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ABSTRACT: Bidimensional spectroelectrochemistry (Bidim- Faca
SEC) is an instrumental technique that provides operando UV/vis [S&ia] 1
absorption information on electrochemical processes from two
different points of view, using concomitantly a parallel and a normal
optical configuration. The parallel configuration provides informa-
tion about chemical species present in the diffusion layer,
meanwhile the normal arrangement supplies information about
changes occurring both in the diffusion layer and, mainly, on the
electrode surface. The choice of a suitable cell to perform Bidim-
SEC experiments is critical, especially while working under a thin-
layer regime. So far, most of the proposed Bidim-SEC cells rely on
the use of spacers to define the thin-layer thickness, which leads to
working with constant thickness values. Herein, we propose a novel
Bidim-SEC cell that enables easy-to-use micrometric control of the thin-layer thickness using a piezoelectric positioner. This device
can be used for the study of complex interfacial systems and also to easily measure the key parameters of an electrochemical process.
As a proof of concept, the study of the roughening of a gold electrode in KCI medium is performed, identifying key steps in the
passivation and nanoparticle generation on the gold surface.

S pectroelectrochemistry (SEC) involves a set of techniques, widely used cells in UV/vis-SEC has been the one proposed by
combining an electrochemical technique with a spectro- Heineman et al,'®*° in which the solution is placed in the
scopic one, providing operando information about the electro- optical pathway defined by an optically transparent electrode
chemical process.'~* Among all of the possible spectroscopic (OTE) and a transparent inert wall. Other strategies developed
techniques used in SEC, UV/vis absorption SEC (UV/vis- for SEC cells are based on thin spectrophotometric
SEC) has been widely used, thanks to its versatility, allowing us cuvettes,’*” in which a platinum mesh or an indium tin
to study the redox properties of different molecules,™ to oxide (ITO) electrode is usually selected as the OTE. An
elucidate the reaction mechanisms,” or to perform quantitative alternative to the usage of platinum meshes consists of utilizing
analysis.”~"" Recently, UV/vis-SEC has been reported for the the so-called honeycomb electrodes.” However, although
charactelrlization of complex systems such as energy storage these electrodes have a good SEC response, a very complex
devices. diffusion regime is generated due to the geometry of the

UV/vis-SEC can be carried out both in semi-infinite and in
thin-layer diffusion regimes,'”™"> with the latter being one of
the most widely used approaches. Nevertheless, thin-layer
measurements present two fundamental drawbacks. On the
one hand, thin-layer thickness control can be complex and
often requires the use of spacers, which limit its fine
control.'®"” On the other hand, this configuration usually
involves high ohmic drops.'®™* This makes the design of the
cell critical for SEC experiments. Some authors have reported a
remarkable drift of the spectral baseline depending on the cell
used,”" which makes it more difficult to obtain reliable data,
and although such drifts can be corrected with strategies such
as taking derivative measurements,”” " it is certainly ideal to
use optimum cell designs to avoid such baseline changes.

Over the years, numerous approaches to design thin-layer
SEC cells have been proposed.'””**>™>’ One of the most

electrodes,” which makes the extraction of quantitative
information more challenging.

To improve the sensitivity in thin-layer experiments, devices
based on disk electrodes have also been developed, using an
inert wall and thin spacers to define the space where the
solution is confined.'”'”** The latter allows us to work in an
optical configuration parallel to the electrode, which maximizes
the optical pathway and thus the spectroscopic response.
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Figure 1. (A) Schematic of the proposed Bidim-SEC cell. (B) Itemization of the components of the cell: (1) emission and reception optical fibers
used in the parallel configuration; (2) micrometric positioner; (3) Au-WE; (4) 3 M Ag/AgCl RE and Au strip CE; (S) quartz slide; (6) Teflon
plate substrate; (7) reflection probe used in the normal configuration.

Recently, simpler cells using screen-printed electrodes (SPEs)
combined with small-diameter optical fibers have been
proposed for SEC. This new assembly allows defining a thin
layer with a thickness value equal to the size of the optical
fibers by placing an inert wall that confines the solution.'’
Nevertheless, the use of optical fibers introduces new problems
due to their cladding, which is usually around 30 ym in
thickness, hindering the interrogation of the 30 ym of solution
closest to the electrode. This blind spot in the parallel
configuration can hinder the study of processes taking place in
the vicinity (a few micrometers) of the electrode surface.

In the present work, a new device to carry out UV/vis-SEC
studies in a thin-layer configuration is proposed. In this new
approach, the working electrode (WE), controlled by a
piezoelectric positioner, is placed between two optical fibers,
which are fixed to a quartz plate. Thus, by controlling the
position of the WE in the solution between the two bare
optical fibers, it is possible to sample the first micrometers of
solution adjacent to the electrode in the parallel direction.
Simultaneously, a reflection probe is perpendicularly focused
on the electrode surface, carrying out measurements in a
normal configuration. Using the proposed device, bidimen-
sional UV/vis-SEC (Bidim-SEC) measurements can be easily
performed simultaneously by combining UV/vis-SEC in
parallel and normal configurations with a tunable thickness
of the thin layer.

To demonstrate the correct performance of the Bidim-SEC
cell, SEC experiments with o-tolidine (o-Tol) were carried out
to validate the Bidim-SEC device. Finally, to exploit its
usefulness in the study of complex reaction mechanisms, this
new SEC cell was employed to study the generation of Au
nanoparticles (AuNPs) on a Au disk electrode by using
oxidation—reduction cycles (ORC), a classical strategy for the
generation of surface-enhanced Raman scattering (SERS)
substrates.”> ™’

B EXPERIMENTAL SECTION

UV/vis Bidimensional Spectroelectrochemistry.
Bidim-SEC measurements were simultaneously performed
using two different optical configurations: normal and parallel
with respect to the electrode surface. In the normal
arrangement, the incident light beam is perpendicular to the
WE surface, providing information about both the species in
the diffusion layer and those adsorbed/deposited on the
electrode surface; whereas in the parallel arrangement, the light
beam passes parallel and adjacent to the electrode surface,
providing only information about soluble compounds in the
first microns of solution interrogated by the light beam.*®
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In the normal configuration, a reflection probe was used to
interrogate the solution and the electrode surface. In the
parallel configuration, two bare optical fibers (100 ym
diameter, Avantes) were fixed and aligned with a quartz
crystal (4 cm X 1.2 cm X 0.12 cm). For each configuration, the
acquisition time was selected to ensure enough light intensity
along the full spectrum, with the typical acquisition times in
the range of 100 ms for the normal configuration and 100—
1000 ms for the parallel configuration. Larger acquisition times
were used in the parallel configuration for experiments with the
thinnest layer thicknesses. Full experimental details are
provided in the Supporting Information (SI).

Electrochemical Setup. A 2.9 mm diameter Au rod
(Goodfellow, 99.5 %) embedded in Teflon was used as the
WE. The WE was polished with 0.05 ym alumina to obtain a
mirror-like surface and sonicated for around 3 min in Milli-Q
water before each experiment. A gold strip (40 mm X 2 mm)
was used as the counterelectrode (CE) which was wrapped
around a homemade Ag/AgCl (3 M KCl) reference electrode
(RE). All potentials were referenced to 3 M Ag/AgCl.

Description of the UV/vis Bidimensional SEC Cell. A
schematic of the proposed thin-layer Bidim-SEC cell is
presented in Figure 1. Figure 1A provides a detailed view of
the distribution of the elements in the cell. For normal
configuration SEC, a reflection probe (7) was embedded in a
Teflon plate substrate (6) and placed under the WE (3). A 1.2
mm thick quartz slide (S) was used both as an inert wall to
generate a thin layer and to separate the reflection probe from
the WE at a suitable distance to obtain a suitable optical
response. It should be noted that the optical probe has to be in
contact with the quartz crystal to avoid any reflection that
yields parasite radiation. For the parallel configuration, two 100
um bare optical fibers (1) were aligned with and fixed on the
quartz crystal. The z-position of the WE was controlled by a
micrometric positioner (2, Newport M460P series). The
thickness of the thin layer was defined by the distance between
the WE and the quartz crystal. Figure 1B lists the components
of the Bidim-SEC cell.

The WE was initially placed above the optical system,
vertically aligned with the reflection probe. Separation of the
optical fibers greater than the diameter of the WE allowed
placing it between the optical fibers and sampling all of the
solution close to the electrode. Before starting the experiment,
the WE was placed between two bare optical fibers (Figure 1B)
using a piezoelectric positioner. To define the thickness of the
thin layer, a first approximation of the electrode to the glass
slide was carried out. The contact of the WE and the quartz
crystal was ensured with the aid of a video macrolens camera
(SONY, TW-CL160), setting that position as 0 ym distance.
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Figure 2. Bidimensional SEC responses of 0.05 mM o-Tol + 1 M HCIO, + 0.5 M acetic acid on a Au rod WE working in a thin-layer regime. (A)
CV response of 0-Tol reversible oxidation. CVA at 440 nm in (B) normal and (C) parallel configurations. (D) Surface plot of the evolution of the

UV/vis absorption spectra with the potential applied, recorded in the parallel configuration. Thin-layer thickness: S0 ym. Scan rate: 1 mV s

-1

After that, the WE was retracted up to the desired thickness of
the thin layer (defined precisely by using a piezoelectric
positioner). Once this distance was defined, an aliquot of the
desired solution was added to the system, ensuring good
electrical contact between the three electrodes and a good
immersion of the bare optical fibers in the solution. The RE
was placed as close as possible to the WE to minimize the
ohmic drop, Figure 1B. The CE was wrapped around the RE.

With the instrumental approach proposed in this work, a
thin-layer cell with a variable thickness can be easily obtained.
The minimum value of the thickness of the thin layer that can
be set in this setup was 30 ym. At smaller thicknesses, the light
intensity that reaches the detector is very low since the WE
blocks most of the light in the optical pathway, resulting in a
poor signal-to-noise ratio.

B RESULTS AND DISCUSSION

Validation of the UV/Vis Bidimensional Spectroelec-
trochemical Cell. A typical molecule used to validate UV/vis-
SEC devices, o-tolidine (o-Tol),"*'*'*** was selected to
demonstrate the good performance of the proposed Bidim-
SEC cell. 0-Tol does not absorb light in the visible region;
however, 0-Tol can be oxidized in acidic medium to yield the
o-tolidinium (0-Tol") cation, which shows a strong absorption
band at 440 nm. UV /vis absorption spectra of the reduced and
oxidized forms of o-Tol are significantly different, making it
possible to follow the electrochemical changes of the system by
studying the spectroscopic response, as shown in Figure 2.

Cyclic voltammetry (CV) was performed to observe the
redox behavior of 0-Tol in 1 M HCIO, + 0.5 M acetic acid
medium. For this experiment, the thickness of the thin layer
was fixed to 50 um. Figure 2A shows the well-defined CV
response obtained during the experiment, showing a peak-to-
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peak separation of 20 mV. This small hysteresis is close to the
zero value expected in a thin-layer experiment.'®*’

The recorded optical responses are shown in Figure 2B—D.
Figure 2D shows a surface plot describing the evolution of the
full UV/vis absorption spectra recorded in the parallel
configuration during the experiment. It is noteworthy that an
absorption band evolves around 440 nm, which corresponds to
the electrogeneration of the o-Tol* cation, as a result of the
oxidation of o-Tol. The cyclic voltabsorptogram (CVA) or
evolution of the absorbance at 440 nm during the experiment
is presented in Figure 2B,C in normal and parallel
configurations, respectively. The CVAs in the two config-
urations allow us to clearly follow the evolution of the
electrochemical processes.

As shown in Figure 2B,C, in the two configurations, an
increment of absorbance at this wavelength and at potentials
above +0.65 V is observed, due to the oxidation of 0-Tol to the
o-Tol" cation. As is expected, absorbance values in the parallel
configuration are higher than the ones in the normal
configuration, due to the difference in the optical path length,
which is 2 times the thickness (d) of the thin layer (d = S0 yum
in this case) in the normal configuration and 2.9 mm (diameter
of the WE) in the parallel configuration.

The CVAs shown in Figure 2B,C demonstrate the
reversibility of the redox process since in both configurations
the absorbance at 440 nm increases when the oxidation of o-
Tol takes place during the forward scan and decreases in the
backward scan, recovering the initial zero value.

CVAs can be used to calculate different thermodynamic
parameters of the studied system. Adjusting the sigmoidal
shape of the CVA to the Nernst equation,”"” in combination
with the Lambert—Beer law (eq Supporting Information 1,
Figure S1), the formal potential (E*') of the o-Tol/o-Tol
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Figure 3. Chronoamperometric oxidation of 0.05 mM o-Tol + 1 M HCIO,, + 0.5 M acetic acid at different thin-layer thickness values. (A) CAbs in
the normal configuration at 440 nm for o-Tol oxidation. (B) CAbs at 440 nm in the parallel configuration. (C) Correlation between the thin-layer
thickness (d) and the mean of the absorbance values in the normal configuration at 440 nm between 85 and 105 s. (D) Schematic of the
experimental setup, pointing out d, the variable which defines the thin-layer thickness.

redox couple can be calculated, as well as the number of
electrons exchanged in the process. This assessment of
parameters is fully described in the SI.

Using both the cathodic and anodic scans of the CVA in the
parallel configuration, the formal potential, E* = +0.6960 +
0.0003 V (n = 3), and the number of electrons, n, = 1.96 +
0.01, were obtained. Meanwhile, in the normal configuration,
the values of E* = +0.702 + 0.002 V (n = 3) and n, = 1.89 +
0.02 electrons were calculated. The two results are in good
agreement with values reported in the literature'>'**”*" and
with the value of E® obtained from CV, +0.699 V.

The CVA can also provide information about the
reversibility of the electrochemical process. Figure S2 shows
the derivative voltabsorptograms (DCVAs) at 440 nm in the
parallel and normal configurations. As is expected, the
derivative of absorbance with respect to time (dA/dt)
exhibited a similar behavior to CV.'®*" Analysis of the peak-
to-peak difference in DCVA revealed a behavior close to the
ideal system in the normal configuration (AEpf)id = 6 mV);
meanwhile, in the parallel configuration, a less reversible
behavior is observed (22 mV), due to the contribution of semi-
infinite diffusion at the edges of the electrode. More details are
provided in the SIL

In summary, the information provided by both CVA and
DCVA is consistent with each other, and the obtained
parameters of o-Tol are in agreement with those reported in
the literature, demonstrating the good performance of the
Bidim-SEC cell.
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Control of the Thickness of the Thin Layer. In the
proposed Bidim-SEC cell, the position of the WE was fixed
with a piezoelectric micrometric positioner. This setup
provides the possibility of controlling the distance between
the WE and the quartz substrate where the optical fibers are
fixed, which allows us to perform studies at different distances
in a simpler way.

The thickness of the thin layer (d) is defined as the distance
between the WE and the quartz slide where the optical fibers
for the parallel configuration were fixed. This parameter d is
directly related to the optical path length in the normal
configuration setup, and thus changes in d lead to clear
changes in the response in the normal configuration.

Figure 3 shows the results obtained for double pulse
chronoamperometry experiments performed at different
thicknesses of the thin layer. In these experiments, an initial
pulse of +0.50 V was applied for 10 s to set the reference
spectrum. Later, a second pulse of +0.75 V was applied for 100
s to promote the oxidation of 0-Tol to the 0-Tol" cation. Figure
3A shows the chronoabsorptogram (CAbs) or evolution of the
absorbance at 440 nm in the normal configuration with time.
As can be observed, as 0-Tol* was formed, the absorbance
increased, reaching a steady value, whose value depends on the
thin-layer thickness.

It is to be noted that the time needed to reach a steady value
of absorbance at 440 nm due to oxidation of o-Tol increased
with d. Therefore, the maximum absorbance was reached much
quicker in the experiments at lower d values. In the most

https://doi.org/10.1021/acs.analchem.4c01132
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Figure 4. (A) CV response of a Au disk electrode in 0.1 M KCl at $ mV s™" in the thin-layer regime (120 ym). Evolution of UV/vis absorption
spectra obtained in (B) parallel and (C) normal configurations. Insets in (B) and (C) represent CVAs at 420 nm in the corresponding
configuration. (D) DCVAs at 420 nm for parallel (blue line) and normal (orange line) configurations.

extreme case studied, d = 120 um, the absorbance reached a
steady value around 75 s after the application of the oxidation
pulse. This behavior is related to the time employed to fully
electrolyze all of the 0-Tol present in the thin-layer volume to
the o-Tol" cation, which depends on the diffusive regime of
species in solution.

As expected, the maximum of the absorbance registered in
the normal configuration is linearly dependent on the
parameter d, following the Lambert—Beer law: A = €Cl. In
the normal configuration, the optical path length (1) is defined
as 2d, two times the thickness of the thin layer, since the
experiments were performed in a near-normal reflection mode.
Thus, a linear regression between the optical path length and
the maximum of absorbance reached in the normal
configuration was performed, showing a clear correlation
(Figure 3C). The linear fitting can be used to obtain the molar
absorptivity coefficient of 0-Tol, since the slope (2.80 cm™)
can be compared with the parameter €C in the Lambert—Beer
law, obtaining a value of €449 = 5.6 X 10* M~ em™, which is in
good agreement with the values reported in the literature.”""**

A similar behavior is observed in the parallel configuration,
where the highest d values require more time to reach the total
conversion of o-Tol to its oxidized form. Figure 3B shows a
clear trend between d and the time to reach a steady
absorbance. The experiments with a higher volume in the thin-
layer regime required more time for complete electrolysis of
the redox species.

In Figure 3B, it can be observed that the maximum
absorbance reached in the parallel configuration exhibits some
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variation. The origin of this deviation lies in the placement of
the WE: although our experimental setup allows us to maintain
control over the thickness of the thin layer (the distance
between the WE and the quartz slide), the control of the
position in the horizontal axis is challenging when a disk
electrode is used. This leads to some irreproducibility in the
optical pathway sampled in the parallel configuration, due to
the circular geometry of the working electrode. The optical
fiber is 100 ym in diameter, and the disk is 2.9 mm in
diameter. Thus, a small change in the position of the fiber leads
to a change in the absorbance values in the parallel
arrangement. Nevertheless, the experimental error is only 7
% in these experiments. The origin of this irreproducibility is
presented in Figure S3. Although this irreproducibility in the
parallel configuration is small, it could be easily avoided by
using rectangular electrodes, which would maintain a constant
optical path at any position. However, when normalizing the
data between 0 and 1, a clearer trend of stabilization time can
be observed (Figure S3-A)

UV/vis Bidimensional SEC Study of Gold Surface
Oxidation. Once the new Bidim-SEC cell was validated, we
used this setup to study the electrochemical ORC of a Au disk
electrode in chloride media. This electrode process is highly
relevant in fields such as the electrogeneration of SERS
substrates™ and numerous catalytic applications.**** Bidim-
SEC provides direct and very valuable information about this
complex process in a simple way.

Figure 4A shows the CV curve, where the evolution of an
anodic peak centered at +1.25 V during the forward scan can
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be observed. This process is related to the electrochemical
dissolution of the Au surface to generate AuCl,” complexes in
solution.*”** This anodic signal drops abruptly around +1.30
V. According to the literature, this behavior is attributed to the
formation of an insoluble layer of Au(OH); and gold oxides,
which passivates the electrode surface, hampering the electro-
chemical dissolution of the Au electrode surface.””* During
the backward scan, the reduction of Au(OH); and the AuCl,~
complex around +0.70 V is observed.

More information about the behavior of the electrode—
solution interface can be obtained by analyzing the optical
signals provided by Bidim-SEC. Figure 4B depicts the
evolution of the optical signal recorded in the parallel
configuration, where an intense absorption band centered
around 320 nm can be observed. This band is related to the
generation of the AuCl,~ complex in solution during the
oxidation of the Au electrode surface.’’ Unfortunately, the
amount of AuCl,~ complex formed during this process is so
high that it almost completely absorbs the incident light,
resulting in the saturation of the absorbance measurements.
Because of this, to study the evolution of the absorbance of
AuCl,” with respect to the applied potential, a wavelength of
420 nm was selected, where the tail of the absorption band of
the complex in solution is observed without saturating the
absorbance signal. The CVA in a parallel configuration at 420
nm is presented in the inset of Figure 4B. An abrupt increase of
absorbance is observed at +1.10 V, related to the generation of
the AuCl,” complex, which is reduced at +0.65 V in the
backward scan, where a decrease of absorbance to zero is
recorded.

In the normal configuration, Figure 4C, other processes with
high influence on the optical response are observed. Again, the
evolution of an absorption band centered at 320 nm,
corresponding to the generation of AuCl,” is observed. In
this case, due to the shorter optical pathway, a well-defined
absorption band was recorded. In the normal configuration,
not only the solution adjacent to the electrode but also the
electrode surface was interrogated. For this reason, the spectra
registered in this configuration are different from those
obtained in the parallel configuration. Thus, an absorption
band centered at around 570 nm evolved when the potential
was scanned in the cathodic direction. Since this band is only
observed in the normal configuration, it should be assigned to
processes taking place on the electrode surface, generating
species that do not diffuse into the solution. This band is
ascribed to the generation of AuNPs on the electrode surface
during the reduction of the AuCl,” complex,’”>® showing a
typical plasmon band. Also, a remarkable increment of the
baseline of the UV/vis absorption spectra in the normal
configuration was observed during the oxidation of the gold
electrode, which is related to the change in the reflectivity of
the surface, due to the formation of Au(OH); on the electrode
surface.””

To further provide a deeper insight into the process,
additional data treatment can be performed. As aforemen-
tioned, a better correlation between absorbance and electro-
chemical data can be obtained by comparing DCVA and the
CV curve, since the shapes of both signals are analogous.
Figure 4D shows a representation of the DCVAs at 420 nm in
the two configurations.

The DCVA in the parallel configuration (Figure 4D, blue
line) provides insights only about the formation of soluble
species, in this case, AuCl,” which is formed during the
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electrochemical dissolution of the electrode, from +1.00 to
+1.28 V, represented by the green area denoted as I (Figure
4A,D). When a potential of +1.30 V is reached, the formation
of Au(OH)j; takes place, abruptly dropping the anodic peak in
the CV curve (Figure 4A) and changing the whole absorbance
of the surface (Figure 4D, pink area denoted as I).

During the backward scan, the CV curve shows a wide
cathodic peak that extends from +0.95 to +0.30 V. Bidim-SEC
results reveal that there are two processes taking place in this
cathodic peak. During the first steps of reduction, the
Au(OH); passivating layer is reduced in two steps, as shown
by the decrease in the DCVA in the normal configuration
(Figure 4D). Then, the AuCl,” complex in solution can be
reduced, as is observed both in parallel and normal
configurations (Figure 4D, green area denoted as II).

Finally, the reduction of AuCl,” leads to the formation of
AuNPs on the electrode surface, which are detected by the
evolution of a plasmonic band centered at 570 nm, only visible
in the normal configuration (Figure 4C) because this thin layer
of nanoparticles cannot be detected in the parallel config-
uration. DCVA in the normal configuration at 570 nm (Figure
S4) shows that the evolution of this plasmonic band related to
the electrogeneration of AuNPs occurs concomitantly with the
reduction of AuCl,~ after the reduction of insoluble Au(OH);.

In summary, Bidim-SEC has been successfully used to
deconvolve the processes taking place during the ORC of the
Au disk electrode in KCl medium, demonstrating the
generation of AuNPs on the electrode surface during the
reduction of AuCl,”. Additionally, the formation of AuCl,” in
solution is clearly observed. The electrode is blocked by the
generation of a passivation layer of Au(OH); on the electrode
surface at approximately +1.30 V. During the backward scan,
the reduction of AuCl,” is preceded by the reduction of
Au(OH);, denoted by the differences observed between the
normal and parallel configuration spectroscopic responses.

B CONCLUSIONS

A new Bidim-SEC cell for thin-layer measurements with a
controlled thickness was developed. The new device was
validated with o-Tol, demonstrating the usefulness and
versatility of the device to perform SEC experiments in order
to obtain valuable information about the molecule or chemical
system under study.

This new device was also used to study the ORC of the Au
disk electrode in KCl medium. Bidim-SEC measurements
allowed us to deconvolve the electrochemical reactions taking
place on the electrode surface and in the solution adjacent to it.
The generation of soluble AuCl,” was observed in parallel and
normal configurations during the oxidation of the electrode,
whereas the formation of a Au(OH); layer that passivates the
electrode was observed only in the normal configuration.
During the backward scan, two reduction processes were
observed: (1) the reduction of Au(OH); and then (2) the
reduction of AuCl,” to generate AuNPs. These two processes
can be clearly observed in the normal configuration both with
the CVAs and with the DCVAs, which allowed us to assign
unequivocally the processes taking place on the electrode
surface, deconvolving the electrochemical signal.

The new experimental setup exhibits a high potential to
study complex electrochemical processes in different fields of
chemistry, where adsorption and deposition of species take
place. A relevant application of the device could be the study of
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the in situ generation of SERS and other Raman enhancing
substrates, which will be addressed in the near future.

Bl ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.analchem.4c01132.

In depth details of the experimental setup, information
regarding calculation of the formal potential and
exchanged electrons for the o-Tol system, DCAs for
normal and parallel configurations during o-Tol
oxidation, schematics regarding the influence of
electrode position in the parallel configuration and
DVA at 570 nm in the normal configuration for gold
oxidation (PDF)

B AUTHOR INFORMATION

Corresponding Author
Alvaro Colina — Department of Chemistry, Universidad de
Burgos, E-09001 Burgos, Spain; ® orcid.org/0000-0003-
0339-356X; Email: acolina@ubu.es

Authors

Martin Perez-Estebanez — Department of Chemistry,

Universidad de Burgos, E-09001 Burgos, Spain;
orcid.org/0000-0003-1510-5422

Juan V. Perales-Rondon — Department of Chemistry,
Universidad de Burgos, E-09001 Burgos, Spain; Hydrogen
and Power-to-X Department, Iberian Centre for Research in
Energy Storage, E-10004 Cdceres, Spain; ® orcid.org/0000-
0001-7182-6289

Sheila Hernandez — Department of Chemistry, Universidad de
Burgos, E-09001 Burgos, Spain; Chair of Analytical
Chemistry II, Faculty of Chemistry and Biochemistry, Ruhr
University Bochum, Bochum 44801, Germany; © orcid.org/
0000-0002-0466-8759

Aranzazu Heras — Department of Chemistry, Universidad de
Burgos, E-09001 Burgos, Spain; ® orcid.org/0000-0002-
5068-2164

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.analchem.4c01132

Author Contributions

The manuscript was written through contributions of all
authors. All authors have given approval to the final version of
the manuscript.

Funding

This work was funded by the Ministerio de Ciencia e
Innovacion and Agencia Estatal de Investigaci()n (MCIN/
AEI/10.13039/501100011033 and PID2020—113154RB-
C21), Ministerio de Ciencia, Innovacién y Universidades
(RED2022—134120-T), and Junta de Castilla y Ledn and
European Regional Development Fund (Grant number:
BU036P23).

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS
M.P.-E. acknowledges Junta de Castilla y Leén and European
Social Fund for his postdoctoral contract (BU036P23). J.V.P.-

R. acknowledges Ministerio de Universidades and NextGener-
ationEU for his Maria Zambrano Fellowship. S.H. acknowl-

9933

edges Junta de Castilla y Le6n and European Social Fund for
her postdoctoral contract.

B REFERENCES

(1) Lozeman, J. J. A; Fiihrer, P.; Olthuis, W.; Odijk, M. Analyst
2020, 145 (7), 2482—2509.

(2) Zhai, Y.; Zhu, Z.; Zhou, S.; Zhu, C.; Dong, S. Nanoscale 2018, 10
(7), 3089—3111.

(3) Garoz-Ruiz, J.; Perales-Rondon, J. V.; Heras, A,; Colina, A.
Electroanalysis 2019, 31 (7), 1254—1278.

(4) Kaim, W.; Fiedler, J. Chem. Soc. Rev. 2009, 38 (12), 3373—3382.

(5) Chen, W,; Liu, X.-Y; Qian, C.; Song, X.-N.; Li, W.-W.; Yu, H.-Q.
Biosens. Bioelectron. 2015, 64, 25—29.

(6) Syed, S. N.; Schulze, H.; Macdonald, D.; Crain, J.; Mount, A. R;;
Bachmann, T. T. J. Am. Chem. Soc. 2013, 135 (14), 5399—5407.

(7) Heras, A.; Colina, A.; Ruiz, V.; Lépez-Palacios, J. Electroanalysis
2003, 15 (8), 702—708.

(8) Garoz-Ruiz, J.; Heras, A;; Colina, A. Anal. Chem. 2017, 89 (3),
1815—1822.

(9) Olmo, F.; Garoz-Ruigz, J.; Carazo, J.; Colina, A.; Heras, A. Sensors
2020, 20 (18), 1-13.

(10) Gonzélez-Diéguez, N.; Colina, A.; Lépez-Palacios, J.; Heras, A.
Anal. Chem. 2012, 84 (21), 9146—9153.

(11) Zhang, D.; Wang, R.; Wang, X.; Gogotsi, Y. Nat. Energy 2023,
8, 567.

(12) Schroll, C. A; Chatterjee, S.; Heineman, W. R;; Bryan, S. A.
Anal. Chem. 2011, 83 (11), 4214—42109.

(13) Garoz-Ruiz, J.; Guillen-Posteguillo, C.; Heras, A; Colina, A.
Electrochem. Commun. 2018, 86 (September 2017), 12—16.

(14) Yu, J. S; Yang, C.; Fang, H. Q. Anal. Chim. Acta 2000, 420 (1),
45-5S.

(15) Olmo-Alonso, F.; Garoz-Ruiz, J.; Heras, A,; Colina, A. J.
Electroanal. Chem. 2023, 935 (December2022), No. 117333.

(16) Lépez-Palacios, J.; Colina, A.; Heras, A.; Ruiz, V.; Fuente, L.
Anal. Chem. 2001, 73 (13), 2883—2889. )

(17) Orcajo, O.; Ventosa, E.; Martinez, A.; Colina, A.,; Heras, A;
Ruiz, V.; Lépez-Palacios, J. J. Electroanal. Chem. 2006, 596 (2), 95—
100.

(18) DeAngelis, T. P.; Heineman, W. R. J. Chem. Educ. 1976, 53 (9),
594.

(19) Bott-Neto, J. L.; Rodrigues, M. V. F.; Silva, M. C.; Carneiro-
Neto, E. B.; Wosiak, G.; Mauricio, J. C.; Pereira, E. C.; Figueroa, S. J.
A.; Fernandez, P. S. ChemElectroChem 2020, 7 (21), 4306—4313.

(20) Wang, T.; Zhao, D.; Alvarez, N.; Shanov, V. N.; Heineman, W.
R. Anal. Chem. 2015, 87 (19), 9687—9695.

(21) Haymond, S.; Zak, J. K.; Show, Y.; Butler, J. E.; Babcock, G. T.;
Swain, G. M. Anal. Chim. Acta 2003, 500 (1-2), 137—144.

(22) Kishioka, S. J. Electroanal. Chem. 2023, 930 (December 2022),
No. 117151.

(23) Talsky, G.; Mayring, L.; Kreuzer, H. Angew. Chem., Int. Ed.
1978, 17 (11), 785—799.

(24) Kishioka, S. ]. Electroanal. Chem. 2022, 918 (June),
No. 116485.

(25) Leédn, L.; Mozo, J. D. Trends Anal. Chem. 2018, 102, 147—169.

(26) Flowers, P. A.; Blake, D. A. Anal. Chem. 2013, 85 (6), 3059—
3063.

(27) Flowers, P. A;; Nealy, G. Anal. Chem. 1990, 62 (24), 2740—
2742.

(28) Brewster, J. D.; Anderson, J. L. Anal. Chem. 1982, 54 (14),
2560—2566.

(29) Branch, S. D.; Lines, A. M.; Lynch, J.; Bello, J. M.; Heineman,
W. R; Bryan, S. A. Anal. Chem. 2017, 89 (14), 7324—7332.

(30) Heineman, W. R;; DeAngelis, T. P.; Goelz, ]J. F. Anal. Chem.
1975, 47 (8), 1364—1369.

(31) Lin, X. Q.; Kadish, K. M. Anal. Chem. 1985, 57 (7), 1498—
1501.

(32) Ledn, L.; Maraver, J. J.; Carbajo, J.; Mozo, J. D. Sens. Actuators,
B 2013, 186, 263—269.

(33) Bernhardt, P. V. Chem.: Methods 2023, 3 (3), No. 202200047.

https://doi.org/10.1021/acs.analchem.4c01132
Anal. Chem. 2024, 96, 9927-9934


https://pubs.acs.org/doi/10.1021/acs.analchem.4c01132?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.4c01132/suppl_file/ac4c01132_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alvaro+Colina"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-0339-356X
https://orcid.org/0000-0003-0339-356X
mailto:acolina@ubu.es
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Martin+Perez-Estebanez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1510-5422
https://orcid.org/0000-0003-1510-5422
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Juan+V.+Perales-Rondon"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7182-6289
https://orcid.org/0000-0001-7182-6289
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sheila+Hernandez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-0466-8759
https://orcid.org/0000-0002-0466-8759
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Aranzazu+Heras"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5068-2164
https://orcid.org/0000-0002-5068-2164
https://pubs.acs.org/doi/10.1021/acs.analchem.4c01132?ref=pdf
https://doi.org/10.1039/C9AN02105A
https://doi.org/10.1039/C9AN02105A
https://doi.org/10.1039/C7NR07803J
https://doi.org/10.1039/C7NR07803J
https://doi.org/10.1002/elan.201900075
https://doi.org/10.1039/b504286k
https://doi.org/10.1016/j.bios.2014.08.032
https://doi.org/10.1021/ja311873t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/elan.200390088
https://doi.org/10.1002/elan.200390088
https://doi.org/10.1021/acs.analchem.6b04155?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.6b04155?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/s20185179
https://doi.org/10.3390/s20185179
https://doi.org/10.1021/ac3018444?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41560-023-01240-9
https://doi.org/10.1038/s41560-023-01240-9
https://doi.org/10.1021/ac200551n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.elecom.2017.11.001
https://doi.org/10.1016/S0003-2670(00)01005-9
https://doi.org/10.1016/S0003-2670(00)01005-9
https://doi.org/10.1016/j.jelechem.2023.117333
https://doi.org/10.1016/j.jelechem.2023.117333
https://doi.org/10.1021/ac0014459?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jelechem.2006.07.026
https://doi.org/10.1016/j.jelechem.2006.07.026
https://doi.org/10.1021/ed053p594?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ed053p594?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/celc.202000910
https://doi.org/10.1021/acs.analchem.5b01784?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0003-2670(03)00529-4
https://doi.org/10.1016/j.jelechem.2023.117151
https://doi.org/10.1016/j.jelechem.2023.117151
https://doi.org/10.1002/anie.197807853
https://doi.org/10.1002/anie.197807853
https://doi.org/10.1016/j.jelechem.2022.116485
https://doi.org/10.1016/j.jelechem.2022.116485
https://doi.org/10.1016/j.trac.2018.02.002
https://doi.org/10.1021/ac303712v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac303712v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac00223a017?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac00223a017?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac00251a035?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac00251a035?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.7b00258?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac60358a046?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac60358a046?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac00284a079?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac00284a079?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.snb.2013.06.024
https://doi.org/10.1016/j.snb.2013.06.024
https://doi.org/10.1002/cmtd.202200047
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.4c01132?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Analytical Chemistry

pubs.acs.org/ac

(34) Colina, A; Loépez-Palacios, J.; Heras, A.; Ruiz, V.; Fuente, L. J.
Electroanal. Chem. 2003, 553, 87—93.

(35) Ibanez, D.; Pérez-Junquera, A.; Gonzédlez-Garcla, M. B,;
Herndndez-Santos, D.; Fanjul-Bolado, P. Talanta 2020, 206,
No. 120190.

(36) Gao, P.; Gosztola, D,; Leung, L.-W. H,; Weaver, M. J. |.
Electroanal. Chem. Interfacial Electrochem. 1987, 233 (1-2), 211—222.

(37) Wy, D.-Y,; Lj, J.-F,; Ren, B,; Tian, Z.-Q. Chem. Soc. Rev. 2008,
37 (5), 1025.

(38) Garoz-Ruiz, J.; Heras, A.; Palmero, S.; Colina, A. Anal. Chem.
2015, 87 (12), 6233—6239.

(39) Shin, S. J.; Kim, J. Y;; An, S,; Kim, M,; Seo, M; Go, S. Y;
Chung, H; Lee, M. K;; Kim, M. G; Lee, H. G.; Chung, T. D. Anal.
Chem. 2022, 94 (2), 1248—1255.

(40) Kuwana, T.; Strojek, J. W. Discuss. Faraday Soc. 1968, 45, 134.

(41) Xie, Q.; Wei, W.; Nie, L.; Yao, S. J. Electroanal. Chem. 1993,
348 (1-2), 29—47.

(42) Petek, Milica.; Neal, T. E.; Murray, R. W. Anal. Chem. 1971, 43
(8), 1069—1074.

(43) Langer, J.; Jimenez de Aberasturi, D.; Aizpurua, J.; Alvarez-
Puebla, R. A,; Auguié, B.; Baumberg, J. J.; Bazan, G. C;; Bell, S. E. J;
Boisen, A.; Brolo, A. G.; Choo, J.; Cialla-May, D.; Deckert, V.; Fabris,
L.; Faulds, K.; Garcia de Abajo, F. J.; Goodacre, R.; Graham, D.; Haes,
A.]J.; Haynes, C. L.; Huck, C,; Itoh, T.; Kill, M.; Kneipp, J.; Kotov, N.
A; Kuang, H; Le Ry, E. C; Lee, H. K;; Lj, J.-F,; Ling, X. Y.; Maier, S.
A.; Mayerhofer, T.; Moskovits, M.; Murakoshi, K.;; Nam, J.-M.; Nie,
S.; Ozaki, Y.; Pastoriza-Santos, L; Perez-Juste, J.; Popp, J.; Pucci, A,;
Reich, S,; Ren, B,; Schatz, G. C.; Shegai, T.; Schliicker, S.; Tay, L.-L.;
Thomas, K. G.; Tian, Z.-Q;; Van Duyne, R. P.; Vo-Dinh, T.; Wang,
Y.; Willets, K. A.; Xu, C.; Xu, H,; Xu, Y.; Yamamoto, Y. S.; Zhao, B,;
Liz-Marzan, L. M. ACS Nano 2020, 14 (1), 28—117.

(44) Jing, C.; Rawson, F. J.; Zhou, H.; Shi, X.; Li, W.-H.; Li, D.-W,;
Long, Y.-T. Anal. Chem. 2014, 86 (11), 5513—5518.

(45) Murke, S.; Wonner, K.; Alfarano, S. R.; Rurainsky, C.; Cignoni,
P.; Tschulik, K.; Havenith, M. J. Phys. Chem. C 2023, 127 (2), 1071—
1076.

(46) Jing, C.; Gu, Z.; Long, Y.-T. Faraday Discuss. 2016, 193, 371—
38S.

(47) Diaz, M. A,; Kelsall, G. H.; Welham, N. J. J. Electroanal. Chem.
1993, 361 (1-2), 25—38.

(48) Loo, B. H. J. Phys. Chem. A 1982, 86 (4), 433—437.

(49) Burke, L. D.; Hopkins, G. P. J. Appl. Electrochem. 1984, 14 (6),
679—686.

(50) Vitus, C. M.; Davenport, A. J. J. Electrochem. Soc. 1994, 141 (5),
1291—-1298.

(51) King, S.; Massicot, J.; McDonagh, A. Metals 2015, S (3), 1454—
1461.

(52) Park, J.-E.; Momma, T.; Osaka, T. Electrochim. Acta 2007, 52
(19), 5914—5923.

(53) Fernandez-Blanco, C.; Colina, A.; Heras, A;; Ruiz, V.; Lépez-
Palacios, J. Electrochem. Commun. 2012, 18, 8—11.

9934

https://doi.org/10.1021/acs.analchem.4c01132
Anal. Chem. 2024, 96, 9927-9934


https://doi.org/10.1016/S0022-0728(03)00288-2
https://doi.org/10.1016/S0022-0728(03)00288-2
https://doi.org/10.1016/j.talanta.2019.120190
https://doi.org/10.1016/j.talanta.2019.120190
https://doi.org/10.1016/0022-0728(87)85017-9
https://doi.org/10.1016/0022-0728(87)85017-9
https://doi.org/10.1039/b707872m
https://doi.org/10.1039/b707872m
https://doi.org/10.1021/acs.analchem.5b00923?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.5b00923?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.1c04467?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.1c04467?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/df9684500134
https://doi.org/10.1016/0022-0728(93)80121-W
https://doi.org/10.1016/0022-0728(93)80121-W
https://doi.org/10.1021/ac60303a032?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac60303a032?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.9b04224?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac500785u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.2c06515?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.2c06515?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C6FD00069J
https://doi.org/10.1039/C6FD00069J
https://doi.org/10.1016/0022-0728(93)87035-T
https://doi.org/10.1016/0022-0728(93)87035-T
https://doi.org/10.1021/j100393a002?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/BF00615254
https://doi.org/10.1007/BF00615254
https://doi.org/10.1149/1.2054912
https://doi.org/10.1149/1.2054912
https://doi.org/10.3390/met5031454
https://doi.org/10.3390/met5031454
https://doi.org/10.1016/j.electacta.2007.03.029
https://doi.org/10.1016/j.electacta.2007.03.029
https://doi.org/10.1016/j.elecom.2012.01.020
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.4c01132?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

