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ABSTRACT: The development of a new device based on the use of UV−vis bare optical fibers in long optical path length configu-
ration and the measurement of the Raman response in normal arrangement allows us to perform UV−vis and Raman spectroelectro-
chemistry simultaneously in a single experiment. To the best of our knowledge, this is the first time that a spectroelectrochemistry 
device is able to record both spectroscopic responses at the same time, which further expands the versatility of spectroelectrochem-
istry techniques and enables us to obtain much more high-quality information in a single experiment. Three different electrochemi-
cal systems, such as ferrocyanide, dopamine, and 3,4-ethylenedioxythiophene, have been studied to validate the cell and to demon-
strate the performance of the device. Processes that take place in solution can be properly distinguished from processes that occur 
on the electrode surface during the electrochemical experiment, providing a whole picture of the reactions taking place at the elec-
trode/solution interface. Therefore, this device allows us to study a larger number of complex electrochemical processes from dif-
ferent points of view taking into account not only the UV−vis spectral changes in the solution adjacent to the electrode but also the 
Raman signal at any location. Furthermore, complementary information, which could not be unambiguously extracted without 
considering together the two spectroscopic signals and the electrochemical response, is obtained in a novel way. 

A single spectroelectrochemistry experiment contains elec-
trochemical and spectroscopic information about a chemical 
system, allowing the study of a wide range of processes from, 
at least, two different points of view.1,2 As can be inferred, 
versatility is truly huge because multiple electrochemical 
techniques can be used, as well as different spectral regions 
can be analyzed depending on the system under study and the 
desired information to be obtained.3,4 

UV−vis absorption spectroelectrochemistry has been used 
throughout history to study a great variety of chemical systems 
in a wide variety of research fields such as, for example, reac-
tion mechanisms, diffusive and adsorptive processes, sub-
stances of biological interest, characterization of compounds, 
optical and electrical properties of materials, and evaluation of 
parameters of electron-transfer reactions.3 Several applications 
related to quantitative analysis using spectroelectrochemistry 
have emerged in recent years, probably due to the autovalidat-
ed results obtained with UV−vis spectroelectrochemistry and 
the use of powerful multivariate statistical tools for the data 
analysis.5–7 Normal and parallel configurations are the main 
spectroelectrochemistry arrangements, while the simultaneous 
combination of both is called bidimensional spectroelectro-

chemistry.8,9 As is well known, normal configuration includes 
information related to the spectral changes occurring in the 
solution and at the electrode since the light beam samples the 
system perpendicularly to the electrode surface. In parallel 
configuration, only the spectral changes occurring in the solu-
tion are recorded because now the light beam only samples the 
first micrometers of the closest solution layer to the electrode 
surface. 

Raman spectroelectrochemistry is a powerful technique that 
allows us not only to characterize steady-state systems but also 
to perform in situ studies of different evolving processes. The 
dynamic character of time-resolved Raman spectroelectro-
chemistry provides a large number of full spectra that enables 
us to describe the spectroscopic evolution of a chemical sys-
tem with time or potential together with the electrochemical 
signal.10–14 The versatility achieved by Raman spectroelectro-
chemistry through the development of new devices has al-
lowed researchers to study systems of different nature.14–21 
Moreover, the information provided by Raman spectroelectro-
chemistry is fully complementary to the one obtained using 
UV−vis spectroelectrochemistry. 



3  

 

Undoubtedly, the relevant advantages of UV−vis absorption 
and Raman spectroelectrochemistry have been widely exploit-
ed separately to date. In fact, several devices have been fabri-
cated with the aim of performing UV−vis or Raman spectroe-
lectrochemistry experiments, being even possible to use the 
same cell for both spectroelectrochemistry disciplines,22–25 but 
always separately. To the best of our knowledge, as of today 
there are no devices capable of carrying out UV−vis and Ra-
man spectroelectrochemistry simultaneously. However, taking 
into account the advantages of obtaining all data simultaneous-
ly, we can affirm that the development of a UV−vis/Raman 
spectroelectrochemistry device able to perform this type of 
experiments is of great interest to shed more light on complex 
reaction mechanisms.  

Accordingly, the novel spectroelectrochemistry cell and the 
work presented in this paper enable us to obtain complemen-
tary electrochemical and spectroscopic responses by collecting 
simultaneously time-resolved UV−vis and Raman spectra 
during an electrochemical experiment. On the one hand, a 
UV−vis light beam, sent and collected by bare optical fibers, 
only samples the first micrometers of the solution adjacent to 
the electrode surface in parallel configuration. On the other 
hand, Raman spectra in normal arrangement contain vibration-
al information about the desired area. As can be inferred, the 
large amount of data obtained helps to distinguish the process-
es that take place in solution from those occurring on the elec-
trode surface by analyzing the spectral changes of different 
nature (absorption and dispersion) obtained during a single 
experiment.  

In this work, a glassy carbon foil or a single-walled carbon 
nanotube (SWCNT) film have been used as working elec-
trodes. The use of carbon materials in electrochemistry has 
numerous advantages.26 Carbon nanotubes are structures with 
an array of fascinating mechanical, electrical, electronic, and 
thermal properties that make them an outstanding material for 
electrochemical purposes.27–35 In fact, our group has developed 
different methodologies to fabricate SWCNT electrodes by 
transferring SWCNT films obtained by filtration on different 
supports.6,9,36,37 These SWCNT films can also be modified 
with other carbon nanomaterials.38 

We have selected three electrochemical systems to illustrate, 
in a general way, some of the problems that researchers would 
be able to investigate using the combination of UV−vis and 
Raman spectroelectrochemistry. The electrochemical systems 
have also been useful to determine the suitable performance of 
the new UV−vis/Raman spectroelectrochemistry device. 
Therefore, a typical redox couple used for the validation of 
spectroelectrochemical devices (ferricyanide/ferrocyanide), 
the oxidation of a biomolecule such as dopamine on a 
SWCNT electrode, and a complex electrochemical reaction as, 
for instance, the electropolymerization of 3,4-
ethylenedioxythiophene (EDOT) have been studied using 
simultaneously UV−vis and Raman spectroelectrochemistry.  

Ferricyanide/ferrocyanide redox couple is a one-electron 
and well-defined electrochemical system often used as a probe 
in aqueous solution.39 This first electrochemical system has 
been used to study a process that occurs only in solution. 
Meanwhile, dopamine is a neurotransmitter involved in regu-
lating behavior, movement, and immune functions, among 
others.40 Abnormal dopamine levels are associated with dis-

eases with high prevalence in the world today, such as schizo-
phrenia41 and Parkinson’s disease.42,43 Finally, poly(3,4-
ethylenedioxythiophene) (PEDOT) is one of the most used 
conducting polymers due to its exceptional properties. It 
shows high conductivity, electrochemical stability, high trans-
parency, catalytic ability, and good electrochromic 
properties.44–46 Indeed, PEDOT is transparent in its doped state 
and colored in its neutral state, and it is characterized by a 
relative low band-gap value.47 The oxidation of dopamine on a 
SWCNT electrode and the electropolymerization of EDOT 
have been used to study the different processes that take place 
in solution and on the electrode surface.  

The main objective of this work is to demonstrate the cor-
rect performance of the new UV−vis/Raman spectroelectro-
chemistry device, showing the capabilities and advantages of 
this novel technique. 

 

 

EXPERIMENTAL SECTION 
Reagents and Materials. SWCNTs (Sigma-Aldrich), 1,2-
dichloroethane (DCE, 99.8% for HPLC, Acros Organics), 
nitrocellulose membrane (filter pore size 0.8 μm, Millipore), 
quartz plate (Sugelabor), silver conductive paint (Electrolube), 
and transparent nail polish (Procesos Cosméticos) were used 
to fabricate the SWCNT working electrode (WE). Apart from 
this electrode, a glassy carbon foil (Goodfellow) properly 
polished to a mirror finish using alumina slurries with differ-
ent powder size down to 0.5 µm was also used as WE. Potas-
sium ferrocyanide (Merck), LiCl (Merck), dopamine (99%, 
Acros Organics), HClO4 (60%, Panreac), EDOT (99%, Acros 
Organics), and LiClO4 (Panreac) were used to prepare the 
solutions. Poly(methyl methacrylate) (PMMA) plates, polytet-
rafluoroethylene (PTFE, Teflon) plates, O-rings, nuts, and 
bolts were used to fabricate the cell developed in this work, 
which was fabricated using a CO2 laser cutting machine. 

All reagents were used as received. All chemicals were of 
analytical grade. Aqueous solutions were freshly prepared, or 
stored at 4 ºC, using ultrapure water (18.2 MΩ cm resistivity 
at 25 °C, Milli-Q Direct 8, Millipore). 
Instrumentation. All spectroelectrochemistry experiments 
were performed at room temperature. Spectroelectrochemistry 
setup includes a potentiostat/galvanostat (PGSTAT20, 
Metrohm Autolab) coupled to the equipment to record the 
spectral changes. On the one hand, UV−vis absorption spectra 
were obtained using a deuterium light source (AvaLight-DH-
S-BAL, Avantes), bare optical fibers (100 μm in diameter, 
Ocean Optics), and a spectrometer (QE65000 198−1006 nm, 
Ocean Optics). On the other hand, dynamic Raman spectra 
were obtained using a Confocal Raman Voyage (BWTEK). A 
laser source emitting at the wavelength of 532 nm with a pow-
er of 15 mW was employed to obtain the spectra, using a 20X 
objective. The spectral resolution was 3.8 cm−1. An XYZ 
piezoelectric positioner (Newport 271) controlled by a New-
port motion controller (Newport, ESP 301) was used to focus 
the laser beam with micrometric resolution. Further details 
about the dynamic spectroelectrochemical Raman system have 
been previously reported.10,11 A tip-sonicator (CY-500, Optic 
ivymen System) was used to properly disperse the SWCNTs. 
Safety Considerations. All handling and processing were 
performed carefully, particularly when DCE was used.  
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Electrodes Preparation. Two different WEs are used in this 
work. The first one, a glassy carbon foil, was properly pol-
ished with alumina, thoroughly rinsed with ultrapure water, 
and dried. SWCNT electrodes are the second type of elec-
trodes used. Briefly, the methodology employed to fabricate 
these SWCNT electrodes9 involves the filtration under vacuum 
of 0.8 mL of a sonicated SWCNT homogeneous dispersion in 
DCE (5 mg/L) through a nitrocellulose filter. The homogene-
ous SWCNT film, whose transparency and conductivity de-
pend on the filtered volume of the SWCNT dispersion, was 
immediately low-pressure transferred on a quartz plate apply-
ing only a slight finger pressure. After letting the SWCNT 
film and the filter dry at room temperature, the filter was care-
fully separated from the quartz support using tweezers. There-
fore, homogeneous, clean, and reproducible SWCNT films of 
10 mm in diameter on quartz were obtained in a quick and 
inexpensive way. The electrical contact was made from the 
SWCNT film to the edge of the quartz plate with silver con-
ductive paint, which was dried in an oven at 75 ºC for 45 min. 
Finally, the silver contact was electrically isolated using nail 
polish, which was dried at room temperature. 
Fabrication of the Device for UV−vis/Raman Spectroelec-
trochemistry Measurements. Figures 1a and 1b show the 
illustrations of the disassembled and assembled 
UV−vis/Raman spectroelectrochemistry cell, respectively. The 
device consists of four main parts. The piece placed at the 
bottom (1) is the WE support and can be made of PTFE or 
PMMA. In this case, the material employed is not important 
because this piece is only used as a support and it is not in 
contact with the solution. An O-ring (2) helps to fix the WE 
with the two bare optical fibers between the bottom piece (1) 
and the next one (3), avoiding solution leakages. One of the 
optical fibers is connected to the light source, and the other 
one to the spectrometer. The second piece (3) is made of 
PTFE. A hole of 6.40 mm in diameter is drilled in its center 
and a small recess is made for the placement of another O-ring 
(4), particularly useful for the assembly with the third piece 
(5) and to prevent a possible leakage of the solution. This third 
piece (5), also made of PTFE, has a drilled hole of 18.50 mm 
in diameter to contain the bulk solution and a small recess for 
the placement of another O-ring (6). Finally, the last piece (7) 
is an optical window that is placed on top of the cell. Four 
small holes of 2.20 mm in diameter are drilled in this piece (7) 
for the placement of the reference (RE) and the counter (CE) 
electrodes, to facilitate the filling and emptying of the cell 
(approximate volume of 1.2 mL), and to deoxygenate the 
solution. Although none of the processes studied in this work 
required deoxygenated solutions, it can be easily performed 
using the unoccupied holes to introduce an inert gas that re-
moves the oxygen and to allow the gas flow to leave the de-
vice. For the experiments shown in this work, this piece is 
made of PMMA but, taking into account that some organic 
solvents dissolve the PMMA, a quartz window can be used in 
these cases. Pieces 1, 3, 5, and 7 have holes in their corners to 
allow the whole device to be assembled with nuts and bolts. In 
all experiments, a homemade Ag/AgCl/KCl 3 M is used as RE 
and a platinum wire as CE. As previously mentioned, a glassy 
carbon foil (shown in Figure 1) or a SWCNT film supported 
on quartz (shown in a previous work)9 are used as WE. Figure 
S1 of the Supporting Information displays an expanded dia-
gram of the optical fibers, UV−vis light beam, laser beam, and 

WE to show how the two beams are interrogating both the 
solution and the SWCNT WE. In addition, the bottom piece 
(1) has a drilled hole in its center to place a commercial elec-
trode if necessary. Many different WEs (gold, platinum, etc.) 
can be used depending on the desired information to be ob-
tained. The versatility is high for commercial and homemade 
WEs. The main limitation is that WEs have to be flat to allow 
the parallel light beam to sample the adjacent solution to the 
electrode. Therefore, a wire or a mesh, for example, are not 
intended to be used as WEs. The possibility of using different 
WEs demonstrates the utility and versatility of this new cell to 
carry out simultaneously UV−vis and Raman spectroelectro-
chemistry measurements. 

It should be noted that the UV−vis spectroelectrochemistry 
setup is based on bare optical fibers of 100 µm in diameter. 
The use of bare optical fibers has clear advantages such as, for 
example, the facility to align the light beams and to change the 
optical path length, which is defined as the distance between 
both optical fibers.6,9,48 Furthermore, absorptometric measure-
ments in parallel configuration offer several advantages with 
respect to normal configuration: (i) longer optical path length 
and thus higher sensitivity, allowing the study of compounds 
with low molar absorption coefficients; (ii) optically transpar-
ent electrodes are not required; and (iii) the UV−vis light beam 
only samples the first 100 µm of the solution adjacent to the 
WE surface, without interfering with the Raman signal. 

Moreover, the most important features of this novel cell re-
lated to the Raman spectroelectrochemistry setup can be sum-
marized as: (i) the short distance between the WE surface and 
the optical window favors the collection of Raman photons; 
(ii) the flatness required to perform Raman spectroscopy 
measurements is guaranteed by this optical window (piece 7, 
Figure 1a); and (iii) the UV−vis light beam provided by the 
optical fibers does not disturb the Raman signal at all. 
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Figure 1. Schematic view of the (a) disassembled and (b) assem-
bled UV−vis/Raman spectroelectrochemistry cell. 

Hence, the cell design is optimal to ensure the flatness of the 
solution needed for Raman measurements, to place the 
UV−vis bare optical fibers in parallel configuration, to com-
pletely disassemble the device to be cleaned, to avoid solution 
leakages, and to easily deoxygenate the solution. As is shown 
below, this device enables us to perform UV−vis/Raman spec-
troelectrochemistry simultaneously, providing relevant infor-
mation for the study of complex electrochemical processes 
from different points of view. 

 

RESULTS AND DISCUSSION 
Ferricyanide/ferrocyanide redox couple. The ferricya-
nide/ferrocyanide redox couple is an ionic probe commonly 
used in spectroelectrochemistry because it is a quasi-reversible 
system whose two redox forms are spectroscopically distin-
guishable.39 For this reason, it was initially used to validate the 
new cell, allowing us to obtain similar information about the 
electrochemical process with UV−vis absorption and Raman 
responses. 

Spectroelectrochemistry measurements of 2.5 × 10−2 M po-
tassium ferrocyanide in 0.1 M LiCl were performed using the 
novel UV−vis/Raman spectroelectrochemistry device with a 
glassy carbon foil as WE. Figure 2 shows the cyclic voltam-
mogram between −0.20 V and +0.80 V at a potential scan rate 
of 0.02 V s−1 (Figure 2a), and the 3D spectra evolution with 
time/potential related to the UV−vis spectral region (Figure 
2b) and to the Raman signal (Figure 2c). The integration time 
for UV−vis absorptometric spectra was 500 ms and for Raman 
spectra was 800 ms. These values indicate the high time-
resolved data acquisition offered by this experimental setup. 
The optical path length was 0.5 mm. The spectrum of the 
initial solution was taken as reference for the UV−vis absorp-
tion spectra, and the spectra evolution of both UV−vis and 
Raman spectral regions was recorded concomitantly with the 
electrochemical signal in a single experiment. 

Ferrocyanide undergoes the electrochemical process illus-
trated in the cyclic voltammogram of Figure 2a. The anodic 
peak is observed at +0.392 V, while the reduction peak occurs 
at +0.097 V. In addition, on the one hand, two UV−vis absorp-

tion bands related to ferricyanide emerge at 310 and 420 nm 
(Figure 2b). On the other hand, the Raman spectra evolution 
(Figure 2c) shows the spectral changes in the band centered at 
2132 cm−1, related to ferricyanide, as well as in the bands 
centered at 2056 and 2093 cm−1, associated with ferrocyanide. 
The corresponding UV−vis cyclic voltabsorptograms at the 
wavelengths of interest and the evolution of the Raman bands 
with potential are illustrated, respectively, in Figures S2 and 
S3 of the Supporting Information. 

The oxidation of ferrocyanide to ferricyanide occurs from 
+0.15 V of the forward scan up to +0.35 V of the backward 
scan taking into account the three simultaneous responses. The 
absorbance of the UV−vis bands at 310 and 420 nm, and the 
Raman intensity of the band at 2132 cm−1, related to ferricya-
nide species, increase in this potential range in accordance 
with the oxidation process of ferrocyanide to ferricyanide, 
which diffuses from the electrode surface to the bulk solution. 
As expected, the intensity of the Raman bands centered at 
2056 and 2093 cm−1, related to ferrocyanide, simultaneously 
decreases throughout the same time frame. Finally, a decrease 
of the absorbance at 310 and 420 nm (clearly observed in the 
corresponding cyclic voltabsorptograms shown in Figure S2 of 
the Supporting Information), the simultaneous bleaching of the 
intensity at 2132 cm−1, as well as an increase of the intensity at 
2056 and 2093 cm−1, are observed from +0.35 V of the back-
ward scan onwards, due to the consumption of the electrogen-
erated ferricyanide that is reduced to ferrocyanide. 
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Figure 2. (a) Cyclic voltammogram of 2.5 × 10−2 M potassium 
ferrocyanide in 0.1 M LiCl between −0.20 V and +0.80 V at 0.02 
V s−1 on a glassy carbon foil as WE. Three-dimensional spectra 
evolution with potential of (b) UV−vis absorptometric measure-
ments and of (c) Raman signal during the potentiodynamic exper-
iment. 

Therefore, the same conclusions can be extracted from the 
UV−vis and Raman responses about the electrochemical pro-
cess of the ferricyanide/ferrocyanide redox couple during this 
spectroelectrochemistry experiment. To sum up, the suitable 
performance of this UV−vis/Raman spectroelectrochemistry 
device has been properly validated taking into account the 
results obtained in this experiment.  
Oxidation of dopamine on a SWCNT electrode. 
UV−vis/Raman spectroelectrochemistry was used to study the 
electrochemical reaction of dopamine on a SWCNT electrode. 
In this case, different and complementary information was 
obtained with both spectroscopic responses. The integration 
times were 150 and 1440 ms for UV−vis and Raman signals, 
respectively, and the optical path length in UV−vis measure-
ments was set to 0.4 mm. 

Spectroelectrochemistry measurements were carried out us-
ing a SWCNT WE prepared on quartz. Figure 3a shows the 
cyclic voltammogram of 6.6 × 10−4 M dopamine in 1 M 
HClO4 between +0.10 V and +1.00 V at 0.01 V s−1. UV−vis 
and Raman spectra obtained during the oxidation scan are 
plotted in Figures 3b and 3c, respectively. The corresponding 
spectra evolution during the reduction scan can be found in 
Figures S4 and S5 of the Supporting Information. As in the 
previous experiment, the spectrum of the initial solution was 
taken as reference for the UV−vis absorption spectra. 

The electrochemical reaction of dopamine is a well-known 
process that can generate different products depending on the 
pH value. The cyclic voltammogram, Figure 3a, displays one 
oxidation peak, which involves a two-electron transfer, related 
to the generation of dopaminequinone as a single product, as 
was expected under these experimental acidic conditions.49 
The peak potential difference takes a value of 0.303 V, indi-
cating a quasi-reversible electrochemical behavior.  

The UV−vis spectra evolution recorded during the oxidation 
scan show, in accordance with the electrochemical signal, the 
evolution of three bands at 248, 283, and 391 nm from +0.50 
V onwards (Figure 3b). UV−vis bands at 248 and 391 nm are 
related to the electrogeneration of dopaminequinone, and the 

one at 283 nm is associated with the consumption of dopa-
mine.5,50 As can be seen in Figure S4 of the Supporting Infor-
mation, the spectral changes evolve in the opposite way during 
the cathodic scan due to the reduction of the electrogenerated 
dopaminequinone and regeneration of dopamine. It should be 
noted that an excellent spectral resolution is achieved, not only 
in the visible but also in the ultraviolet spectral region. 

Moreover, a maximum and constant value of absorbance is 
reached due to the steady-state achieved when dopaminequi-
none diffuses beyond the first 100 µm of the solution closest 
to the SWCNT electrode surface sampled by the optical fibers. 
A first approximation of the molar absorption coefficient value 
of dopaminequinone can be calculated using the 
Beer−Lambert law (A=εlC) and assuming that a dopamine 
concentration of 6.6 × 10−4 M is converted to dopaminequi-
none in the 100 µm of the solution adjacent to the electrode 
surface sampled by the optical fibers. From the maximum and 
constant value of absorbance at 391 nm (0.0275 au), the con-
centration of dopamine (6.6 × 10−4 M), and the optical path 
length in parallel configuration (0.04 cm), an experimental 
value of roughly 1040 M−1 cm−1 is estimated for the molar 
absorption coefficient of dopaminequinone at 391 nm. 

In order to obtain Raman information about this system, the 
laser was focused on the SWCNT electrode surface, but there 
is no Raman signal related to dopamine at this low concentra-
tion. Nevertheless, Raman spectra provide essential infor-
mation about the behavior of SWCNTs with potential during 
the experiment (Figure 3c and Figure S5 of the Supporting 
Information). The behavior of the SWCNTs during the elec-
tron transfer is not easily obtained using other analytical  
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Figure 3. (a) Cyclic voltammogram of 6.6 × 10−4 M dopamine in 
1 M HClO4 between +0.10 V and +1.00 V at 0.01 V s−1 on a 
SWCNT WE prepared on quartz. (b) UV−vis and (c) Raman 
spectra evolution recorded during the oxidation scan. 
techniques. Raman spectrum of SWCNTs (Figure S6 of the 
Supporting Information) shows four main bands:51,52 the radial 
breathing mode (RBM) at 150−300 cm−1; the disorder induced 
mode (D) at 1300−1400 cm−1; the tangential displacement 
mode (G) at 1550−1600 cm−1; and the high-frequency two-
phonon mode (G’ or 2D) at 2550−2750 cm−1. In order to illus-
trate the behavior of SWCNTs during the electrochemical 
oxidation of dopamine, the most intense band (G-band) was 
analyzed (Figure 3c). Oxidation (p-doping) of SWCNTs leads 
to a decrease of the G-band Raman intensity. During the ca-
thodic scan, the G-band intensity returns to approximately the 
initial value (Figure S5 of the Supporting Information). All 
these changes in the Raman intensity are only related to the 
electrochemical doping/de-doping of the SWCNT WE.11,51 

In addition, only the generation of dopaminequinone is al-
lowed under these acidic conditions, avoiding the formation of 
dopaminechrome that could polymerize on the SWCNT WE. 
The absence of the dopaminechrome absorption around 470 
nm in the UV−vis spectra5 and of the characteristic bands in 
Raman spectroscopy when dopaminechrome polymerizes on 
the electrode confirms, with two independent techniques in the 
same experiment, that the oxidation of dopamine under acidic 
conditions only generates dopaminequinone. 

In summary, this spectroelectrochemistry experiment allows 
us to obtain different information depending on the spectro-
scopic technique used. Information extracted from UV−vis 
spectral evolution is mainly related to spectroscopic changes 
that take place in the solution adjacent to the electrode, which 
are associated with compounds present in the solution (dopa-
mine and products derived from its electrochemical reaction). 
Moreover, the evolution of the Raman spectra is related to the 
oxidation state of the SWCNT WE surface. Therefore, we can 
conclude that we are able to observe two different processes in 
a single electrochemical experiment taking into account both 
spectroscopic signals. This is a great advantage of this device 
because the parallel UV−vis light beam does not sample the 
SWCNT surface and Raman spectroscopy is not capable of 
following the electrochemical reaction of dopamine. Neverthe-
less, as has been demonstrated, this experimental device al-
lows us to study both processes simultaneously without inter-
ference between the two optical techniques. 
Electropolymerization of EDOT in aqueous solution. This 
experiment was performed to observe an electrochemical 
process from two different but correlated spectroscopic points 
of view. PEDOT, the electrogenerated conducting polymer, is 
widely used for many applications53–57 and it has been previ-
ously studied by spectroelectrochemistry.47 

Cyclic voltammetry of 3 × 10−3 M EDOT in 0.2 M LiClO4 
was performed at a scan rate of 0.025 V s−1 on a SWCNT WE 
prepared on quartz, using the following potentials: initial and 
final potential (Ei = Ef = 0.00 V); anodic vertex potential (Ev1 
= +1.00 V); and cathodic vertex potential (Ev2 = −0.50 V). 
UV−vis and Raman spectra were recorded every 300 and 1920 
ms, respectively. The optical path length in UV−vis measure-
ments was 1.1 mm. As in the previous cases, the spectrum of 
the initial solution was taken as reference for the UV−vis 
absorption spectra. 

The cyclic voltammogram is plotted in Figure 4a. An in-
crease in the anodic current is observed from ca. +0.70 V 
onwards, according to the oxidation process of EDOT. The 
UV−vis cyclic voltabsorptogram at 254 nm (main band of the 
UV−vis spectrum of EDOT),58,59 Figure 4b, and the evolution 
of the Raman bands centered at 1110 and 1134 cm−1 with 
potential, Figure 4c, show optical changes that are correlated 
with the electrochemical response. 

The evolution of the UV band at 254 nm (Figure 4b), indi-
cates that the consumption of the monomer takes place from 
+0.85 V onwards, concomitantly with the oxidation process 
appreciated in the electrical signal (Figure 4a). Thus, in the 
potential window between +0.85 V and +1.00 V in the anodic 
and cathodic scan, absorbance at 254 nm decreases because of 
the consumption of EDOT in the solution closest to the WE 
surface. Once absorbance at 254 nm reaches a minimum val-
ue, its evolution is only related to the diffusion of EDOT from 
the bulk solution to the electrode-solution interface.  

As can be observed in Figure 4c, Raman signal provides 
complementary information about this process. The evolution 
of the Raman spectra was also recorded simultaneously with 
the cyclic voltammetry. Figure S7a and Table S1 of the Sup-
porting Information display, respectively, the Raman spectra 
and the vibrational assignment of the main bands correspond-
ing to neutral (−0.50 V) and doped (+1.00 V) PEDOT.60 In the 
Raman spectra registered (Figure S7a), it can also be observed 



8  

 

the characteristic bands of SWCNTs, some of them over-
lapped with those of PEDOT. Although more intense bands 
are observed in the Raman spectra, Figure S7b of the Support-
ing Information displays the contour plot of only the Raman 
signal in a Raman shift frame where less interference of 
SWCNTs is appreciated. Here it can be observed the evolution 
of the 1110 and 1134 cm−1 bands with time. These two Raman 
bands were studied, specifically because the 1110 cm−1 band is 
related to the neutral PEDOT and the 1134 cm−1 band is asso-
ciated with the doped PEDOT (Figure 4c). Analyzing the 
Raman band at 1110 cm−1 with potential (Figure 4c), we can 
observe that initially, from 0.00 V to +0.70 V, this band is not 
detected. This band is clearly observed when electropolymeri-
zation have occurred and the electrogenerated polymer is 
being neutralized. This process of PEDOT de-doping lasts up 
to the second vertex potential, −0.50 V. Next, Raman intensity 
decreases indicating that PEDOT is starting to be doped again. 
The evolution of the band centered at 1134 cm−1 is more sensi-
tive to the doped polymer and it shows a clearly different 
behavior. The intensity of this Raman band increases from ca. 
+0.65 V onwards because of the doping of PEDOT. Next, the 
intensity of the 1134 cm−1 band decreases when the neutral 
form begins to be generated. 

The charge involved in the polymerization process can be 
extracted from the cyclic voltammogram (Figure 4a). Howev-
er, the electrochemical signal does not provide a well-defined 
response to determine the potentials at which the polymeriza-
tion takes places. Evolution of the Raman intensity (Figure 4c) 
allows us to define the potentials when the doped PEDOT is 
electrogenerated, and, in this way, to calculate the charge 
involved in this electrochemical process. According to the 
evolution of the 1134 cm−1 band in the Figure 4c, the polymer-
ization occurs from ca. +0.65 V (anodic scan) to +0.90 V 
(cathodic scan). The charge involved in the polymerization is 
calculated from the cyclic voltammogram, obtaining 5.1 × 10−4 
C as the experimental value of the charge involved in the 
EDOT oxidation during the polymerization.  

 

 

 
Figure 4. (a) Cyclic voltammogram of 3 × 10−3 M EDOT in 0.2 
M LiClO4 (Ei = Ef = 0.00 V, Ev1 = +1.00 V, and Ev2 = −0.50 V) at 
0.025 V s−1 on a SWCNT WE prepared on quartz. (b) UV−vis 
cyclic voltabsorptogram at 254 nm and (c) evolution of the Ra-
man bands at 1110 and 1134 cm−1 recorded during the reaction.  

 
This last experiment allows us to follow the evolution of an 

electropolymerization process by means of UV−vis and Ra-
man spectroscopic responses, which enables us to observe two 
different perspectives on the same electrochemical process. 
Thus, the UV−vis spectra evolution with potential is associat-
ed with the consumption of EDOT in the solution layer adja-
cent to the SWCNT WE. However, the Raman response is 
related to the generation of PEDOT electrodeposited on the 
SWCNT WE giving also information about its doping level at 
each potential. In conclusion, the EDOT electropolymerization 
process is studied by UV−vis and Raman spectroscopy, ob-
taining complementary, useful, and valuable information. 
 

CONCLUSIONS AND FUTURE WORK 
In this work, UV−vis absorption and Raman dispersion 

spectroelectrochemistry measurements have been performed 
simultaneously. A novel and easy-to-use device, based on 
UV−vis bare optical fibers in long optical path arrangement 
and on measuring the Raman signal in normal configuration, 
has been fabricated, allowing to carry out this type of hybrid 
UV−vis/Raman spectroelectrochemistry experiments. A glassy 
carbon foil or a SWCNT film transferred on quartz have been 
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used as WEs, and good results have been achieved with three 
different electrochemical reactions. Ferrocyanide has been 
employed to validate the device because the same spectral 
information about its electrochemical process was obtained 
with the two spectroscopic techniques. A second experiment 
has been performed to study the electrochemical reaction of 
dopamine in acidic media on a SWCNT electrode. In this case, 
each spectroscopic technique has been used to follow a differ-
ent process, and therefore completely different information 
was obtained. The generation of dopaminequinone as the 
single oxidation product has been observed by the evolution of 
the UV−vis spectra in the solution layer, while the electro-
chemical behavior of the SWCNT WE has been followed 
using the Raman response. Finally, the UV−vis/Raman spec-
troelectrochemistry device has been used to study the electro-
polymerization of EDOT in aqueous solution on a SWCNT 
WE. The EDOT consumption in the first 100 µm of the solu-
tion adjacent to the WE was studied by the parallel UV−vis 
light beam, and the information about the electrogeneration of 
PEDOT was extracted from the Raman signal. 

This UV−vis/Raman spectroelectrochemistry device, which 
is definitely a significant advance in this research field, greatly 
increases the multiresponse, in situ, versatile, and real-time 
character of spectroelectrochemistry. The excellent perfor-
mance of this device has been clearly demonstrated with the 
electrochemical, UV−vis, and Raman responses obtained 
simultaneously in all cases. This spectroelectrochemistry cell 
could be widely used by the scientific community in the near 
future to shed more light about complex reactions and their 
mechanisms, as well as to characterize new materials. Curi-
ously, a question is able to give an idea about the large number 
of potential applications: Why look for a single signal when 
you can study three simultaneous and complementary re-
sponses in a simple way? 
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