Janus electrochemistry: asymmetric functionalization in one step.
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ABSTRACT: Janus structures represent an overwhelming member of materials with adaptable chemical and physical properties.
The development of new synthesis routes has allowed the fabrication of Janus architectures with specific characteristics depending
on the final applications. In the case of the membranes, the improvement of wet routes has been limited to the capillary effect, in
which the solution can gradually penetrate through the membrane avoiding a double modification, different at each face of the
membrane. In this work, we propose a new electrochemical methodology to circumvent the capillary limitation and to obtain a
double electrochemical functionalization in only one step in a controlled way. This innovative methodology has been validated
using a tridirectional spectroelectrochemistry setup. Moreover, the information provided by this optical arrangement should be
especially useful on the study of the different processes (ion transfer, assisted ion transfer and electron transfer) that can take place
at liquid/liquid interfaces. Janus electrochemistry allows us to modify the two faces of a free-standing single-walled carbon nano-
tube electrode in a single experiment. As proof of concept, the free-standing films have been functionalized with two different
conducting polymers, polyaniline and poly(3-hexylthiophene), in one electrochemical experiment. According to the obtained re-

sults, this new electrochemical methodology will open up new gates for the design and functionalization of Janus materials.
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INTRODUCTION

Over the last few decades, Janus structures have received
growing attention from the scientific community due to the
wide range of fascinating applications in which they offer
suitable possibilities."™ The asymmetry of Janus membranes
provides a unique factor in the development and design of new
architectures with dual nature in the same structure. These
novel materials can be classified according to different criteria
such as their architecture and dimensionality,"® composition
or structure.™ Furthermore, the synthesis route is a key factor
in the fabrication of Janus materials with distinguishing fea-
tures. Different strategies have been successfully used in the
fabrication of Janus membranes that can be summarized in
asymmetric fabrication and asymmetric decoration. In the
asymmetric fabrication each face of the membrane is previous-
ly and independently fabricated, and the Janus composite is
obtained due to the combination of the two faces. Examples of
this fabrication route are sequential filtration,”” sequential

electrospinning™ and migration or phase separation of immis-
cible components in the membrane.* On the other hand,
asymmetric decoration or single-face modification consists of
two steps, the first one associated with the formation of the
membrane, and the second step in which Janus structure is
achieved by the functionalization of the membrane. Prepara-
tion of Janus membranes by crosslinking,”> photo-
degradation,™® vapor processing,'’ coating,”® electrochemical
deposition,™ floated deposition” and sequential surface modi-
fication” are examples of asymmetric decoration route. Tradi-
tionally, several drawbacks have been observed in a wet pro-
cess,™ as the capillary limitation in which the solution gradual-
ly penetrates through the membrane pores leading to the same
modification on both sides, i.e., different functionalization of
the two faces of the membrane in a unique step becomes im-
possible. In addition, if the membrane surface has hydrophobic
properties, the solution will be dehydrated and it leads to a
non-uniform maodification. In this work, we propose a new
electrochemical methodology that will be the base for a new
route to fabricate Janus structures by simultaneous functional-
ization of two-faces in a single step. The design and the fabri-
cation of Janus architectures with specific properties using this
new methodology can be extremely useful to researches as-



cribed to different fields such as organic chemistry, inorganic
chemistry, materials science, biology, electrocatalysis, photo-
catalysis or bioremediation. This new methodology provides
several advantages as shorter times of fabrication, but the most
important improvement is that using two immiscible solutions
(aqueous and hydrophobic ionic liquid) the limitation of the
capillary effect in a wet process can be circumvented, leading
to uniform modifications of both faces. In order to validate the
new strategy to carry out electrochemical experiments, and
therefore, the fabrication of Janus structures, different systems
have been studied such as reversible redox couples and con-
ducting polymers electrodeposition.

EXPERIMENTAL SECTION

Reagents and materials. Sodium hexachloroiridate (I11)
hydrate (NazlrClg.xH,O, 30-36%, Acros Organics), lithium
chloride (LiCl, Merck), 1,1’-dimethylferrocene (DMFc, Sig-
ma-Aldrich), 1-butyl-1-methylpyrrolidinium
bis(trifluoromethanesulfonyl)imide (BmpyrNTf,, Solvionic),
3-hexylthiophene (3HT, >99 %, Sigma Aldrich), aniline
(Merck), nitric acid (HNO3, 65%, VWR) were used to prepare
the solutions. All chemicals were of analytical grade. Aqueous
solutions were freshly prepared, or stored at 4 °C, using ul-
trapure water (18.2 MQ cm resistivity at 25 °C, Milli-Q Direct
8, Millipore).

Single-walled carbon nanotubes (SWCNTs, Sigma-Aldrich),
1,2-dichloroethane (DCE, 99.8% for HPLC, Acros Organics),
acetone (VWR), nitrocellulose membrane (filter pore size 0.45
um, Millipore), poly(ethylene terephthalate) (PET, 175 mm
thick, HiFi Industrial Film), conductive silver paint (Electro-
lube) for ohmic contacts, and a high temp masking tape (Kap-
ton) were used to fabricate the free-standing single-walled
carbon nanotube (FS-SWCNT) electrodes.

Instrumentation. All electrochemical measurements were
carried out at room temperature using a potenti-
ostat/galvanostat AUTOLAB PGSTAT 20 electrochemical
system. UV—Vis absorption spectroelectrochemistry meas-
urements in normal transmission and in parallel configurations
were performed using two QE65000 spectrometers (Ocean
Optics). NIR absorption spectroelectrochemistry measure-
ments in normal transmission configuration were carried out
using a NIRQuest512 spectrometer (Ocean Optics). UV-Vis
and NIR spectrometers were properly synchronized with the
potentiostat. The light beam, supplied by a light source (Halo-
gen HL-2000, Avantes), was conducted to the spectroelectro-
chemical cell by a 230 um optical fiber (Ocean Optics) or by a
100 um bare optical fiber (Ocean Optics), and collected from
the spectroelectrochemical cell and led it to the spectrometer
by a 200 pum optical fiber probe (Avantes) or by a 100 um bare
optical fiber (Ocean Optics). Morphology of the modified FS-
SWCNT membranes was observed using a scanning electron
microscope Field Emission JSM-7100F Analytical Microsco-

py.

Fabrication of the free-standing single-walled carbon
nanotube (FS-SWCNT) electrodes. The approach employed
in the fabrication process of FS-SWCNT electrodes is based
on previous works'®#2% and consists of seven consecutive
steps. (1) The preparation of a homogeneous dispersion of
SWCNTs in DCE (5 mg/L). The homogenization of SWCNT

suspension is a key step of this process as the manner that
inhomogeneous films will be obtained if the SWCNTSs are not
completely dispersed. Homogeneous dispersions are achieved
using a CY-500 tip-sonicator (Optic ivymen System), applying
a power of 250 W for 10 min and reducing the power to 100
W for another 5 min. (2) Once a homogenous dispersion is
obtained, a volume of 3 mL of the SWCNT dispersion is fil-
tered under vacuum using a nitrocellulose filter. (3) When
PET sheets are carefully cleaned with deionized water and
dried, the nitrocellulose filter with the SWCNT film is trans-
ferred to a PET sheet with a hole of 2 mm diameter applying a
gentle pressure around the edges of the filter to improve adhe-
sion of the SWCNT film. (4) Next, the nitrocellulose filter is
completely and carefully dissolved by slow addition of ace-
tone and, to ensure the complete removal of the filter, the
SWCNT film is thoroughly rinsed with acetone for 15 min. (5)
Then, the SWCNT film fixed to the PET sheet is dried at room
temperature. (6) Afterwards, an ohmic contact is made using a
conductive silver paint that is dried in an oven at 75 °C for 30
min. (7) Finally, the ohmic contact is isolated using a high
temperature masking tape.

FS-SWCNT film has a geometrical area of 0.550 + 0.006 cm? in
side A, delimited by the high temp masking tape used to isolate
the ohmic contact, and 0.090 + 0.006 ¢cm? in side B, delimited by
the diameter of the hole (2 mm). According to our previous
work,* physical stability and transparency required to perform the
spectroelectrochemical measurements in normal transmission
configuration are inversely proportional factors. In this regard,
FS-SWCNT films prepared with 2, 3 and 4 mL of the SWCNT
dispersion filtered were analyzed, obtaining that the simultaneous
long-term stability and good transparency of this membrane
was obtained with FS-SWCNT films prepared with 3 mL of
the SWCNT dispersion. Thickness of the 3 mL film was de-
termined by AFM, obtaining a value of 570 + 30 nm."

Tridirectional spectroelectrochemistry setup. The setup
employed in this work involves a free-standing single-walled
carbon nanotube working electrode (FS-SWCNT-WE), a
homemade Ag/AgCI/KCI (3M) reference electrode (RE) and a
counter electrode (CE) forked in two Pt wires. The functional-
ization of the FS-SWCNT film was followed by spectroelec-
trochemistry, a hybrid technique that provides suitable, simul-
taneous and in-situ electrochemical and spectroscopic infor-
mation. Furthermore, it has been developed a new tridirection-
al spectroelectrochemistry setup (Figure 1) that is based on a
bidimensional setup previously proposed®. This tridirectional
setup is undoubtedly very useful to study electrochemical
processes in two different phases, as for example at the lig-
uid/liquid interface. This new setup allows us to record simul-
taneously one optical signal in normal transmission configura-
tion and other two in parallel configuration, one from each
face of the FS-SWCNT-WE. In normal transmission configu-
ration, the 230 um optical fiber from the light source (Fy,) is
connected with a collimating lens for normal transmission
configuration measurements. A 200 pum optical fiber probe
(Fn2) is placed perpendicular to the WE to collect the light
beam that passes through FS-SWCNT membrane from the
light source. In parallel arrangement, on each face of the FS-
SWCNT-WE, one 100 um bare optical fiber (Fa; and Fg;) that
leads the light beam from the light source is accurately aligned
with a second 100 um bare optical fiber (Fa, and Fg,) that



collects the transmitted light beam to the spectrometer. In the
two faces, the light beam in parallel configuration passes par-
allel and close to the electrode surface, sampling only the first
100 pum of solution adjacent to the FS-SWCNT-WE. The 100
um bare optical fibers are properly fixed to both sides of the
FS-SWCNT-WE at a known distance. An advantage of this
novel tridirectional setup is that it allows us to adapt the opti-
cal fibers diameter and the distance between the fibers to the
studied system.

Safety considerations. All handling and processing were
performed carefully, particularly when DCE was used.
SWCNT dispersions were stored in tempered glass material,
nitrogen flushed and film coated.
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Figure 1. Detailed schematic view of the tridirectional setup, in
which one spectroscopic signal in normal transmission configura-
tion and two parallel signals, one on each face of the FS-SWCNT
membrane, are recorded simultaneously during the electrochemi-
cal experiment.

RESULTS AND DISCUSSION

Validation of the electrochemical methodology using a
tridirectional spectroelectrochemistry setup. As a proof of
concept, two reversible redox couples widely used in electro-
chemistry were selected to validate the performance of the
Janus electrochemistry experiment using the tridirectional
spectroelectrochemistry setup. The composition used was 5 x
10° M IrCI¢¥ in 0.1 M LiCl (aq) in the phase A and 5 x 10° M
DMFc in BmpyrNTf, in the phase B. Under these experi-
mental conditions, formal potentials of DMFc/DMFc in
BmpyrNTf, and IrClsZ/IrCl¢® in LiCl obtained were +0.147
and +0.844 V vs Ag/AgCl, respectively. Electron transfer
process was studied by chronopotentiometry, applying an
anodic current, of 3 x 10° A during 30 seconds (Figure 2a). In
all cases, the spectrum of each phase before applying the elec-
trical current was taken as reference. Initially, DMFc and
IrCls> are present in their reduced forms, so only the oxidation
to DMFc* and IrCls> can take place, independently in each

phase. Figure 2b displays the UV-Vis spectra in parallel con-
figuration in the DMFc phase (blue lines) and in the iridium
aqueous phase (red lines). As can be observed, UV-Vis spectra
of DMFc in phase B display two characteristic bands at 290
and 650 nm, while UV-Vis spectra of IrCls> in phase A show
three distinctive bands at 430, 490 and 580 nm, ascribed to the
oxidized forms of DMFc and IrCls> respectively.”® The inte-
gration times for UV-Vis spectra were 200 ms in the phase A
and 100 ms in the phase B. These values indicate the high
time-resolved data acquisition offered by this experimental
setup.
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Figure 2. (a) Chronopotentiogram at 3 x 10° A, (b) UV-Vis and
(c) NIR spectra recorded at 0, 8, 16 and 24 s in parallel (Ap) and
normal transmission (Ay) configuration, respectively. Integration
time for UV-Vis spectra: 200 ms in the phase A and 100 ms in the
phase B. Integration time for NIR spectra: 300 ms. The chemical
composition of the solutions used was 5-10° M IrClg> and 0.1 M
LiCl (aq) in the phase A and 5-10° M DMFc in BmpyrNT#, in the
phase B.

Time-resolved evolution of absorbance at 290 nm for DMFc
and at 430 and 490 nm for iridium is shown in Figure 3a and
Figure 3b, respectively. Chronoabsorptogram at 290 nm (relat-
ed to DMFc, Figure 3a) shows the progressive absorbance
increase during the chronopotentiometry, i.e., when the oxida-
tion of DMFc to DMFc" takes place. Figure 3b illustrates a
similar behavior in the chronoabsorptograms at 430 and 490
nm associated with the iridium couple, showing that the oxida-
tion of IrCl* to IrCls> also produces the increase of absorb-
ance. UV-Vis absorption signals in parallel arrangement con-
firm that the two oxidation processes occur concomitantly and
independently in the two phases (Figures 2b, 2c, 3a and 3b).
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Figure 3. Chronoabsorptograms at characteristic UV-Vis wave-
lengths of (a) DMFc in BmpyrNTf, and (b) IrCls> in 0.1 M LiCl
(aq) recorded in parallel transmission configuration. (c) Chrono-
absorptograms at 1080, 1320 and 1620 nm, characteristic NIR
bands of SWCNTSs recorded in normal transmission configuration.
The chemical composition of the solutions used was the same
detailed in Figure 2.

The third optical signal is recorded simultaneously in normal
configuration (integration time 300 ms). In this case, Figure 2c
displays NIR spectra in which the typical bands of the
SWCNTs are observed. Chronoabsorptograms of the bands
peaking at 1080, 1320 and 1620 nm, Figure 3c, show that the
absorbance in the NIR region decreases with time due to



changes in the redox state of the SWCNTs of the membrane
during the electrochemical experiment.

In order to establish if the behavior of these NIR bands de-
pends on the oxidation of DMFc and IrClg> in solution or only
on processes occurring in the FS-SWCNT membrane, a blank
experiment was performed without soluble redox species in
neither of the two phases. A chronopotentiometry at 3 x 10° A
during 30 s with 0.1 M LiCl (aq) in the phase A and
BmpyrNTf, in the phase B was carried out. Electrochemical
response (Figure Sla) shows that the potential reached at the
end of the experiment is more positive than the potential value
observed when DMFc and IrCls> are present in the different
phases (Figure 2a). Analyzing NIR spectra and according to
the literature,® we can conclude that the NIR bands observed
in Figure 2c and in the blank experiment (Figure S1b) are
exactly the same, and hence they are only related to oxidation
of SWCNTSs. Finally, the same experiment displayed in Figure
2 (composition of the cell: 5 x 10° M IrCls* in 0.1 M LiCl
(aq) in the phase A and 5 x 10 M DMFc in BmpyrNTf, in the
phase B) was also performed measuring in this case the UV-
Vis spectra (Figure S2) in normal arrangement, emerging only
the bands related to SWCNTs? because of the lower sensitivi-
ty in normal configuration compared with that in parallel
arrangement.

From the results shown in this section, we can conclude that
tridirectional spectroelectrochemistry confirms the independ-
ent electrochemical reactions at the two faces of the FS-
SWCNT film. Therefore, Janus electrochemistry should be
useful for the independent modification of the two faces of
conductive membranes with different materials in a unique
step.

Asymmetric Janus functionalization of FS-SWCNT mem-
branes. Once the new electrochemical approach was validated
with two reversible redox couples, the simultaneous function-
alization of both sides of the FS-SWCNT membrane was
performed by the electrodeposition of two different conduct-
ing polymers, in particular polyaniline (PANI) and poly(3-
hexylthiophene) (P3HT). The composition used was 0.1 M
aniline and 0.5 M HNO; (aqg) in the phase A and 0.1 M 3-
hexylthiophene (3HT) in BmpyrNTf, in the phase B. Taking
into account that in these experiments the modification takes
place on the two surfaces of the FS-SWCNT membrane, the
spectroelectrochemistry measurements were only performed in
normal configuration.

Electrochemical functionalization was performed by applying
5 x 10 A during 100 s (Figure 4a) to generate the correspond-
ing polymer at each face. Figure 4b shows the UV-Vis spectra
in normal configuration. Three absorption bands are observed,
two associated with PANI and a third one with P3HT. In par-
ticular, the band at 425 nm is mainly related to the PANI oli-
gomers, and the band at 710 nm is associated to the electrode-
posited PANI film on the face A of the membrane,®”*® while
the absorption band at 550 nm is related to the P3HT electro-
deposited in the face B of the FS-SWCNT electrode. %
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Figure 4. (a) Chronopotentiogram at 5 x 10* A, and (b) UV-Vis
absorption spectra recorded in normal transmission configuration
during the electrodeposition of PANI and P3HT on each face of
the FS-SWCNT membrane. Integration time for UV-Vis spectra:
20 ms. The chemical composition of the solutions used was 0.1 M
aniline and 0.5 M HNO; (aq) in the phase A and 0.1 M 3HT in
BmpyrNTf, in the phase B.

Figure S3a shows the UV-Vis spectra of PANI and P3HT
electrodeposited independently on two different SWCNT
electrodes: the absorption spectrum of PANI electrogenerated
on a SWCNT electrode shows a band at 710 nm, while the
characteristic UV-Vis spectrum of P3HT synthesized on a
different SWCNT electrode displays a band at 550 nm. Com-
parison between spectra in Figure S3a and those in Figure 4b
demonstrates that UV-Vis spectra of PANI and P3HT electro-
synthesized on different electrodes agree with the absorption
spectra of the two polymers generated in a unique experiment.

Evolution of absorbance with time at the two characteristic
wavelengths of the polymers, 710 and 550 nm, is illustrated in
Figure 5. Although in both cases, the absorbance increases
progressively during the galvanostatic experiment, the highest
increase of absorbance is observed during the last 30 s when
potential reaches more positive values (Figure 4a). Thus, these
results confirm that PANI and P3HT have been synthesized
simultaneously in one step.
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Figure 5. Chronoabsorptograms at (a) 710 and (b) 550 nm, max-
imum wavelengths of the absorption bands related to PANI and
P3HT, respectively. The chemical composition of the solutions
was the same detailed in Figure 4.

Different experimental conditions were tested, and for exam-
ple, the dependence of the electropolymerization process on
the applied current was analyzed. Figure S4a displays the
chronopotentiometry at 5 x 10”° A. As can be noticed in Figure
6a, the UV-Vis spectra do not show the characteristic absorp-
tion bands of PANI and P3HT, and only the bands related to
the SWCNTs of the FS membrane are observed. Comparison
between the UV-Vis spectra recorded applying a current inten-
sity of 5 x 10° A (Figure 6a) and 5 x 10™ A (Figure 4b) during
100 s, allows us to conclude that at the lowest current intensity
the electrosynthesis of the conducting polymers does not oc-
cur. Applying a current intensity of 1 x 10* A (Figure S4b)
only the electrosynthesis of PANI occurs. In this case, the UV-
Vis spectra (Figure 6b) show the characteristic absorption
band of the PANI at 710 nm but the P3HT band at 550 nm is
not observed. Hence, the current intensity applied produces the
electropolymerization of aniline but is not enough to cause the
electrogeneration of P3HT. According to the literature, elec-
trosynthesis of PANI in HNO, takes place around +0.90 V,*’
while the generation of P3HT in BmpyrNTf, occurs at more
positive potential, +1.35 V.* In this way, UV-Vis absorption
spectra observed in Figure 4b, applying a current intensity of 5
x 10" A, agree with the oxidative potentials of PANI and

P3HT, because the potential did not reach the value required
to form P3HT and only PANI was generated.
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Figure 6. UV-Vis absorption spectra recorded in normal trans-
mission configuration during the chronopotentiometry at (a) 5 x
10°® (integration time 20 ms) and (b) 1 x 10 A (integration time
20 ms). The chemical composition of the solutions used was 0.1
M aniline and 0.5 M HNO; (aq) in the phase A and 0.1 M 3HT in
BmpyrNTf; in the phase B.

Finally, the composition of the chemical system was modified
by increasing the 3HT concentration to 0.2 M, keeping the
aniline concentration (0.1 M) and the current intensity (5 x 10
A) constant. In this case, the UV-Vis spectra (Figure S5b)
show not only that both polymerization processes have taken
place because the evolution of the characteristic absorption
bands of PANI and P3HT are observed, but also that the ab-
sorbance ratio, A1 nm/Asso nm = 1.29, changes respect to Figure
4b when the concentration of 3HT in BmpyrNTf, is lower, 0.1
M (A710 n/Asso nm = 1.44). As can be noticed in the comparison
between Figure 4b and Figure S5b, absorbance of band at 550
nm, related to P3HT, is higher when the concentration of 3HT
is 0.2 M. On the other hand, absorbance at 710 nm associated
with PANI maintains similar value because the initial concen-
tration of aniline was not modified.

Hence, the control of the applied current intensity and/or the
monomers concentrations in the experiment allows the tailor-



ing of the fabrication of Janus membranes with specific com-
position. Figure S5c and Figure S5d show the chronoabsorp-
tograms at 710 and 550 nm, respectively. Evolution of absorb-
ance values with time at these wavelengths demonstrates as in
the previous case (Figure 5) that although absorbance values
increase progressively during the galvanostatic experiment,
the highest increase is observed during the last 30 s when the
potential reaches more positive values. In particular, absorb-
ance at 550 nm reaches a higher value because more P3HT
was electrogenerated under these experimental conditions.

The characterization of each face of the electrochemically
modified FS-SWCNT membrane was performed by scanning
electron microscopy (SEM) and by cyclic voltammetry. Figure
7a and Figure 7b display SEM images of PANI and P3HT
faces, respectively. As can be observed, the morphology of
each face is completely different: PANI forms a homogeneous
and continuous coating film on the SWCNTs (Figure 7a)
while P3HT forms agglomerates with granular morphology
(Figure 7b). Although PANI film is not easily distinguished in
the SEM images because of its homogeneity, inset in Figure
7a shows clearly the PANI coating on the SWCNT film. SEM
images of the unmodified FS-SWCNT membrane, the side of
the film modified with PANI and the face of the film modified
with P3HT are shown in Figure S6. Comparison between the
unmodified membrane (Figure S6a) and the side of the film
modified with PANI (Figure S6b) evidences PANI coating
formed on the SWCNT, more complicated to distinguish than
P3HT agglomerates (Figure S6c).Taking into account that
SEM images are not sufficient to establish distinct surface
modification, the independent electrochemical characterization
of each side of the functionalized FS membrane was carried
out cycling the electrode potential four times. Electrochemical
routes are one of the most powerful techniques used to evalu-
ate the Janus architectures obtained by this innovative one step
method. PANI characterization was performed from -0.10 V to
+0.90 V and back to -0.10 V at 0.05 V s™ in 0.5 M HNO; (aq).
Figure 7c (blue line) displays the cyclic voltammogram, in
which the three characteristic reversible pairs of peaks related
to the different doped forms of PANI can be distinguished at
potentials around +0.21 V, +0.53 V and +0.75 V.? Figure 7c
(orange line) shows the cyclic voltammogram for the P3HT
face. In this case, the electrochemical characterization was
performed between -0.10 V and +1.30 V at 0.05 V s™ in
BmpyrNTf,. Electrochemical response is clearly different
respect to the PANI one and only one peak associated with
P3HT doping is observed at around +1.00 V.** Hydrophobic
properties of FS-SWCNT membranes allow the independent
characterization of each face. Comparison between Figure 7
and Figure S3b, that displays the electrochemical characteriza-
tion of PANI and P3HT electrogenerated using two different
SWCNT electrodes, demonstrates not only that both polymers
are formed, but also that the independent and simultaneous
electropolymerization of different monomers on each face of
the FS-SWCNT substrate.
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Figure 7. SEM image of (a) PANI and (b) P3HT faces, respec-
tively. Insets show more details of each polymer electrogenerated.
(c) Cyclic voltammetric characterization of PANI (blue line) and
P3HT (orange line) faces.

CONCLUSIONS

In conclusion, a novel strategy to fabricate FS-SWCNT Janus
membranes has been developed. This methodology allows us
to circumvent the capillary limitation in wet processes. More-
over, the validation of this electrochemical method has en-
tailed the development of a new tridirectional setup that pro-
vides one electrochemical response and three spectroscopic



signals concomitantly and independently. This novel device
enables the analysis of complex processes that take place
simultaneously on each face of the membrane, being especial-
ly useful to study complex electrochemical systems as lig-
uid/liquid interfaces. Quite importantly, Janus structures based
on FS-SWCNT films are achieved by a new electrochemical
strategy, getting the double functionalization in one unique
step. In this work, the nature of each face of the FS-SWCNT
film has been independently modified with PANI and P3HT.
Double functionalization has been demonstrated by SEM
images and cyclic voltammetry. This approach provides the
basis for new electrochemical routes to design and fabricate
Janus architectures with specific properties.
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