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Abstract.
A versatile and low-cost methodology for fabricating free-standing carbon nanotubes
(CNT) electrodes for electrochemical and spectroelectrochemical applications is
described. The uniformity, flexibility and resistance to bending of these films make
them one of the most interesting membranes in a wide range of applications. CNT
electrodes were characterized by Raman spectroscopy and scanning electron
microscopy and their electrochemical performance was assessed employing various
redox species such as ferrocenemethanol, hexacyanoferrate (II) and dopamine. Freestanding single-walled CNT electrodes exhibit good conductivity and transparency to
UV-Vis radiation, making them suitable as optically transparent electrodes. This is
exemplified by monitoring, using UV-Vis absorption spectroelectrochemistry, the
electrodeposition of gold nanoparticles (AuNPs) on one face of the free-standing CNT
electrodes, while the other face remained unmodified.

1.

Introduction.
Carbon nanotubes (CNTs) are one of the most exciting and versatile materials for

electrochemical purposes, exhibiting exceptional mechanic, electric, electronic and
thermal properties [1–8]. CNTs can be produced using different methods, such as
discharge methods, laser ablation, pyrolysis, sonochemical/hydrothermal, high-pressure
carbon monoxide conversion (HiPCO) or chemical vapour deposition (CVD), leading to
a variety of final properties (orientation, alignment, nanotube length, diameter, purity
and density) [9,10].
CNTs have been widely used as electrodes because they show important advantages
with respect to other classic electrode materials [11–14]. In particular, free-standing
CNT electrodes represent an innovative factor for very attractive applications, such as

electrochemical sensors [15,16], laser absorber [16], gas flowmeter [16], gas heater
[16], supercapacitors [17], in thermoacoustic applications [18] and in batteries [19,20].
Different methods have been developed for the fabrication of free-standing CNT films,
the most important routes being CVD [16,21,22] and vacuum-filtration [23,24],
although others such as the solvent evaporation method [25] have also been used.
In this work we present a new and easy methodology for the fabrication of freestanding single-walled carbon nanotubes (SWCNT) electrodes. The main advantages of
this new method are that it is easy, quick, cheap and reproducible. Moreover, neither
surfactants to disperse SWCNTs, nor complex instrumentation are required, and it can
be used with all kinds of CNTs, including commercial ones. The resulting electrodes
have been characterized by both Raman spectroscopy and scanning electron microscopy
(SEM), providing not only structural and vibrational information of CNTs, but also
information about the distribution of the nanotubes in the film. The validation of these
substrates as electrodes has been tested by cyclic voltammetry with different redox
couples, such as ferrocenemethanol (FcMeOH) and potassium hexacyanoferrate (II)
(K4[Fe(CN)6]), chemicals that show a well-defined reversible electrochemical
processes. Furthermore, the oxidation of dopamine was also studied in order to
demonstrate the usefulness of these free-standing SWCNT electrodes in the study of
species of interest in biochemistry.
Janus materials can be fabricated with one hydrophilic and one hydrophobic face,
with an area positively charged and another negatively charged, or with different
optical, magnetic or catalytic properties in each of their faces [26–29]. In fact, these
structures could consist of two different organic polymeric materials, two inorganic
materials, or one organic and one inorganic material [30,31]. This variety of
combinations enables the application of these materials in multitude fields, such as in

the upgrade of new and more powerful sensors, in electronics, catalysis or in the
development of new medical devices to facilitate the control of drug delivery [30–32].
Here, we propose the independent functionalization of one face of free-standing
SWCNT film electrode. The main advantage of this procedure is that it allows the
design of Janus materials with specific characteristics and very different surface
chemistry properties on each face of the free-standing SWCNT film.
As proof of concept, we have selectively modified one of the faces with gold
nanoparticles (AuNPs), leaving the other face unmodified. There is a substantial
literature on metal NPs, specially on their synthesis, which can be accomplished using
different methods such as chemical reduction [33], seed-mediated [34], photochemical
[35], electrochemical [36], sonochemical [37], lithography [38], galvanic replacement
[39], thermal evaporation [40], radiolysis [41], sol-gel [42], laser ablation [43] or CVD
[44]. All these methods could be useful to selectively modify the electrode in one of the
faces, but as our film can be used as an electrode, electrodeposition of metal NPs can be
performed in a single face due to the high hydrophobicity of the SWCNT network.
It is noteworthy that our free-standing SWCNT electrodes exhibit a good
transparency to UV-Vis radiation and can be used as optically transparent electrodes for
UV-Vis absorption spectroelectrochemistry. This technique facilitates the study of
different processes that take place on the electrode surface, being necessary both, a good
transparency and a good conductivity, to get appropriate spectral and electrochemical
signals. Therefore, UV-Vis absorptometric spectroelectrochemistry experiments were
performed to follow the electrochemical modification of one face of the free-standing
SWCNT electrode with AuNPs, demonstrating both that modification of one face is
possible and that good quality UV-Vis spectra can be recorded simultaneously to the
electrochemical signal.

2.

Material and methods.
2.1. Reagents.
SWCNT (Sigma-Aldrich) dispersion was prepared using 1,2-dichloroethane (DCE,

Acros Organics) as solvent. Nitrocellulose filters with pore size of 0.45 μm
(HAWP01300, Millipore Omnipore), acetone (VWR), poly(ethylene terephthalate)
(PET, 175 mm thick, HiFi Industrial Film), conductive silver paint (Electrolube) for
ohmic contacts, and epoxy protective overcoat (242-SB, ESL Europe) as insulating
paint were used to produce the free-standing SWCNT electrodes.
All reagents employed were of analytical grade or higher. Ferrocenemethanol,
(FcMeOH, Sigma-Aldrich), potassium hexacyanoferrate (II) (K4[Fe(CN)6]·3H2O,
Merck), potassium hexacyanoferrate (III) (K3[Fe(CN)6], Merck), potassium nitrate
(KNO3, Merck), potassium chloride, (KCl, Acros Organics), lithium chloride (LiCl,
Merck), dopamine, (DA, Acros Organics), perchloric acid (HClO4, 60%, Panreac) and
hydrogen tetrachloroaurate (III) trihydrate (HAuCl4·3H2O, Acros Organics) were used
as received. Aqueous solutions were prepared using high-quality water (resistivity of
18.2 MΩ·cm, MilliQ gradient A10 system, Millipore).

2.2. Instrumentation.
SWCNT solutions were dispersed using a CY-500 tip-sonicator (Optic ivymen
System). For safety considerations, all handling and processing were performed
carefully, particularly when DCE was used.
All electrochemical measurements were carried out at room temperature using a
potentiostat/galvanostat AUTOLAB PGSTAT 20 electrochemical system. A free-

standing SWCNT film was used as working electrode, a Pt wire as auxiliary electrode
and a homemade Ag/AgCl/KCl (3 M) as reference electrode.
Raman spectra were obtained using a Confocal Raman Voyage (BWTEK). A 20×
objective was used, with an excitation line at 532 nm and a power of 5 mW. Raman
spectra were collected by a CCD array, with a spectral resolution of 3.8 cm-1.
Scanning electron microscopy (SEM) was performed using a JEOL field emission
gun SEM 6330 and a Philips XL 30 S FEG microscope.
Atomic-force microscopy (AFM) measurements were carried out using a
Alpha300R - Alpha300A AFM WITec.
UV−Vis absorption spectroelectrochemistry measurements in normal transmission
configuration were performed using a QE65000 spectrometer (Ocean Optics)
synchronized with the potentiostat. The light beam, supplied by a light source
(AvaLight-DH-S-BAL, Avantes), was conducted to the spectroelectrochemical cell by a
230 μm optical fiber (Ocean Optics) and collected from the spectroelectrochemical cell
and lead it to the spectrometer by a 200 μm optical fiber probe (Avantes).
Fig. S1 in Supporting Information illustrates the 3-component custom made
spectroelectrochemical cell, fabricated in poly(methyl methacrylate) (PMMA) using a
high precision CO2 laser cutting machine (Laser Series Equipment, PC 60/40KKII).
This

type

of

cell

design

is

well

suited

for

highly

sensitive

dynamic

spectroelectrochemical analysis of thin films in transmission mode [45]. The bottom
compartment of the cell has a cylindrical hole in the center to place a collimating lens
for illuminating the interface via an optical fiber probe. The upper piece has a
rectangular space that allows us to fix the free-standing electrode and to fill the cell with
a drop of the solution. This piece is also used to place the reference and counter

electrodes, and to fix the optical fiber probe that collects the light transmitted by the
free-standing SWCNT electrode and is conducted to the spectrometer.

2.3. Preparation of free-standing SWCNT electrodes.
The methodology for preparing high quality free-standing SWCNT thin films is
illustrated in Fig. S2 in Supporting Information. This methodology builds upon our
recent studies for preparing SWCNT electrodes supported on substrates such as quartz,
PET, PMMA, ITO and Al obtained by vacuum filtration [45,46]. Our new approach
involves seven steps for the fabrication of free-standing SWCNT electrodes. However,
the preparation of SWCNT films requires only four steps and can be completed in less
than 20 min, being the rate-limiting step the complete removal of the nitrocellulose
filter (15 min). Step 1 is the preparation of a stock dispersion of CNTs, 0.5 mg of
SWCNTs in 100 mL of DCE. The homogenization of this suspension is a fundamental
step because if the SWCNTs are not completely dispersed inhomogeneous films will be
obtained. Homogeneous dispersions are achieved using a tip-sonicator, applying a
power of 250 W for 10 min and reducing the power to 100 W for another 5 min. No
surfactant addition or functionalization of the SWCNTs are needed to obtain a good
dispersion, that is to say, SWCNTs are not modified prior to the fabrication of the freestanding electrodes.
Once a good dispersion is obtained, a known volume of the SWCNT dispersion is
filtered under vacuum using a nitrocellulose filter (step 2). The filter with the SWCNT
film is placed under a clean PET sheet with a hole (step 3). Different diameters from 1
to 3 mm have been tested. Gentle pressure around the edges of the filter is applied to
improve adhesion of the SWCNT film. PET sheets are carefully cleaned with deionized
water and dried, prior to the transfer step. The nitrocellulose filter is completely and

carefully dissolved by slow addition of acetone (step 4). Then, the SWCNT film is
thoroughly rinsed with acetone for 15 min.
The SWCNT film is then dried at room temperature (step 5), before an ohmic
contact is made using a conductive silver paint (step 6). The silver paint is dried in an
oven at 75 °C for 45 min, and allowed to cool before coating the contact using
insulating paint (step 7). The electrode is placed in an oven at 75 °C for 120 min to dry
the insulating paint.
The main advantages of this method can be summarized as an easy formation and
transference of the free-standing SWCNT films by adding acetone to the nitrocellulose
filter, the quickness of the procedure, the leaving out of special instrumentation and the
comsumption of low amounts of reagents and, specially, the good reproducibility
obtained with different kinds of SWCNTs.

3.

Results and Discussion.
3.1. Characterization of the free-standing SWCNT electrodes.
Characterization of these electrodes was performed by different techniques,

including SEM and Raman spectroscopy. Free-standing SWCNT electrodes of several
diameters (1, 2 and 3 mm) were fabricated. Fig. 1 displays the SEM image of a 2 mm
free-standing SWCNT film. As can be observed, the film is completely uniform, the
morphology does not show differences and only small folds are present in the film.
Moreover, Fig. 1 illustrates the evenness of the film even in the limit of the PET sheet.
Another important property of these electrodes is the flexibility. Even when the PET
sheet is completely bent in any direction (Fig. 2), the free-standing SWCNT film
remains intact, not showing any cracks, i.e, the film shows exceptional flexibility
properties.

Spectroscopic characterization was performed by Raman spectroscopy, due to the
valuable information on the vibrational properties of nanotubes that this technique
provides [47–51]. It allows us to verify that the integrity of the SWCNTs is not affected
during the electrode fabrication. Free-standing SWCNT electrodes were characterized
focusing the laser on the SWCNT area without physical support. A characteristic
Raman spectrum of the SWCNTs (Fig. 3, red line) shows mainly four bands: the radial
breathing mode (RBM), the disorder induced mode (D), the tangential displacement
mode (G) and the high frequency two phonon mode (G’) [47–52]. These bands are
completely similar before and after preparation of the film.
The RBM band appears around 150-250 cm-1 in the Raman spectrum and provides
suitable information about the diameter of the SWCNTs. There are as many different
SWCNT diameters as RBM bands are distinguished in the spectrum. The diameter
value is calculated using a relationship with several semiempirical parameters (eq. S1 in
Supporting Information) [49]. SWCNTs used in this work show two RBM bands
located at 156 cm-1 and 174 cm-1, that correspond to diameters of 1.56 nm and 1.38 nm
for the different SWCNTs in the film. The most intense band, the G-band, is located at
1550-1600 cm-1 and it is related to the tangential vibration modes of the SWCNTs [49].
This band involves several peaks related to two effects: (1) the symmetry effect linked
to the SWCNT curvature, and (2) the phonon wave vector confinement along the
circumferential direction. This Raman band has two components, one centered at about
1570 cm-1 (G-) and other around 1590 cm-1 (G+). The G- component is associated with
the vibration of carbon atoms along the circumferential direction of the SWCNTs, being
highly sensitive to the metallic or semi-metallic character of the film. Its frequency
depends on the diameter and the metallic or semi-metallic properties, but not on the
chiral angle. The G+ mode is associated with the vibration of the carbon atoms along the

nanotube axis and its frequency is sensitive to the charge transfer from dopant additions
(up-shifts for acceptors and down-shifts for donors), but it is independent of the chiral
angle and the diameter. The small D-band, centred around 1250-1450 cm-1, corresponds
to the presence of defects, such as substitutional heteroatoms, vacancies, grain
boundaries, and finite size effects, all of which lower the crystalline symmetry of the
quasi-infinite lattice. The G’-band, centred at 2500-2800 cm-1 is an overtone of the Dband and both, the D and G’ bands, are the result of second-order Raman scattering
processes. However, the G’-band appears even in crystalline graphite where the D-band
is absent, so the G’-band is an intrinsic characteristic of the graphene lattice.
The Raman spectrum of the nitrocellulose filter is also shown in Fig. 3 (blue line).
The bands observed in the spectrum are: 2972 and 2922 cm-1 (CH2 stretching), 1650 cm1

(N–O asymmetric stretching), 1455 cm-1 (CH2 scissoring), 1427 cm-1 (C–OH

scissoring), 1383 cm-1 (C–H scissoring), 1313 cm-1 (CH2 wagging), 1279 cm-1 (N–O
symmetric stretching), 1205, 1162, 1119, 1070, 1024 and 1002 cm-1 (C–O stretching),
946 and 915 cm-1 (C–H scissoring), 836 cm-1 (N–O stretching), 746 cm-1 (NO2
wagging), 685 cm-1 (pyranose), 639 and 625 cm-1 (NO2 rocking) and 541 cm-1
(pyranose) [53,54]. The nitrocellulose Raman bands are absent in the spectrum
corresponding to the SWCNT free-standing film, with only bands related to SWCNTs
appearing in the Raman spectrum; these results confirm that the nitrocellulose filter is
essentially removed upon addition of acetone.

3.2. Electrochemical assessment of the free-standing SWCNT electrodes.
Fig. 4 shows the cyclic voltammograms of 5 × 10−4 M FcMeOH in 0.1 M KCl,
scanning the potential between -0.10 V and +0.60 V, at different scan rates. A linear
relationship between current density peaks (jp) and the square root of the potential scan

rates (v1/2), shown in the insets of Fig. 4, confirms the reversible (i.e. diffusion
controlled) behaviour of this redox couple at the SWCNT film [45,55]. The same
experiment was performed using sides A (Fig. 4.a) and B (Fig. 4.b) as working
electrode, showing very similar responses. These two sides or faces differ in the active
area in electrochemical measurements, being higher in side A than in side B (Fig. 5.a).
Comparison between the current obtained when side A or side B are used in
electrochemical experiments is very representative of the working electrode area. Fig.
5.b displays the cyclic voltammograms obtained at 0.01 V s-1 depending on the side
used. The intensity of the anodic peak when side A (blue line) is used as working
electrode, Ip (side A)=1.90 × 10−5 A, is higher than when side B (red line) is selected, Ip (side
B)=3.49

× 10−6 A, due to the different electrode areas. The geometrical areas (AA and

AB) can be calculated using the Randles–Sevcik equation (eq. S2 in Supporting
Information), obtaining 0.550 ± 0.006 cm2 and 0.100 ± 0.004 cm2 for the working
electrode area of side A and B, respectively. These values perfectly agree with the
different geometrical area (Fig. 5.a) delimited in the two sides of the electrode. The
free-standing film has a geometrical area of 0.090 ± 0.006 cm2 in contact with the
solution in side B, delimited by the size of the hole, whereas side A has a higher
geometrical area, 0.550 ± 0.006 cm2, delimited by the insulating paint used to isolate the
ohmic contact. According to these results, the ratio between the areas calculated from
the peak current values of the voltammograms registered of the two sides is AA/AB =
5.50, in good agreement with the expected value from geometrical areas, 6.11. In
addition, these experiments demonstrate that due to the high hydrophobicity of the
SWCNTs, these electrodes are not permeable to aqueous solutions. Electrolyte
penetration would lead to a high double layer charging current. The significantly larger

faradaic response with respect to the background capacitive current confirms the low
porosity of the films [56].
Fig. S3 in Supporting Information shows the cyclic voltammograms of 5 × 10−5 M
K4[Fe(CN)6] in 0.1 M LiCl, scanning the potential between +0.10 V to +0.80 V, at
different scan rates, using side B as working electrode, i.e only the free-standing face.
Again, the electrochemical response obtained matches the expected response,
K4[Fe(CN)6] is oxidized to K3[Fe(CN)6] during the anodic scan and it is reduced to
recover the initial K4[Fe(CN)6] in a reversible process [57,58]. Using the Randles–
Sevcik equation and the geometrical area previously calculated (0.100±0.004 cm2), the
diffusion coefficient of K4[Fe(CN)6] was assessed, obtaining a value of D=6.46 × 10−6
cm2 s-1. This diffusion coefficient agrees with the literature value of D=6.50 × 10−6 cm2
s-1 [59]. The results obtained using FcMeOH and K4[Fe(CN)6] as reference systems
demonstrate the validity of these electrodes.
Furthermore, dopamine oxidation was studied to demonstrate the utility of the
free-standing SWCNT electrodes for the study of biological relevant systems. Fig. S4 in
the Supporting Information shows the linear voltammetry of 5 × 10−5 M dopamine in
1.1 M HClO4, scanning the potential from +0.40 V to +0.80 V, at different scan rates,
using side B as working electrode. The anodic peak, observed at +0.65 V, is related to
the oxidation of dopamine to dopaminequinone and is in agreement with previous
works [60,61], demonstrating the utility of our electrodes in the study of relevant
species to biological applications.

3.3. Electrodeposition

of

Au-Nanoparticles

at

free-standing

SWCNT

electrodes.
Optical transparency of the film was evaluated by measuring the transmittance at
550 nm. According to previous works [46] the transparency of these electrodes depends
on the volume of the SWCNT dispersion filtered. Transmittance values at 550 nm of
different free-standing films are: 29 ± 2 % with those prepared with 2 mL of the
SWCNT dispersion, 18 ± 2 % for electrodes obtained filtering 3 mL, and 7 ± 2 % for
electrodes fabricated with 4 mL of the SWCNT dispersion. These values demonstrate
that free-standing films are useful in the study by UV-Vis spectroelectrochemistry of
different processes that take place in both side A and side B of the membrane. However,
the physical stability of the film is linked to the amount of SWCNTs filtered, with more
stable films obtained with higher volumes; i.e. films prepared by filtering 4 mL are
more stable than those prepared with 2 mL, which are more fragile. Therefore,
transparency and physical stability are inversely proportional factors. Analyzing
transparency and stability properties, free-standing SWCNT electrodes prepared with 3
mL of the SWCNT dispersion exhibit the optimal properties. Thickness of the 3 mL
film was determined by AFM, obtaining a value of 570 ± 30 nm. The long-term stability
of the 3 mL free-standing SWCNT electrode was evaluated performing cyclic
voltammetry in a 5 × 10−3 M FcMeOH in 0.1 M KCl, with the electrode being in
continuous contact with the FcMeOH aqueous solution. The evolution of the current of
the anodic peak with time is summarized in Table S1 in Supporting Information. The
anodic peak shows similar values for 20 min, with a relative variation of only 1.52 %
being observed. After 20 min, the current changes progressively, 5.27 % at 30 min, 9.58
% at 45 min and 11.81 % after 60 min. These values depend on the type of SWCNT

used for the preparation of the films. Particularly, the evolution of the peak current with
time depends strongly on the type and number of defects.
One of the most important aspects of the free-standing electrodes is related to the
capability of these CNT films to be modified. The functionalization of side B was
carried out by the electrodeposition of AuNPs. Fig. 6.a displays the chronoamperogram
registered for the AuNPs electrodeposition on side B of a free-standing SWCNT
electrode, at -1.50 V for 10 s, in a 2.5 × 10−3 M HAuCl4 aqueous solution, using 0.1 M
KCl as supporting electrolyte. UV-Vis spectra (Fig. 6.b), show an absorbance band
centred around 570 nm that emerges and increases during the electrodeposition process.
This absorption band corresponds to the plasmon band of AuNPs and, thus,
demonstrates the electrodeposition of AuNPs on the electrode. The position and shape
of the plasmon band depend on the size [62], shape [63] and density [64] of AuNPs. In
this case, the absorbance band is symmetrical and centred at a somewhat higher
wavelength than expected, indicating that spherical AuNPs are generated.
SEM images of the film before and after AuNPs electrodeposition are shown in Fig.
6.c and Fig. 6.d, respectively. The images confirm not only that the SWCNTs are
randomly oriented without any specific orientation in the film, but also that spherical
AuNPs are electrogenerated on the SWCNT surface. Moreover, this experiment also
demonstrates that the free-standing electrodes can be used as optically transparent
electrodes for UV-Vis absorption spectroelectrochemistry experiments, giving an added
value to this type of electrodes. As can be seen here, one face of the free-standing
SWCNT film electrode can be functionalized independently of the other, allowing the
simple design of Janus materials.

4.

Conclusions.

A novel fabrication process to prepare free-standing SWCNT electrodes has been
developed. This method allows their rapid and facile fabrication by a simple and
effective procedure. The electrodes have been characterized by Raman spectroscopy
and SEM. The Raman spectrum shows four bands related to the SWCNTs (RBM, Dband, G-band and G’-band) and no nitrocellulose bands are observed, demonstrating the
complete removal of the filter by adding acetone. SEM images show not only a random
distribution of SWCNTs in the film but also the uniformity of the network. The good
electrochemical performance of the free-standing SWCNT films has been demonstrated
using different electrochemical systems, such as FcMeOH, K4[Fe(CN)6] and dopamine.
Quite importantly, the good transparency exhibited by the free-standing SWCNT
electrodes allows performing UV-Vis absorption spectroelectrochemistry, facilitating
the study of the electrochemical processes that take place in this type of electrodes.
Finally, the nature of one side of the electrode has been independently modified with
respect to the other face. The electrochemical functionalization of one face with AuNPs
shows that the modification of the free-standing electrodes is not a complex process.
The characteristics of this kind of electrodes offer the possibility of designing Janus
films with specific properties that open new gates for future and very attractive
applications.

Appendix A. Supplementary data.
Supplementary information associated with this article can be found in the online
version.
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Figures
Figure 1

Figure 1. SEM image of the free-standing SWCNT film (2 mm diameter).

Figure 2

Figure 2. Free-standing SWCNT film bent in different directions.

Figure 3

Figure 3. Raman spectra of the free-standing SWCNT film and the nitrocellulose filter.

Figure 4
(a)

(b)

Figure 4. Cyclic voltammograms obtained in 5 × 10−4 M FcMeOH and 0.1 M KCl
solution. The potential was scanned from -0.10 V to +0.60 V and back to -0.10 V at
different scan rates. The same experiment was performed using (a) side A and (b) side B
of the free-standing SWCNT film as working electrode. Insets: relationship between
anodic peak current density and square root of scan rate.

Figure 5
(a)

(b)

Figure 5. (a) Scheme of the electrochemical set-up when the different sides of the films
are used. (b) Comparison between the current obtained during cyclic voltammetric
experiments between -0.10 V to +0.60 V, at 0.01 V s-1, in a 5 × 10−4 M FcMeOH and
0.1 M KCl solution using side A or side B as working electrode.

Figure 6
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(d)

Figure 6. (a) Chronoamperometry response obtained during AuNPs electrodeposition
applying -1.50 V for 10 s in 2.5 × 10−3 M HAuCl4 and 0.1 M KCl. (b) UV-Vis spectra
evolution with time, plotting one spectrum each second. SEM images of the film (c)
before and (d) after the electrodeposition of AuNPs on side B of the free-standing
SWCNT electrode.
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