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Abstract

This study investigates the electro-oxidation of ethanol in seawater-like electrolytes with adjusted pH, exploring its potential
for CO, mitigation strategies. Using a polycrystalline platinum bead as a model catalyst in a conventional three-electrode
cell, we demonstrate that pH adjustment significantly influences electrochemical performance, with higher oxidation cur-
rent densities observed at more alkaline pH values. At pH 12, usable current densities for ethanol oxidation were achieved,
attributed to the decreased surface coverage of Cl™ ions and increased ethoxy ion concentrations, consistent with observations
from similar systems in the literature. However, mass transport limitations emerged at higher potential scan rates, evident
from the inversion in peak current densities between pH 13 and pH 14 compared to lower scan rates. Additionally, voltam-
metric profiles indicated a preference for certain platinum crystallographic faces due to variations in chloride and sulfate
binding strength. Notably, potential oscillations, not previously reported under such elevated C1~ concentrations, further
support these findings. Tafel analysis in the high potential region (> 1.2 V) revealed that the platinum oxide surface does not
become more sensitive to ethanol oxidation with increasing pH. These insights provide an initial understanding of the main

opportunities and challenges in studying and applying such systems.

Keywords Hybrid electrolysis - Chloride adsorption - Dynamic instabilities - Platinum surface - Alkaline electrolytes

Introduction

The rising concentration of atmospheric CO, presents sub-
stantial environmental challenges, including ocean acidifica-
tion, extreme weather events, and global warming. Projec-
tions indicate that mitigating the worst effects of climate
change will necessitate the removal of 10-20 Gt of CO,
annually from 2050 until the end of the century. Among
various CO, capture strategies, ocean-based approaches
offer considerable potential due to the oceans’ natural role
as carbon sinks [1].

An effective strategy involves coupling electrochemical
desalination systems with CO, capture techniques, providing
the combined benefits of desalination and carbon seques-
tration [2, 3]. In such systems, seawater is extracted from
ecologically sustainable ocean locations and subjected to
pre-purification steps, such as filtration and flocculation,

< Hamilton Varela
hamiltonvarela@usp.br

Sao Carlos Institute of Chemistry (IQSC), University of Sdo
Paulo (USP), PO Box 780, Sao Carlos, SP 13560-970, Brazil

Published online: 08 February 2025

to remove insoluble particles and organic matter. The
treated seawater is then channeled into an electrochemical
cell equipped with an anion exchange membrane (AEM)
and a cation exchange membrane (CEM), which separate
desalinated water from a concentrated brine. This brine
subsequently undergoes electrolysis, powered by renewable
energy sources, driving both carbon capture and desalina-
tion. Figure 1 illustrates a generic electrochemical desalina-
tion system integrated with CO, capture and mineralization.

At the anode, hydrogen gas reacts in an anion-rich solu-
tion, producing an acidified stream primarily containing HCI
and H,SO,, which can be repurposed for industrial applica-
tions. Meanwhile, at the cathode, the cation-rich aqueous
solution reacts, generating hydrogen gas and an alkalized
stream containing hydroxides of Na*, K*, Mg?*, and Ca**.
When exposed to atmospheric CO,, this stream forms mag-
nesium and calcium carbonates (MgCO; and CaCOs;), which
can be sequestered on the ocean floor [4], used in artificial
reefs [5], or applied in various industries, such as cement
production [6, 7].

The remaining alkaline stream, now depleted in ions
and with a slightly lower pH (though still above natural
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Fig. 1 Schematic representation of a generic electrochemical desalination system coupled with an atmospheric CO, capture and mineralization

step

seawater levels of ~ 8.2), can be partially redirected to the
cathodic compartment. Such recirculation helps main-
tain an optimal pH, thereby reducing energy consump-
tion during water electrolysis, particularly if sensors are
employed to monitor the catholyte’s pH and ionic com-
position. These measures ensure efficient system opera-
tion and prevent scaling, which could otherwise impair
performance [8].

To enhance economic feasibility, the other portion of the
depleted alkaline stream could be diverted to complemen-
tary processes. This could increase the financial viability of
the operation by creating opportunities for hydrogen pro-
duction, CO, reduction into higher-value products, or both.
The anodic reaction’s electron supply rate determines the
efficiency of these complementary processes, making the
careful selection of the anodic reaction crucial [9].

Although water oxidation (WOR) is a viable anodic reac-
tion, it produces relatively low-value products such as O,
and H,O,. WOR also operates at high thermodynamic poten-
tials and overpotentials, particularly with the catalysts most
used. Other anodic reactions, such as the electro-oxidation
of carbon-, nitrogen-, and sulfur-based molecules, offer eco-
nomically valuable products—including pharmaceuticals
[10]—and have slowly begun to be considered auxiliary
reactions in hybrid seawater electrolyzers [11-13]. These
reactions operate at lower thermodynamic potentials and
overpotentials than WOR, making them promising alter-
natives. Additionally, they broaden the range of valuable
products that can be generated, thereby increasing the sys-
tem’s economic viability. Figure 2 illustrates some of these
alternative anodic reactions, highlighting their potential to
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produce a wider array of valuable products compared to
water oxidation.

To maximize economic efficiency, it would be advan-
tageous to construct facilities employing these alternative
anodic reactions in coastal areas near regions where these
compounds are already produced, stored, or transported.
For instance, locating such installations near seaports would
facilitate logistics and reduce the costs associated with trans-
porting materials and the solutions containing the products
generated to electrochemical processing, separation, and
wastewater treatment plants.

Among the alternative anodic processes, ethanol electro-
oxidation stands out as a particularly attractive option. Etha-
nol, a biomass-derived organic molecule, has smaller oxida-
tion overpotentials compared to water (E?COZ JCH,OM) ™
0.08 V vs. SHE) [14], making it an efficient candidate for
electrochemical processes. Ethanol is also easier to store and
transport, with a volumetric energy density of 6.7 kWh/L
compared to 1.3 kWh/L for hydrogen at 700 bar [15, 16].
Moreover, ethanol oxidation yields valuable by-products,
such as acetaldehyde and acetic acid, enhancing its eco-
nomic appeal [17].

Ethanol’s role in seawater-based systems has been
explored in various related applications, such as biofuel
production and desalination, where it can help reduce the
energy costs associated with traditional methods [18-22].
By leveraging its chemical properties in these contexts,
ethanol becomes a key component in enhancing the eco-
nomic feasibility of seawater desalination systems coupled
with CO, capture. Its unique interaction with seawater offers
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opportunities for improved reaction selectivity and yield,
particularly in systems where chloride ions are abundant.

Typically, a sample of water from a random point in
the ocean will exhibit a chloride (C17) concentration of
around 0.5 M [23]. In the 1930s, Frumkin and collabora-
tors observed that halide anions tend to strongly adsorb onto
noble transition metal electrodes in acidic aqueous solu-
tions—findings later expanded by Breiter and Gilman in the
1960s, and Horanyi and Bagotzky in the 1970s [24-27]. In
1981, Novak and Conway recognized a fundamental differ-
ence between Br/I” and Cl” ions in their adsorption behav-
ior—while the former follows a Langmuir-type isotherm,
chloride ions adhere to a linear logarithmic isotherm [28].

This aspect directly influences the response of the elec-
trode/electrolyte interface in the presence of neutral species
in the medium. For example, Sobkowski et al. [29] observed
that bromide and iodide concentrations as low as 107> M can
significantly inhibit methanol oxidation on a polycrystalline
platinum electrode in acidic conditions, whereas a Cl”~ con-
centration of approximately 107> M is required to produce
a similar effect—Ilargely due to the relative ease with which
alcohol molecules displace adsorbed water molecules and
chloride ions.

For ethanol, the literature on its electro-oxidation at
moderate potentials in the presence of C1™ anions is some-
what limited. Notably, two papers from the 1980s by Snell
and Keenan [30, 31] focused on platinum in both neutral
and acidic solutions, drawing conclusions similar to those
found for methanol decades earlier [32—-35]. Additionally,
a 2016 paper by Kumar et al. [36] investigated this process
on a palladium electrode in alkaline media. Interestingly,
even at a NaCl concentration as high as 0.1 M and a pH of

$% +4H,0 - S0} +8H' + 8e™

dioxide reduction reaction; HER, hydrogen evolution reaction; EOR,
ethanol oxidation reaction; SOR, sulfide oxidation reaction; UOR,
urea oxidation reaction, OER, oxygen evolution reaction. Based on
[12, 13]

13, the anodic current observed for this system was sig-
nificantly higher than that for the same reaction carried out
with similar alcohol concentrations but only trace amounts
of chloride ions in a low pH medium.

A comprehensive phenomenological model, applicable
to observations of this kind, was developed in a study by
Attard [37], which argued that increasing the pH of the
medium shifts the potential of zero charge to higher values
due to a greater surface concentration of negative charges
from adsorbed OH™ anions. This, in turn, decreases the
surface coverage of other strongly binding negatively
charged species, such as chloride anions. The implications
of this effect have been explored with some success in
the adjacent field of seawater electrolysis [38—41], where
natural waters are alkalinized to increase the selectivity of
the anodic process towards water oxidation rather than the
typically undesired chloride oxidation reactions (COR).
However, there has not yet been a systematic study focused
on evaluating how the transition from neutral to high pH
conditions affects the oxidation of organic species like
ethanol in a chloride-rich medium.

Building on the preceding points, we present here an
initial assessment of the fundamental aspects of ethanol
electro-oxidation in seawater, employing a simplified sea-
water electrolytic matrix and a model polycrystalline plati-
num electrode to identify and explore key factors influenc-
ing this process. In doing so, we aim to provide insights
while also laying the groundwork for further research into
the potential benefits and challenges of integrating ethanol
into electrochemical CO, capture and desalination systems
coupled with hybrid seawater electrolysis.
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Experimental
Reagent and solution preparation

All solutions were prepared using analytical grade reagents
(>99%)—NaCl (Panreac), Na,SO, (Sigma-Aldrich), NaOH
(Sigma-Aldrich), H,SO, 96.5% (Exodo Cientifica), absolute
ethanol (Supelco)—and ultrapure deionized water (Milli-
pore, 18.2 MQ cm). The seawater-mimicking electrolyte was
a simplified version of the ionic matrix suggested by the
international standard ASTM D1141-98, consisting of 0.5 M
NaCl and 0.05 M Na,SO,, with the ethanol concentration
maintained at 1 M in all relevant experiments.

Experimental setup configuration

The electrochemical measurements were conducted in a
conventional three-electrode cell. The working and coun-
ter electrodes were polycrystalline platinum—a spherical
bead with a 1.05 mm radius and a large surface area coil,
respectively—while the reference electrode was a revers-
ible hydrogen electrode (RHE) filled with the same support
electrolyte used in each experiment. Unless otherwise stated,
all measurements and equations reported and discussed are
referenced to the RHE.

Reference electrode calibration

For solutions with pH lower than 12, the RHE electrode
displays pseudo-reference behavior after stabilization. It was
calibrated with respect to the hydrogen evolution reaction
(HER, E°=0.00 V vs. RHE) before and after the addition
of alcohol.

Fig.3 Diagrammatic represen-
tation of the steps involved in

Equipment used

A potentiostat/galvanostat (Autolab PGSTAT302N)
with the Nova interface (version 2.1.7) was used for the
measurements.

Glassware cleaning and electrode conditioning

Before each set of measurements, the glassware was cleaned
with potassium permanganate and diluted piranha solutions
according to procedures described elsewhere [42]. Both plat-
inum electrodes were flame annealed for a few seconds and
then inserted into the argon-deaerated system maintained at
25 °C. The working electrode surface was electrochemically
conditioned prior to each measurement to ensure reproduc-
ibility (Fig. 3). This procedure was based on Gilman [43].
All experimental data presented and discussed in the fol-
lowing sections were selected from reproducible replicates
to represent each condition.

Determination of electrochemically active surface
area

The electrochemically active surface area (ECSA) of the
pc-Pt bead was determined for the purpose of normaliza-
tion by integrating the charge from the hydrogen desorp-
tion region of voltammograms obtained in a 0.5 M H,SO,
solution at 50 mV s™!. The calculation followed a standard
procedure based on cyclic voltammetry in the well-charac-
terized hydrogen adsorption/desorption region of the plati-
num surface [44].

Cyclic voltammetry: Cyclic voltammetry scans were
conducted within the potential range corresponding to
hydrogen adsorption/desorption on the platinum surface.

the electrochemical pre-condi-
tioning of the electrode before
each measurement, where *“y”
corresponds to the specific
values of fixed potential applied
at the beginning of each proce-
dure (i.e., cyclic voltammetry
(CV), linear sweep voltammetry
(LSV), chronoamperometry
(CA), chronopotentiometry
(CP), and electrochemical
impedance spectroscopy (EIS))
and “z” to the duration of the
application
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Charge integration: The charge (Qy) associated with the
hydrogen adsorption/desorption peaks was integrated.
This charge is directly proportional to the available elec-
troactive sites for hydrogen adsorption on the electrode.
ECSA calculation: The electrochemically active surface
area was then calculated using the following equation:

Qu

ECS A= ———M
0.210 mC cm~2

ey
where Qy represents the charge for hydrogen adsorption/des-
orption, and 0.210 mC cm™2 is the standard charge density
corresponding to a monolayer of hydrogen on polycrystal-
line platinum [45].

Multiple measurements were performed to validate the
reproducibility and accuracy of the ECSA values, resulting
in a roughness factor of 1.041+0.037 for the electrode used
in subsequent experiments. Further details on the reasoning
behind the choice of this method can be found in Section S.1
of the Online Resource.

Determination of the cell’s uncompensated
resistance

The uncompensated resistance (R,) of the electrochemical
system was estimated before each set of voltammetric meas-
urements using electrochemical impedance spectroscopy.
Data were acquired at the open-circuit potential (OCP), and
R, was determined from the x-axis intercept (real impedance,
Z..) in the high-frequency region (> 10 kHz) of the Nyquist
plot. The corresponding potential drop resulting from this
resistance (iR drop) was corrected during data analysis to
ensure accuracy in the reported voltammetric results and
consistency between measurements. The R, values were
approximately 15 Q for systems with pure electrolyte solu-
tions and around 20 Q for solutions containing 1 M ethanol.

Results and discussion

The electro-oxidation of ethanol is known to proceed
through distinct mechanistic steps, depending on whether
the catalytic site interacting with the alcohol molecule is part
of a metallic surface or an oxide layer [46]. For clarity, the
discussion has been divided into three topics—two based on
the potential windows where each process occurs and one
for a more comprehensive analysis of the findings. These are
presented as follows:

Low to moderate potential region (0.05-1.20 V)

It is widely accepted that ethanol electro-oxidation at low
to moderate potentials over metallic platinum catalysts

proceeds through successive oxidative dehydrogena-
tion steps (Eq. 2). The products formed are typically the
most stable solution species, produced via the reaction
of adsorbed organic fragments with neighboring Pt-OH
groups, following a Langmuir-Hinshelwood mechanism.
These species mainly include acetaldehyde, acetic acid,
and carbon dioxide [47].

[X]pgs + Pt > Pt—X*+H" + ¢~ )

ads

In which X/X* = CH,CH,OH, CH;CHOH, CH;COH,
CH;CO, and CO (in this sequence of reactions).

While the surface-inhibiting effects of chloride ions at
low pH (and their attenuation in strongly alkaline media)
have been reported to some extent over various noble met-
als (as discussed in the introduction), a systematic study
addressing how pH variation affects the specific kinetic
aspects of this process is still lacking. Therefore, the first
step of this investigation involved obtaining electrochemi-
cal profiles for the system across a wide range of pH val-
ues (8 to 14) in the potential range of 0.05 to 1.20 V. The
cyclic voltammograms recorded for the solutions with and
without 1 M ethanol are shown in Fig. 4.

An inspection of the electrochemical behavior of the
polycrystalline platinum (pc-Pt) electrode in the pure
support electrolyte shows that at pH 8, most processes
related to platinum oxide formation/reduction and hydro-
gen adsorption/desorption are inhibited. This is attributed
to the strong adsorption of chloride ions [24]. As the pH
increases to 14, the inhibition effect becomes less pro-
nounced, likely due to a reduction in Cl”~ surface cover-
age, as the potential of zero charge (PZC) shifts to higher
values due to the increasing concentration of negatively
charged OH™ groups on the electrode surface [37].

Interestingly, the evolution of the voltammetric profile
of polycrystalline platinum with increasing pH differs
markedly from what has been reported in studies using
supporting electrolytes with more conventional anions
(e.g., C10,”, SO,>~", and Pi—inorganic phosphate ions)
[48-51]. This divergence likely arises from the strong spe-
cific adsorption of chloride ions, which alters the surface
dynamics compared to systems where only perchlorate or
sulfate ions are present.

A closer inspection also suggests a trend towards the
selective exposure of certain crystallographic faces of
polycrystalline platinum as pH increases. Although some
asymmetries are observed between the cathodic and anodic
scans compared to known profiles of respective single-
crystal highly polarizable electrodes [52, 53], patterns
emerge. At pH 8, the shape and current density of the H
adsorption region resemble Pt(110). With increasing OH™
concentrations, features of Pt(100) emerge at pH 9 and 10,
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and for pH 11 and above, the surface behavior aligns with
that of polycrystalline platinum in alkaline media [54, 55].

It is well documented that the adsorption strength of ani-
ons on platinum varies with atomic coordination, follow-
ing the order {111} > {100} > {110} [56]. This suggests
that chloride ions preferentially adsorb at certain sites due
to significant differences in binding energies. However,
as the pH increases, electrostatic repulsion is expected to
build up within the electrode/electrolyte interface due to the
increasing concentration of negatively charged OH™ ions. In
principle, the heterogeneous 2D surface occupancy would
lead to imbalances in repulsive forces between neighbor-
ing chloride ions, eventually leading to a reorganization of
the adsorbed layer as repulsive forces approach the species’
binding energy [57, 58]. This is supported by the behavior
observed at pH 12, where electrochemical features of the
pc-Pt surface are briefly subdued compared to pH 11, before
re-emerging at pH 13.

From another perspective, the alleviating effect of increas-
ing the medium pH on the surface inhibition promoted by
chloride ions also has a noticeable impact on the voltammet-
ric profiles of the system in the presence of 1 M ethanol. As
can be seen in Fig. 4b, for pH values up to 10, there are only
weak signs of the fragmentation of ethanol and water mol-
ecules on the platinum surface at around 0.30 V and 0.95 V,
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respectively, without any indication of reactions between
the formed organic and oxygenated groups—characteristic
of the EOR processes. This suggests the difficulty ethanol
molecules face in adsorbing and reacting with the platinum
electrode surface in appreciable amounts due to the high
CI” surface coverage.

As the pH increases to 11, there is a sudden surge in the
system’s current baseline, accompanied by the appearance
of two distinct peaks attributed to the preferential fragmenta-
tion and partial oxidation of the negatively charged ethoxy
species, rather than ethanol, to acetaldehyde. Ethanol has a
pK, of approximately 15, and a medium with a pH of 11 cor-
responds to the lower limit where a non-negligible concen-
tration of ethoxy species exists [59]. Additionally, the fact
that the observed current does not rapidly diminish within
the potential window considered could be associated with
increased formation of polarized organic fragments (pseudo-
capacitive contribution) that are not readily removed from
the electrode surface, likely due to the insufficient forma-
tion of neighboring Pt-OH groups—which would indicate
a higher affinity of the platinum metallic sites for ethanol
rather than water/hydroxide at pH<11.

As the pH increases to 12 and 13, the system exhibits
a consistent rise in the current of a well-defined oxidation
process, consistent with the increase in OH™ concentration
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and its previously mentioned positive effects on ethoxy and
Pt-OH group concentrations. Finally, at pH 14, a similar
enhancement in current density is observed; however, the
process appears to deconvolute into two peaks: a more
intense one centered at 0.58 V and a less pronounced one at
0.79 V—an observation consistent with reports stating that,
in the absence of strongly adsorbing anions, the C,-pathway,
in which the carbon-carbon bonds in ethanol and acetalde-
hyde are broken (leading to the formation of CO,), is favored
to a minor extent [60].

The scan rate of the voltammetric measurements signifi-
cantly affects the system’s response across different pH val-
ues, as seen in Fig. 4b (1 mV s7!) and ¢ (50 mV s™!). Most
of the trends discussed above remain visible at faster scan
rates, though some deviations emerge. One noticeable dif-
ference is the reversal of the EOR intensity at pH 13 and 14
for the faster scan.

There are two main hypotheses that could explain the
higher current density observed at pH 13 under these con-
ditions. First, the rapid scan rate may prevent the dissipa-
tion of the pH gradient formed due to reactions like those
expressed in Eq. 2, resulting in an effective interfacial pH
significantly lower than that of the bulk solution [61]. Sec-
ond, at high OH™ concentrations, hydroxide ions may act as
surface-inhibiting species toward ethanol due to their large
difference in diffusion coefficients—an effect more readily
revealed at faster scan rates where mass transport limitations
become more pronounced [62].

Given the remarkable sensitivity of their response to the
immediate interface conditions during the catalytic process,
dynamic instabilities were evaluated in the system in the
presence of ethanol at the pH values considered. The col-
lected data are shown in Fig. 5.

The galvanodynamic curves obtained for pH values from
8 to 14 (Fig. 5a) show that: (i) for pH 8 to 10, the potential
rapidly increases into the oxygen evolution reaction/chloride
oxidation reaction region with little variation in current den-
sities; (i7) for pH 11 and 12, there is a considerable shift in
the profile for larger current density values before the sharp
rise in potential; and (iii) for pH 13 and 14, bistable behavior
(coexistence of two stable equilibrium states) is observed in
distinct and non-overlapping current density windows, with
pH 13 displaying a considerably larger region of potential
oscillation compared to pH 14.

Such oscillatory behavior aligns with the phenomenon
of dynamic instabilities in heterogeneous catalysis, system-
atically and extensively investigated by Gerhard Ertl and
his collaborators [63]. Although Ertl’s early research pri-
marily focused on gas-phase reactions on metal surfaces,
particularly platinum, his insights into molecular adsorption
dynamics (e.g., CO and O,) laid the groundwork for later
addressing instabilities in electrochemical systems involving
more complex molecules, such as formic acid and methanol

[64-66]. The coupling of a surface poisoning process with
a slower, potential-dependent oxidation reaction—described
in the ‘hidden negative impedance’ model derived from his
ideas and further developed notably by Eiswirth, Krischer,
Koper, and Strasser [67-69]—provides a valuable frame-
work for interpreting the oscillations observed here. This
model illustrates how surface poisoning by intermediates
and the regeneration of active sites at different rates can
result in oscillatory behavior [70]. In our system, a simi-
lar interaction between chloride adsorption and subsequent
oxidation processes may underlie the potential oscillations
observed at higher pH values.

Despite the existence of a few studies addressing dynamic
instabilities during the electro-oxidation of carbon-based
compounds on platinum in the presence of Cl™ ions [27,
71-73], direct comparisons with the present findings should
be approached cautiously. None of the previous studies was
conducted under such high chloride concentrations and alka-
line conditions. For instance, the widening of the current
density window where potential instabilities were observed
for methanol oxidation, as reported by Fiori et al. [74], ini-
tially appears consistent with the reduction in anion surface
coverage as pH increases. However, their experiments in
acidic conditions do not account for the mass transport limi-
tations inherent to highly alkaline solutions [62].

To better understand the processes occurring during the
observed potential oscillations, galvanostatic time series
were obtained for pH 13 and 14. Since the instabilities occur
in distinct and non-overlapping current density windows, the
current densities chosen for comparison were normalized
using a method proposed by Varela and co-workers [75]:

Josc —Josc.i
NT T 3)
Joscs —Josc.i
where j . is the applied current density, and j,. ; and j ¢ are
the initial and final current densities that define the observed
oscillatory potential regions, respectively.

Despite the more than 3-fold difference between any pos-
sible chosen jy values associated with the pH 13 and 14
cases, all of them felt within narrow potential windows cor-
responding to the immediate descending branch following
the peak of their respective voltammetric oxidation process
waves (the single one from pH 13 and the second one from
pH 14— Fig. 5b and c). The results corresponding to the
current density values associated with the midpoint of each
oscillation window (j, 5) are shown in Fig. 5d and e.

The shape, amplitude, and evolutionary trend of the
potential oscillations observed for these time series are
essentially the same, with the most significant variations
associated with the period of the oscillations. Regarding
the last point, while the average oscillation period (7) does
not contain enough information by itself to completely
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characterize the dynamic behavior of the system, it still
provides some useful insights.

For instance, Koros’s [76] approach treats oscillations as
a pseudo-monomolecular reaction, where the reciprocal of
the oscillation period is analogous to a first-order rate con-
stant. Combined with the Arrhenius equation, this implies
that 7 would be directly proportional to the activation energy
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(E,) of the overall process [75] and that E,(pH 13) > E,(pH
14)—suggesting thus higher activation energy at pH 13 [77].

Moreover, this observation intersects with Temkin’s rule
[78], which posits that the average oscillation period can
represent the relaxation time of a group of competing surface
reactions as they approach a steady state (which is never
fully achieved during dynamic instabilities [79]).
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Upon closer inspection of the instability time series, it is
evident that at lower maximum potential values (correspond-
ing to the peak of the poisoning process), the oscillations
exhibit longer periods and plateau-like profiles. These sug-
gest the presence of more weakly bonded species, such as
carboxylates (e.g., acetate from acetaldehyde oxidation), on
the electrode surface [80-82]. As the maximum potential
increases, the oscillation period shortens and transitions to
a sawtooth-like shape, indicating the poisoning and cleaning
of the electrode surface by strongly adsorbed species, such
as Pt-CO, through a Langmuir-Hinshelwood-type mecha-
nism involving Pt-OH groups and CO, production [60, 82].

Interestingly, another noteworthy pattern emerges when
the oscillation profiles observed here are compared to those
reported in the literature for the ethanol oxidation reac-
tion on various single-crystal platinum surfaces [82]. The
time series presented in this study closely resemble those
recorded for Pt(100) and Pt(110) electrodes in NaOH elec-
trolyte with ethanol, both in terms of shape and trend.

Considering the observations by Previdello et al. [83],
which suggest that the specific characteristics of these time
series—such as shape, amplitude, and period—are highly
sensitive to the identity of the crystallographic faces and
defects present on the platinum electrode surface, this pro-
vides compelling evidence that selective exposure of these
planes, influenced by pH and chloride ion interactions, plays
a pivotal role in defining the observed oscillatory behavior.
Consequently, such selective plane exposure may signifi-
cantly influence the overall electrochemical performance of
the electrode during the oxidation of organic molecules, in a
manner similar to that observed for single-crystal platinum
surfaces and preferentially domain-ordered nanoparticles
[52, 53, 84].

However, this inference contrasts with the earlier obser-
vation that the cyclic voltammograms for the platinum
electrode in the pure electrolyte solution (Fig. 4a) exhibit
a polycrystalline profile at pH 13 and 14. This apparent
contradiction can be reconciled by considering the effect of
introducing a more apolar organic compound into a polar
medium containing dissolved salts. Such an addition can
not only induce the precipitation of these salts by disrupt-
ing the solvation structure of their constituent ions, but also
increase the concentration of these ions near the electrode/
solution interface by affecting the dielectric constant of the
medium and, consequently, shifting their adsorption/desorp-
tion equilibrium (reflected in their degree of coverage)—pro-
vided that, from an energetic perspective, the stabilization
offered by the easier adsorption of ions with a looser solva-
tion sphere on the electrode is greater than that gained by
the formation of ionic pairs [85-87]. As a result, this may
counteract the reduction in chloride ion affinity for platinum
sites induced by the higher OH™ concentration, thereby influ-
encing the expected electrode response.

Altogether, the analysis of dynamic instabilities rein-
forces the inferences made throughout this discussion. How-
ever, further investigation is required to fully understand
the mechanistic behavior of the system within this potential
window.

High potential region (> 1.20 V)

Although current densities in the range of 1-10 mA cm™
achieved for the EOR at approximately 0.7 V are attractive
from an energetic perspective, the economic feasibility of
applying this process depends heavily on the system’s con-
figuration and operational parameters (e.g., temperature and
flow rate of the solution). Without further adjustments to the
electrolyte or catalyst composition, achieving higher current
densities would require increasing the applied potential.

In this context, reducing the potential bias required for a
given current density, facilitated by the presence of ethanol
compared to the higher overpotentials of water or chloride
oxidation reactions, is of considerable interest. Nevertheless,
the mechanistic considerations at play differ fundamentally
from those discussed earlier.

Firstly, under the alkaline pH values considered (see
Section S.2 of the Online Resource for mechanistic con-
siderations under acidic and neutral conditions), the upper
potential limit signifies a substantial change in the chemical
identity and reactivity of the platinum surface. In the range
of 0.95 to 1.15 V, superficial Pt-OH groups are converted
to Pt-O species, which are further oxidized to a PtO, phase
above 1.15 V [88]. These Pt-O units then become the pre-
ferred catalytic sites for the EOR, replacing the metallic Pt
atoms (Eqgs. 4-7, inspired by [89]).

Pt—O +OH — Pt—OOH +e~ )
Pt—OOH +OH™ — Pt +0O, +H,0 +e” 5)
Pt +OH™ - Pt—OH +e ©6)
Pt—OH +OH — Pt—-0O +H,0 +e” @)

While incomplete oxidation products such as ethyl acetate
and acetone are observed with other transition metal oxides
(in various heterogeneous reforming procedures) [90, 91],
platinum oxide typically yields only acetaldehyde and acetic
acid [88, 92-94].

However, the expected selectivity of the oxidation process
at potentials > 1.20 V is complex. In the given electrolyte, a
wide potential window exists where both the oxygen evolu-
tion reaction (Eg2 /0= Egz JoH = 1.229 V—Equations S16
and S27) and chloride oxidation reactions (E? =

Cl,/CI-
1378 V; By o = 1454 Vi B2 o = 1.673 V—Equa-
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tions S6, S11, and S22) are thermodynamically favorable
[40, 95, 96].

The challenge is exacerbated by the fact that all these
reactions share the Pt-O groups as catalytic sites, includ-
ing the EOR (Eqgs. 8-12, based on [88, 94, 97, 98]) and the
COR (Eqgs. 13 and 14, inspired by [99] for solutions with
pH>7.54).

Pt — O + CH;CH,OH — Pt— (OCH,CH;) +H" + ¢~ (8)
Pt — (OCH,CH;) — Pt + CH;CHO + H* + ¢~ ©)
Pt — O + CH;CHO — Pt—(OOCCH;)+H"+e~  (10)
Pt +OH — Pt—OH +e” a1

Pt — (OOCCH;) + Pt—OH — Pt + Pt— O + CH;COOH

(12)
Pt—0O +CI” = Pt— OCl + ¢~ (13)
Pt—OCl + OH™ — Pt—OH +CIO~ (14)

To assess the impact of pH on the influence of these reac-
tions, polarization measurements were conducted under
stationary conditions at a slow scan rate, with the results
presented in Fig. 6.

The LSVs for the system containing only the support
electrolyte (Fig. 6a) reveal two distinct sets of pH condi-
tions with consistent features. For § <pH <11, the profiles
are similar in shape, tightly grouped, with an average shift
of +0.03 V per added pH unit and a sharp increase in cur-
rent densities—only +0.06 V is required to raise the current
densities from 0.5 to 5 mA cm™2 across these conditions.

For pH > 12, the polarization curves begin to show an
increase in current density at considerably lower onset
potential values (around 1.55 V) compared to those observed
for pH<11, albeit at a slower rate. An overpotential
of +0.467 V is required to reach js . .- at pH 12 compared
to pH 11, with values of +0.810 V,+0.710 V, and +0.380 V
needed to increase from jj s to js . o> for pH 12, 13, and
14, respectively (Fig. 6¢).

While these findings may seem to contradict the thermo-
dynamically predicted preference for OER over COR, they
are consistent with studies showing that COR, a two-electron
process, is kinetically more favorable than OER, a four-elec-
tron process [40]. However, neither kinetic preference nor
thermodynamic favorability alone determines selectivity
under specific experimental conditions.

A useful descriptor for the observed selectivity was pro-
posed by Exner et al. [100]. They suggested that when the
rate-determining step (RDS) involves the formation of Pt-
OOH, water (H,O/OH") and chloride (CI") ions compete for
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adsorption at the shared catalytic Pt-O site. The Gibbs free
energy of the Pt-OCl intermediate (AG*(Pt—OCl)) is always
lower than that of Pt-OOH (AG*(Pt-OOH)), meaning that
COR is always kinetically favored over OER at lower poten-
tials. Thus, the difference in activation energies (AG*(Pt-
OOH) — AG*(Pt-OCl)) serves as a key measure of the sys-
tem’s selectivity between COR and OER [101].

For pH values <11, the reaction kinetics appear largely
unaffected by the increase in OH™ concentration, suggest-
ing that the RDS is not sensitive to OH™ concentration or
its influence on CI™ adsorption. This implies that neither
the step in Eq. 13 nor the alternative in Eq. 14 serves as the
RDS.

Additionally, the onset potentials for the observed pro-
cesses are lower than the thermodynamically predicted val-
ues for chloride oxidation to hypochlorite ions. However,
they align with the expected values for hypochlorous acid
(HCI1O) formation at pH levels below 7.54—relative to the
pKa for HCIO/CIO™ interconversion (Equation S29). This is
further supported by the observed potential shift of approxi-
mately +0.03 V per pH unit, as anticipated for the reaction
in Equation S11.

These findings indicate that the effective pH at the elec-
trode/solution interface during the process is significantly
lower than the nominal bulk solution pH. This conclusion is
consistent with previous studies, which report that, particu-
larly in unbuffered solutions, oxidation at the metal electrode
surface can create a localized pH gradient lower than that of
the bulk [55, 61, 102]. This effect results from the consump-
tion of OH™ (Eqgs. 4-7) or the generation of H* (primarily
from Equations S1, S12-S14). Consequently, chloride oxi-
dation to hypochlorous acid, rather than hypochlorite ions,
seems to dominate in solutions with nominal pH values <11.

The Tafel slopes from the LSV curves (Fig. 6e) support
these conclusions. For pH values < 10, the coefficients are
around 40 mV dec”!, aligning with the theoretical value
expected for COR, where the final chemical step (Equa-
tion S9) is independent of [OH™] and C1™ adsorption strength
[99]. At pH 11, there is a sharp decrease in slope to 18 mV
dec™! (indicating a shift in the RDS) and the appearance
of another linear region at lower current densities, with an
angular coefficient close to 100 mV dec™!, consistent with
values observed for OER on similar electrodes [103].

For pH > 12, the Tafel slope values for lower current den-
sities tend to decrease as pH increases, despite an initial
inversion at pH 12 (potentially linked to the anionic adlayer
phase transition discussed earlier). This suggests a kinetic
favoring of the reaction at higher [OH] levels. A similar
trend is observed in the additional Tafel region at higher
current densities, where elevated coefficients are likely due
to mass transport limitations during oxidation [103].

While it is common to attribute the presence of voltam-
metric anomalies—such as the current density plateaus
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observed just below 1 mA cm™>—to mass transport limita-
tions (e.g., bubble formation, typically mitigated by elec-
trode rotation) [104, 105], studies by Shinagawa et al. [106]
and Fujita et al. [101], using rotating ring-disk electrodes to
examine chloride-rich systems at various pH levels, reached
a different conclusion for this particular case. They suggest
that the current density plateaus result from a transition at
pH 12, where OH™ ions replace H,O as the primary reactants
in the OER. Their findings also suggest that COR competes
with OER when H,O is the primary reactant, but not when
OH" becomes the dominant species.

Interestingly, the addition of 1 M ethanol did not signifi-
cantly alter the voltammetric profile shape, average potential
shifts with increasing pH, or Tafel kinetic parameters. This
indicates that the COR and OER turnovers on the catalyst
surface dominate over the EOR within the pH range con-
sidered. However, some ethanol molecules do interact with
the platinum oxide surface, as seen by the larger potential
values required to reach js . , ., for solutions with ethanol
at pH > 12, compared to those without ethanol (an average
variation of +0.270 V).

The increased energetic expenditure for the oxidation pro-
cess can be attributed to the reduction in available Pt-O cata-
lytic sites. This can be rationalized as follows: (i) in addition
to Pt sites involved in water oxidation (Eq. 5), more metallic
Pt sites are regenerated during ethanol oxidation (Eqgs. 9 and
12); (i) OH" ions, required to generate Pt-O groups (Egs. 6
and 7), must now compete with the strongly adsorbing
CI ions, which are present in higher concentrations at the
electrode/electrolyte interface due to the enhanced adsorp-
tion effect of ethanol molecules; (iii) CI” ions cannot desorb
as ClO™ because this reaction also requires Pt-O moieties
(according to the mechanism described in Eq. 13); and (iv)
as a result, higher potential values must be applied for an
appreciable amount of the reactive platinum oxide layer to
form and become available [98, 107].

Interestingly, the LSV curves in Fig. 6b show a similar
current plateau to that observed for the pure electrolyte solu-
tions. However, this plateau persists at the two higher pH
values considered, beyond pH 12. A possible explanation for
this could be linked to the inferred increase in Cl” surface
concentration caused by the presence of ethanol. As previ-
ously discussed, (i) for pH> 12, in the absence of organic
species, OH" ions tend to dominate as the primary reac-
tants in the OER; (ii) the addition of ethanol to the medium
may induce an increase in Cl™ coverage on the electrode
surface, thereby increasing the density of negative charges;
and (ii7) since OH™ ions are also negatively charged, they are
expected to experience stronger repulsion when approach-
ing the electrode surface compared to neutral water mol-
ecules under the same potential. Consequently, under these
assumptions, a higher OH™ concentration (i.e., a higher pH)

@ Springer

is naturally expected to be required for the OER to become
less competitive relative to the COR.

From an economic perspective, neither the hypochlo-
rous acid/hypochlorite ions formed in the solution with
nominal pH between 8 and 11 (Equations S9 and 14)
[108], nor the small amounts of acetaldehyde and acetate
produced at pH > 12 through this electrochemical process,
are commercially competitive compared to existing pro-
duction methods supplying the global market.

Recently, two chemical products formed by the reac-
tion of ethanol with electrochemically generated active
chlorine species in chloride-containing solutions have
gleaned attention due to their strategic value in producing
higher-value compounds: 2-chloroethanol (a precursor to
ethylene oxide) [109] and ethyl hypochlorite (a precursor
to 1,1-diethoxyethane) [110]. However, these reactions
require specific conditions that are difficult to achieve in
the system studied here.

For example, 2-chloroethanol formation requires the
chlorine radical (Cl-), generated from a chloride-rich
solution using a boron-doped diamond electrode [109]—a
material still too expensive for large-scale use. Although
the platinum electrode in this study may theoretically form
Pt-Cl species, the pH range of 8 to 14 and the predomi-
nantly aqueous electrolyte favor Pt-O species, resulting
in reactions driven by oxygenated rather than chlorinated
intermediates.

Similarly, ethyl hypochlorite formation has been
reported through the reaction of ethanol with active chlo-
rine species (still unidentified) on an electrode surface in
an anhydrous ethanol solution containing chloride ions
from organic salts like tetra-n-butylammonium chloride
[110]. Such systems show a characteristic Tafel slope of
about 170 mV dec™!, which deviates significantly from
those observed in this study. This difference in electro-
chemical behavior suggests that ethyl hypochlorite for-
mation is unlikely under the aqueous conditions and pH
ranges explored here.

Technical challenges and opportunities

In this study of ethanol electro-oxidation in seawater-
like environments, several technical challenges emerged
that are crucial for optimizing experimental methodolo-
gies and gaining a deeper understanding of the system’s
mechanistic aspects. Addressing these challenges would
not only improve the accuracy of the results but also open
significant opportunities for advancing the field. Below,
we discuss three key areas identified—ECSA determina-
tion, crystallographic face identification and control, and
interfacial pH monitoring—as well as the expected role
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that some promising developments in in situ spectroscopic
techniques may play in effectively tackling them.

Accurate determination of electrochemically active surface
area

As previously noted, accurate determination of the Electro-
chemically Active Surface Area is essential for comparing
current densities across different experimental conditions.
Variations at the electrode/solution interface can signifi-
cantly alter the system’s electrochemical behavior, making
precise ECSA quantification critical.

The method employed in this study, based on hydrogen
adsorption/desorption, is commonly used for noble metal
electrodes. However, as discussed in Section S.1 of the
Online Resource, the method’s reliability in chloride-rich
and pH-variable environments is limited. Additionally, alter-
native techniques, such as CO stripping voltammetry, were
also deemed unsuitable due to the competitive adsorption of
chloride ions and ethanol, while capacitive methods posed
challenges due to variability in specific capacitance across
different pH conditions.

Given these limitations, developing new in situ tech-
niques and methodologies capable of determining the elec-
troactive surface area for a given species in the presence
of interface heterogeneities is of paramount importance. In
systems like the one discussed here, specific species may
block electrode surface sites at lower potentials but become
reactive at higher potentials, competing for the same active
sites. This dynamic complicates ECSA measurement, par-
ticularly when both species interact with the electrode sur-
face simultaneously.

Among the methods considered, using an inner-sphere
electron transfer redox probe which with selective adsorp-
tion over the metallic sites (e.g., O, [111]), combined with
the Randles-Sevcik equation, offers a promising approach
[112]. However, this method hinges on identifying or syn-
thesizing a compound with the following properties: (i)
well-defined redox processes that are minimally influenced
by ligand structure or composition changes (in coordina-
tion compounds) induced by pH variations; (ii) resistance
to decomposition over a broad pH range, temperature,
and electrolyte composition (including ligand exchange or
elimination reactions in coordination complexes); (iii) low
molecular/ionic volume to avoid steric hindrance that could
lead to underestimation of the electroactive surface area; and
(iv) adequate affinity for metallic sites on the electrode sur-
face, but weak enough to allow for easy removal, enabling
subsequent electrochemical measurements without requiring
aggressive cleaning methods that may alter the ECSA previ-
ously measured.

These methodological improvements would enhance the
accuracy of ECSA measurements, particularly in complex

environments rich in chloride ions and exhibiting variable
pH. Future research could focus on refining this approach
and identifying suitable redox probes, ultimately enabling
more reliable ECSA determinations in these challenging
systems.

Identifying and controlling crystallographic face exposure
in polycrystalline electrodes

As discussed earlier, selective exposure of crystallo-
graphic planes in polycrystalline platinum electrodes is
pivotal to optimizing catalytic performance in ethanol
electro-oxidation.

In this study, we observed a trend where specific crystal-
lographic faces seem to become preferentially exposed as
the pH increases—a phenomenon attributed to variations in
adsorption energies across crystallographic faces—with the
higher hydroxide concentration favoring the displacement of
adsorbed chloride ions.

Manipulating the exposure of crystallographic faces
offers significant potential for enhancing catalytic efficiency.
By favoring surface orientations that promote desired reac-
tions, one could improve both selectivity and performance
in electrochemical processes. This is particularly relevant for
large-scale applications, such as seawater desalination and
CO, capture, where optimizing electrode surface properties
could lead to substantial performance improvements.

Although single-crystal electrodes are not feasible for
large-scale production, understanding the principles gov-
erning crystallographic face exposure in polycrystalline
materials could provide a practical alternative. Addition-
ally, exploring more abundant and cost-effective materi-
als, such as nickel and copper—which may exhibit similar
face-dependent behavior and even a different adsorption
strength order with chloride from that established for plati-
num ({111} > {100} > {110})—could open new avenues for
research in this area.

Nevertheless, for such exploration to be feasible, the
challenges associated with the fast and simple identifica-
tion of crystallographic features under experimental condi-
tions need to be addressed. Currently, the most promising
approaches are likely the direct mapping of domain grains
on the electrode surface using scanning electrochemical
cell microscopy (SECCM) by measuring and comparing
the local PZCs with the specific values associated with each
crystallographic face (quantitative) [113], and the deconvo-
lution of the electrode’s cyclic voltammetric features using
fitting functions, such as Lorentzian peaks (qualitative)
[114].

However, both of these methods share the same current
limitation: the PZC values and the positions and attribution
of the voltammetric peaks depend not only on the identity of
the crystallographic planes exposed, but also on the pH and
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ionic composition of the medium [115-118]. While studies
such as those by Xue et al. [119] and McCrum et al. [120]
have established very accurate standards for such compari-
sons for many of the main lower-index Miller surfaces, they
did so only for the primary pH values typically considered in
the literature (pH 1 and pH 13) and only for media containing
0.1 M of OH™ or ClO, as the sole anions present in solution.

Since it has been shown that even perchlorate anions tend
to exhibit a non-negligible degree of adsorption on plati-
num single crystals—sufficient to affect their characteristic
voltammetric peaks [121]—future work with seawater-like
solutions would benefit from acquiring such standard val-
ues for the main facets of different polycrystalline metallic
materials of interest, specifically for solutions containing
CI" ion concentrations as high as 0.5 M and across a wider
range of pH values.

Monitoring interfacial pH variations

In electrochemical systems that lack strong buffering capac-
ity, significant pH variations can occur at the electrode/
solution interface during reactions, which can dramatically
impact the reactivity and stability of both the electrode sur-
face and the reactive species involved [122]. Monitoring
these interfacial pH changes in real time is crucial for opti-
mizing processes like ethanol electro-oxidation in seawater-
like electrolytes.

Current methods for tracking interfacial pH, such as using
a rotating ring-disk electrode (RRDE) system, present chal-
lenges. These methods rely on the reaction of interest occur-
ring on the disk, with the pH change calculated based on the
shift in potential required to achieve a given current density
on the ring associated with the HER [61, 123]—relative to
the standard value determined at the same rotation speed of
the electrode in the absence of the disk reaction—or through
the use of other specific reactions on the ring for this purpose
[124]. However, rotating the electrode alters mass transport
and consequently affects the kinetics of reactions generating
or consuming H*/OH" ions [125]. Additionally, even if the
distance between the disk and ring is minimized in such a
setup to enable more precise detection of these species based
solely on their self-diffusion, this often introduces electronic
coupling issues due to the significant overlap of their electric
fields, further complicating the process.

Developing precise methods for real-time pH monitor-
ing under static hydrodynamic conditions could lead to
significant advancements in controlling the electrochemi-
cal environment, particularly in natural waters or seawater-
like solutions. Some methods, such as those based on open
circuit potential decay transients [126], are being devel-
oped and refined, but their use is still far from becoming
common practice. This is essential for reactions involving
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pH-sensitive species such as Cl,, HCIO, or CIO", which play
key roles in the reactivity of the system. Improved monitor-
ing and control of pH shifts would enhance the selectivity
and efficiency of reactions such as organic molecule chlo-
rination or chlorohydrin formation [127-130].

Optimizing the organic/water solvent ratio
for electrochemical processes

As previously discussed, the formation of ethyl hypochlo-
rite tends to occur in solutions where ethanol is the primary
solvent, but not when ethanol is present in lower concentra-
tions in predominantly aqueous environments [110]. While
the ability of a neat ethanol medium to form various active
chlorine species and stabilize them long enough to react with
its molecules is highly desirable, studies such as those by
Mukouyama et al. [131] have demonstrated that the interac-
tion of ethanol with the electrode surface and its derived
species, by itself, differs considerably from the reactions
typically observed in aqueous media—even forming prod-
ucts through C; and C, mechanistic pathways.

However, electrochemical reactions in organic media pose
significant challenges for large-scale implementation, such
as the need for unconventional electrodes and electrolytes.
Nevertheless, exploring mixed organic/aqueous solvent sys-
tems may offer a promising pathway to optimizing ethanol
electro-oxidation in seawater-like environments, potentially
accessing reaction mechanisms observed in purely organic
systems.

A promising but underexplored avenue could be to
increase the ethanol-to-water ratio to levels that allow the
use of seawater and its electrolytes, without causing salt
precipitation due to the increasing apolarity of the medium.
For instance, a 50% molar ratio of ethanol to water could
be viable for seawater-derived solutions depleted of diva-
lent cations. This approach would allow investigation into
whether the mechanisms observed in purely organic systems
could be replicated under more practical working conditions.

Such research could unveil new pathways to improve the
selectivity and efficiency of ethanol electro-oxidation, bal-
ancing the favorable interactions of organic solvents with
the practicality of seawater-like environments. This would
significantly broaden the applicability of electrochemical
processes for CO, mitigation and related technologies.

The importance of advancing in situ spectroscopic
techniques

Spectroscopic techniques have long played a pivotal role
in investigating electrode/solution interface structures and
phenomena, being applied—directly or indirectly, to some
extent—to study many aspects related to the challenges
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outlined here [132]. However, limitations in spatial and
temporal resolution, and the inability of many established
protocols to be applied in situ, still hinder their integration
into processes requiring fine, near-instantaneous control of
multiple variables.

These limitations contribute to the ongoing debate over
whether the Pt-OCl species (bound by the oxygen atom)
discussed here can directly desorb from the electrode sur-
face as hypochlorous acid or hypochlorite ion, and if that is
the case, whether it is the only intermediate capable of this
under purely electrochemical conditions [133, 134].

For instance, the following mechanism—adapted from
the one proposed by Erenburg, Krishtalik, and Yaroshevs-
kaya in 1975—was one of the earliest attempts to rationalize
this process [135]:

Pt +ClI- - Pt—Cl+e” (15)
Pt—Cl + H,O0 - Pt—CIOH +H" +¢~ (16)
Pt— CIOH + H’0 — Pt— OH + H" + HCIO (17)

They considered the discharge of water molecules as the
rate-limiting step (Eq. 16). However, they also assumed
that the kinetics of the chlorine oxidation reaction would
be independent of pH. This assumption regarding the pH-
independence of the COR was soon found to be incorrect
[136]. As a result, this mechanism largely faded from aca-
demic discussions, superseded by more refined models, such
as those presented earlier in Egs. 13 and 14.

Nevertheless, as no further effort was made to confirm the
formation of Pt-CIO species (bound by the chlorine atom),
it remains difficult to rule out their formation as a possi-
ble intermediate under atypical COR conditions, where the
adsorption dynamics of CI" and OH /H,O are influenced
by the presence of a competing species, such as ethanol
molecules.

In this context, non-linear optical techniques, such as sum
frequency generation (SFG) spectroscopy, hold significant
promise. SFG is highly selective for species present at the
interface compared to those in the bulk solution, making
it particularly useful for identifying adsorbed species [137,
138]. The increasingly common application of pico- and
femtosecond pulsed lasers in SFG has been enabling the
easier and more precise identification of short-lived surface-
bound intermediates, specific sites of adsorption, and even
the reorientation dynamics of species on the electrode sur-
face [139-141].

Despite these advantages, the high cost and size of equip-
ment required for SFG measurements remain barriers to
widespread application. However, recent advances in opti-
cal fiber technology are reducing these costs, making SFG

a more feasible option for in situ analysis in the near future
[142].

Altogether, these comments suggest promising routes to
overcoming current challenges in the field and, if success-
fully addressed, could potentially offer the level of real-time
in situ monitoring and control necessary to further develop
ethanol electro-oxidation and related processes in seawater-
like environments. By integrating such advances, future
research could substantially improve our understanding and
management of these complex electrochemical systems.

Conclusions

This study provides relevant insights into the electro-oxi-
dation of ethanol in seawater-like electrolytes, emphasizing
the significant influence of pH on the reaction kinetics and
chloride ion adsorption on polycrystalline platinum elec-
trodes. Our findings indicate that ethanol oxidation becomes
more favorable at higher pH levels, particularly from pH 12
onwards, where reduced chloride adsorption and increased
OH" availability enhance current densities. These observa-
tions underscore the potential of alkaline conditions to miti-
gate surface inhibition caused by chloride ions.

One of the most intriguing outcomes of this work is the
observation of dynamic instabilities at pH values above 12,
particularly at pH 13, where potential oscillations suggest
preferential exposure of specific platinum crystallographic
faces—a phenomenon supported by voltammetric trends.

Based on these findings, several hypotheses have
emerged, including the modulation of chloride ion distri-
bution on platinum electrode surfaces and the competitive
adsorption of ethanol, chloride, and hydroxide ions at higher
pH levels. While these inferences provide a plausible expla-
nation of the observed phenomena, further experimental
verification using advanced surface characterization tech-
niques is necessary.

Despite the progress made, technical challenges remain,
particularly in determining the electrochemically active
surface area in chloride-rich environments and addressing
mass transport limitations at higher scan rates. Addition-
ally, developing reliable, real-time techniques for monitor-
ing interfacial pH and species identification is crucial for
advancing the understanding of ethanol oxidation mecha-
nisms under complex electrolyte conditions.

Ultimately, while challenges remain, this study lays the
foundation for further exploration of ethanol electro-oxi-
dation and related reactions in seawater-like electrolytes.
It provides critical insights into the technical and mecha-
nistic aspects of the system, potentially paving the way for
future advancements in electrochemical CO, capture and
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mitigation technologies economically assisted by hybrid
seawater electrolysis.
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