and good 

electrochemical properties. 

A set of cyclic voltammetries of 6·10-4 M FcMeOH in 0.1 M 

KCl between -0.20 V and +0.60 V at different scan rates, 

between 0.002 V s-1 and 0.250 V s-1, were performed to study 

the electrochemical behaviour of GNPs/SWCNTs-OTEs (Fig. 8). 

Here, a GNPs/SWCNTs-OTE obtained using VGNPs = 0.1 mL and 

VSWCNTs = 0.5 mL was used. A linear relationship between the 

anodic peak current (ip) and the square root of the potential 

scan rate (v1/2) was obtained. Therefore, the oxidation of 

FcMeOH is a diffusion-controlled electrochemical process, and 

according to Randles-Sevcik equation (Eq. 1), the diffusion 

coefficient of FcMeOH can be estimated: 

�� � 0.4463	

3

��

�/�

��/����/�� � ��/� (Eq. 1) 

where F is the Faraday’s constant (96485 C mol
-1

), R the ideal 

gas constant (8.314 J mol
-1

 K
-1

), T the temperature (293 K), n 

the number of electrons transferred in the redox reaction (1), 

A the electrode area (0.3925 cm
2
), D the diffusion coefficient 

and C the bulk concentration (6·10
-7

 M cm
-3

). From the slope of 

the calibration curve of ip vs. v
1/2

 (inset of Fig. 8), an 

experimental value of 5.7·10
-6

 cm
2
 s

-1
 is obtained, very similar 

to those in literature (6.1·10
-6

 cm
2
 s

-1
).
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Two different applications of this type of OTEs are shown 

in Fig. 9. First, a GNPs/SWCNTs-OTE, fabricated with VGNPs = 0.3 

mL and VSWCNTs = 0.58 mL (FE-SEM image in Fig. 3), was used in 

order to demonstrate the usefulness of GNPs/SWCNTs-OTEs 

for electroanalytical purposes. A set of different calibration 

samples of FcMeOH in 0.1 M KCl were prepared and cyclic 

voltammetry experiments between -0.20 V and +0.60 V at 0.01 

V s
-1

 were performed (Fig. 9a). As can be seen in the 

calibration curve shown in the inset of Fig. 9a, the anodic peak 

current intensity follows a highly linear relationship with 

FcMeOH concentration in the 5-216 µM range (R
2
 = 0.9999, Syx 

= 3.4·10-8).  

 

 
Fig. 8 Cyclic voltammograms of FcMeOH at different potential scan rates between 

0.002 V s-1 and 0.250 V s-1. Inset: Randles-Sevcik behaviour. Experimental conditions in 

text. 

 

 

Fig. 9 (a) Cyclic voltammograms carried out with a GNPs/SWCNTs-OTE using FcMeOH 

concentrations ranged between 5 and 216 µM. Inset: Calibration curve of FcMeOH. (b) 

3D spectroelectrochemistry contour during ten consecutive doping/dedoping scans of 

PEDOT in a GNPs/SWCNTs-OTE. In the Y axis, “-” is referred to a potential applied of -

0.70 V and “+” to a potential applied of +0.70 V. Inset: The GNPs/SWCNTs-OTE 

modified with PEDOT by drop casting. Experimental conditions in text. 
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GNPs/SWCNTs films have a resistance that contributes to 

the measured ΔEp. A plot of ΔEp vs. FcMeOH concentration, 

Fig. S2, shows a linear behaviour indicating the existence of an 

uncompensated resistance, according to Ohm’s Law, because 

the higher the concentration, the higher the current, Fig. 9a. At 

concentrations lower than 10 µM, there is not influence of this 

uncompensated resistance of the film because the current is 

very low and ΔEp takes the expected value of 0.059 mV. 

In addition, GNPs/SWCNTs-OTEs were also tested with a 

conducting polymer such as PEDOT which shows colour 

changes associated with its oxidation state. Here, a 

GNPs/SWCNTs-OTE was fabricated with VGNPs = 0.3 mL and 

VSWCNTs = 0.4 mL. A 100 µL drop of PEDOT:PSS diluted 1:100 in 

water was placed on the electrode surface covering it entirely. 

The electrode was dried at room temperature for two days 

whereupon a homogeneous and highly transparent 

GNPs/SWCNTs-OTE modified with PEDOT:PSS was obtained 

(inset of Fig. 9b). Ten cyclic voltammetry scans in 0.2 M LiClO4 

between -0.70 V and +0.70 V at 0.1 V s
-1

 were carried out using 

a Pt wire as counter electrode, a homemade Ag/AgCl/KCl 3 M 

as reference electrode and the GNPs/SWCNTs-OTE modified 

with PEDOT:PSS as working electrode. One spectrum in normal 

transmission configuration between 450 and 950 nm was 

taken every 100 ms along the experiment. A suitable 

performance of the GNPs/SWCNTs-OTE modified with PEDOT 

during the normal transmission spectroelectrochemistry 

experiment is observed in the three-dimensional contour 

shown in Fig. 9b. PEDOT is uncoloured in its oxidized and blue 

in its reduced state.
60

 The spectra evolution with 

time/potential demonstrates the excellent 

spectroelectrochemistry behaviour of PEDOT in these 

GNPs/SWCNTs-OTEs, where a great adhesion of the polymer 

to the GNPs is achieved.  

Therefore, several GNPs/SWCNTs-OTEs have been easily 

fabricated using the proposed methodology, allowing us to 

design OTEs with different transparency and conductivity 

depending on the application in a reproducible way. In order 

to demonstrate the excellent reproducibility of the 

GNPs/SWCNTs-OTEs fabrication method, five cyclic 

voltammograms performed with five different electrodes are 

plotted in Fig. S3 of the ESI, and their corresponding 

parameters are displayed in Table S1 of the ESI. The electrode 

area was limited to 0.3925 cm
2
. As can be observed, very 

reproducible values are obtained, 0.100 ± 0.005 V for ΔEp and 

15.54 ± 0.15 µA for the anodic peak current. These 

GNPs/SWCNTs-OTEs were fabricated with the same 

experimental conditions (VGNPs = 0.4 mL and VSWCNTs = 0.5 mL). 

A FE-SEM image of one of these electrodes can be found in Fig. 

S4 of the ESI. 

4. Conclusions and future perspectives 

In this work we have fabricated a new type of hybrid OTEs 

based on SWCNTs and GNPs. In addition to this, we propose a 

new methodology that can be widely used by the scientific 

community to modify SWCNTs electrodes with, for example, 

GNPs. Nevertheless, other carbon nanomaterials could also be 

used. GNPs/SWCNTs-OTEs have been fabricated by filtration of 

GNPs and SWCNTs dispersions and press-transferring the 

bilayer film on a polymeric insulating support, not requesting 

an underlying conductive substrate. We show the need to 

create a conducting layer of SWCNTs to allow the 

GNPs/SWCNTs-OTEs to have a suitable conductivity with a 

good transparency. The proposed methodology is fast, simple, 

reproducible and inexpensive, affording preparation of 

homogeneous and clean GNPs/SWCNTs-OTEs in any 

laboratory, while circumventing some disadvantages of 

previous wet processing methods. In addition, transparency 

and conductivity have been optimized with a strategy based 

on design of experiments. On the one hand, transparency is 

affected by both carbon nanomaterials but more intensively by 

SWCNTs because they contribute more than GNPs to 

decreasing transmittance. On the other hand, a minimum 

amount of SWCNTs is needed to establish a well-

interconnected SWCNTs network (percolation threshold) 

which is undoubtedly required to ensure a good conductivity 

for these hybrid GNPs/SWCNTs-OTEs. Several GNPs/SWCNTs-

OTEs with different ratios of both commercial carbon 

nanomaterials and excellent transparency and conductivity 

have been easily fabricated. In order to demonstrate their 

good performance for different applications, they have been 

checked by electrochemical quantification procedures and 

normal transmission spectroelectrochemistry. This 

methodology can be easily used to prepare different types of 

bilayer films. Our work lays the groundwork for fabricating a 

conducting SWCNTs layer that can be homogeneously and 

easily modified with other carbon nanomaterials (that are able 

to form a conducting film or not, such as the particular case of 

this work). Currently, we are optimizing electrodes with 

different types of graphene in order to improve the sensitivity 

of the OTEs for neurotransmitters detection. 
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