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Abstract: In this work, a series of novel mixed metal oxide (MMO) electrodes with the composition
Ti/RuOySbyO4Pty (0 < x < 10.0) were developed, envisaging their application in a reversible elec-
trochemical cell based on the chloralkaline process as an energy storage system. These electrodes
were synthesized via the ionic liquid method. Comprehensive physical, chemical, and electrochem-
ical characterizations were conducted to evaluate their performance. The feasibility of employing
these electrodes within reversible processes was explored, using the products generated during
the electrolytic operation of the system for fuel cell operation. During the electrolyzer operation,
higher current densities resulted in enhanced current efficiencies for the production of oxidized
chlorine species. Notably, the presence of platinum in the catalyst exhibited a negligible impact on
the coulombic efficiency at low current densities where water oxidation predominates. However,
at higher current densities, the presence of platinum significantly improved coulombic efficiency,
approaching values of approximately 60%. Transitioning to a fuel cell operation, despite the im-
proved kinetic performance associated with a higher platinum content, the process efficiency was
predominantly governed by ohmic losses. Curiously, the MMO electrode made without platinum
(Ti/ (RuOy)70-(SbyO4)30) displayed the lowest ohmic losses. This study establishes optimal conditions
for future investigations into this promising possibility, which holds great potential for energy storage
via chloralkaline-based reversible reactions.

Keywords: reversible electrochemical cells; mixed metal oxide; platinum; efficiency; hydrogen;
energy storage

1. Introduction

Within the context of the increasing necessity of energy and the threat of global
warming, renewable energies are becoming one of the most important bets of modern
society [1,2] for trying to maintain our actual level of life [3]. The main drawback of
these more sustainable sources of energy is finding the proper way to fit the production
and demand of energy. In order to solve this drawback, energy storage is becoming a
real bottleneck because, after decades of development, there is not a clear and efficient
solution yet. In this context, hydrogen (Hj) is a universal fuel considered an interesting and
promising alternative for this storage of renewable energy [4-7], and its production and
consumption using electrochemical technology can be reached with almost zero carbon
emissions, which meets the so-called carbon neutralization goal [8] and is very important
to fight against global warming. Although nowadays there are mature technologies for
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its production and use, with electrolyzer and fuel cell technologies developed at the
technology readiness level (TRL) 9, there is still a gap and necessity for the development of
new technologies. One of the applications for H, generation is the brine electrolysis process,
which produces chlorine, hydrogen gases, and caustic soda. This process has been used
in the chloralkaline industry for decades [4,9-11] for manufacturing chlorine and caustic
soda as commodities. However, little attention was focused on the use of the produced
hydrogen until recently, in which many efforts have been devoted to improving the energy
efficiency of chloralkaline electrolysis [8] and the production of electricity from chlorine
(Clp) and H, produced in the system.

The use of mixed metal oxide (MMO) electrode formulations and the special cell
design are directly related to the performance and efficiency of the process for generating
H)-Cl;, [12]. According to the literature, one of the oxides that are advantageous for use
in the composition of MMOs is ruthenium oxide (RuO,) due to its high efficiency in its
behavior in the chlorine evolution reactions (oxidation and reduction) and also because
it shows great stability for the chlorine release reaction [13,14]. However, it undergoes
strong corrosion in acidic media. An alternative to optimizing this problem is to add
antimony, as it is a promising structural component with high electrical conductivity and
thermodynamic stability at low pH. Additionally, to optimize the electrolysis performance,
Pt has a highlight for increasing the kinetics of the H, redox reaction in reversible cells. In
other studies, such behavior was confirmed [15,16].

So far, there is no published work using MMO electrodes with the compositions of
Sb, Pt, and Ru mixed oxides for reversible cell applications. These anodes can be applied
in a reversible cell for Hy-Cl, generation. The operation of a reversible electrochemical
cell is based on the operating modes of the fuel cell and the electrolyzer, which operate
in the same electrochemical cell and the same electrodes. This type of cell has flexibility
in operation that allows it to be operated in both modes, one to store surplus energy as
hydrogen and the other to obtain electricity from the stored hydrogen when required.

With this background, the research hypothesis is that the novel MMO electrodes,
consisting of various compositions of RuO,, antimony, and platinum, could exhibit distinct
performance in a novel liquid-liquid chloralkaline reversible cell set-up. Therefore, this
study aims to investigate the effectiveness of these electrodes in both electrolysis and
fuel cell modes, assessing their potential for chlorine and hydrogen production during
electrolysis and the generation of electricity during fuel cell operation.

Depositing coatings of ruthenium and antimony oxides and platinum with different ra-
tios of Ru, Sb, and Pt in their formulation onto titanium plates and using conventional heat-
ing in an electric furnace yields distinct electrode configurations (Ti/(RuO3)70-(Sb2O4)30,
Ti/(RuO3)e6.5-(Sb204)28 5-Pt5, and Ti/ (RuO;)e3-(SbaO4)27-Ptig). They were characterized
physically, chemically, and electrochemically and were evaluated as anodes in electrolyzers
and cathodes in fuel cells, driving the chloralkaline process in a reversible electrochemical
cell configuration for an energy storage system.

2. Results
2.1. Physical and Electrochemical Characterization of Manufactured MMO Electrodes

In this investigation, three mixed metal oxide electrodes containing ruthenium and
antimony oxides with different ratios of platinum were made following a thermal decom-
position methodology for use in chloralkaline reversible cells. The SEM images observed in
Figure 1A—C show the morphologies of the three resulting electrodes. All the electrodes
have a coating with the appearance of “cracked mud”, which is a typical morphology of ox-
ide electrodes synthesized via thermal decomposition techniques [17,18]. Furthermore, it is
possible to identify cracks on the surface of the electrodes that are attributed to mechanical
stress arising from the plasticity of the coating and differences in the coefficients of thermal
expansion between the substrate and the film formed during the calcination process [19,20].
Although the morphology remains similar, the inclusion of 5% platinum in the catalyst
results in a surface with the presence of deeper cracks. Conversely, with 10% platinum, the
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morphology undergoes a change, presenting as the most compact and recovered surface
with the presence of shallow cracks. Initially, the morphology of oxide anodes is expected
to influence the chlorine catalytic reaction significantly [21]. The presence of cracks and
pores in the coatings introduces external and internal surfaces, which behave in a distinct
manner. The external surface, directly exposed to the electrolyte, readily interacts with
dissolved ions, thereby giving ease of accessibility.
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Figure 1. SEM images of (A) Ti/(Ru02)70-(Sb204)30, (B) Ti/(Ru02)66,5-(Sb204)28_5-Pt5, and
(©) Ti/ (RuOy)g3-(SbpO4)27-Ptyg. Left: images obtained with BS mode. Right: elemental mapping
obtained in BSE mode. (D) Molar content according to analysis from ICP and EDS, and (E) XRD
diffraction patterns of electrodes.

In contrast, the internal surface, which resides within the confines of cracks, grain
boundaries, and pores, is less accessible to the electrolyte. Notably, the rapid kinetics of
the chlorine evolution reaction make the external surface the main active phase. Addi-
tionally, under conditions of intense gas evolution, the internal surface might be blocked
by adherent gas bubbles, leading to diminished activity in chlorine evolution [20]. The
metal content for each electrode was measured by Inductively Coupled Plasma-Atomic
Emission Spectrometry (ICP-AES). The obtained results (Figure 1D) show that anodes
presented very close values among nominal and measured metal contents, as evidenced
by the ICP analysis. The mapping images (Figure 1A-C) and energy-dispersive X-ray
(EDX) spectroscopy analysis (Table S2) clearly reveal a uniform dispersion of all constituent
metals across the electrode surface. This consistent distribution is further substantiated
by the notable concordance between the theoretical composition and the experimentally
determined values.

From the XRD analysis presented in Figure le, discernible crystalline phases are
identified. The tetragonal structure of RuO, [22] Joint Committee on Powder Diffraction
Standards (JCPDS 40-1290), Sb,Oy4 [23] (JCPDS 36-1163), and the face-centered cubic (FCC)
metallic platinum phase (JCPDS 04-0802) [24,25] are unambiguously observed. Further-
more, it is evident that peaks associated with titanium are less intense for the electrode
containing 10% platinum, which is in agreement with SEM images. In contrast, for the other
two electrodes (5% platinum and no platinum), the Ti peak intensities are quite similar,
consistent with SEM observations that revealed the presence of deeper cracks, leading to
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higher absorption/diffraction of X-rays by the Ti substrate [26]. These results highlight
the efficacy of the chosen methodology and the applied temperature in facilitating the
formation of both metallic oxides and platinum.

2.2. Electrochemical Characterization of the Prepared Electrodes

In the electrochemical characterization of the three novel MMO electrodes investigated
in this study, Figure 2 presents the performance characterization of an electrolyte containing
sulfuric acid. Here, redox features are observed between 0.6 and 1.2 V vs. Ag/AgCl and
are generally associated with the Ru®>* /Ru** redox pair. This phenomenon arises from
the adsorption of water, wherein protons or hydroxide sites can penetrate into the porous
electrode [27]. Notably, the voltammetric profiles underwent changes for the electrodes
containing platinum, where reduction peaks observed within the 0.6 to 0.4 V vs. Ag/AgCl
region can be attributed to the oxygen reduction (PtO reduction), which is characteristic
of platinum electrodes. This observation confirms the presence of platinum-active sites
on the electrode surface. On the other hand, the electrochemical behavior significantly
varies when we change from electrolytes comprising sulfate as anions to those containing
chlorides, as shown in Figure 3. The cyclic voltammetry measurements conducted with
a 2 mol L~! NaCl electrolyte show a rapid increase in current density around 1.1 V vs.
Ag/AgCl, corresponding to the chlorine evolution reaction (CER). This event, involving
the oxidation of C1~ to Cl,, overlaps with the region of OER. Consequently, competition
between CER and OER is expected during bulk electrolysis. Within the potential range
from 1.3 t0 0.9 V vs. Ag/AgCl, a reduction peak emerges ascribed to the reduction of Cl,
back to C1~ [28]. Nyquist plots reveal the high conductivity of all three anodes with respect
to Cl, formation (applied potential of 1.14 V vs. Ag/AgCl for all anodes). The inset within
Figure 3 illustrates that the curves are almost superimposed, which means that activity
toward CER is expected to be similar for these anodes.
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Figure 2. (a) Cyclic voltammograms. (b) Nyquist plots obtained using Ti/(RuO;)79-(SbyO4)30,
Ti/(RuO,)e6.5-(Sb204)285-Pty 5, and Ti/(RuO;)g3-(SbpO4)27-Ptyg electrodes. Electrolyte: HpSO4
0.5 mol L~1. Scan rate: 50 mV s~1. T = 25 °C. Inset: linear sweep voltammetry curves.

Another crucial parameter for the in-situ characterization of MMO electrodes is the
morphology factor analysis. Given the coating irregularities in rough/porous electrodes,
different contributions from internal and external active sites are anticipated. Thus, follow-
ing the methodology outlined by Da Silva et al. [19], consecutive voltammetric curves were
recorded at various scan rates, covering a narrow capacitive potential interval (here from
0.55 to 0.75 V). A plot of capacitive current versus scan rate (Figure 4) was generated. In
this plot, the first linear region at a lower scan rate is associated with the total capacitance
(Ct =Cg + Cg), representing the sum of internal and external capacitances, while the second
linear segment at higher scan rates is linked to the external capacitance. The morphology
factor is calculated as the ratio of internal and total capacitance (¢ = Cy — Cj), with values
ranging between 0 and 1. This parameter describes the fraction of the film’s topography
that is more challenging to assess.
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Figure 3. (a) Cyclic voltammograms and (b) Nyquist plots obtained for Ti/(RuO3)79-(Sb2O4)30,
Ti/(RuO,)e6.5-(Sbp04)28 5-Ptg 5, and Ti/ (RuOs)g3-(SboO4)27-Ptyg electrodes. Electrolyte: 2 mol L1
NaCl solution; scan rate: 50 mV s~1. T = 25 °C. Inset: linear sweep voltammetry curves.
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Figure 4. Plot depicting the dependence of capacitive current (j) on scan rate for Ti/(RuO,)7-
(Sb2O4)30, Ti/ (RuOy)e6.5-(Sb204)28 5-Pto 5, and Ti/ (RuO,)e3-(SbpO4)27-Ptyg electrodes.

The capacitances (Ct, Cg, and Cy) and morphology factor values (¢ = C;/Cr) obtained
for the different electrodes are depicted in Table 1. As a general trend, it is noteworthy
that morphology factors approximate 0, indicating a small contribution of internal sites
in the electrodes produced here. These data suggest that despite differences in surface
morphologies, the contributions of external and internal sites are similar. Furthermore,
both electrodes with platinum exhibit lower capacitances, potentially associated with more
compact surfaces.

Table 1. Total, external, and internal capacitances (Ct, Cg, and Cj) and morphology factor for the
different electrodes.

Electrode Ct/mF cm—2 Cg/mF cm—2 Cp/mF cm—2 )

Ti/ (RuO3)70-(Sb204)30 76 48 28 037
Ti/(RuO))ee5-(SbyOs)og5-Pts 513 39 12 0.24
Ti/ (RuO2)e3-(Sb204)27-Ptyp. 60.8 37 24 0.39

2.3. Performance of the Chloralkaline Electrolyzer

This work goes beyond the state of the art, and novel electrodes were evaluated in a
single reversible chloralkaline-based electrochemical cell as an energy storage system. To
achieve this, the electrode with a Ti/ (RuO;)eg 5-(Sb204)28 5-Pto 5 composition was evaluated
as a reference to understand the general behavior of the proposed system as it had an
intermediate amount of platinum in relation to the MMO electrodes evaluated in this work.
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The evaluation of electrode performance within reversible electrochemical cells began in
electrolysis mode. This preliminary step included galvanostatic electrolysis conducted
under both soft (50 mA cm~2) and harsh (150 mA ¢cm~2) conditions. These conditions of
current densities were selected after the evaluation of the voltammetric characterization,
with the aim of evaluating a region near the beginning of the competition of the CER
and OER (soft conditions) and another region closer to a realistic operational regime of
an electrolyzer (harsh conditions) characterized by negligible mass transport limitations.
It is important to state that during the tests, no significant changes in the cell voltage
were observed, indicating that the electrodes did not undergo any relevant change during
the harsh electrolytic conditions applied during electrolysis, therefore highlighting the
stability of the electrodes in short-term applications. As illustrated in Figure 5, alterations
in the pH and corresponding cell voltage values were outlined during the electrolysis of a
2.0 mol L~! NaCl solution within an electrochemical cell equipped with an electrode with
5% Pt, denoted as Ti/(RuQO;)g65-(Sb2O4)28 5-Pts, at two different current densities: 50 and
150 mA cm 2.
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Figure 5. Changes in the pH ((e) pH catholyte, 50 mA cm~Z; (M) pH catholyte, 150 mA cm~Z; (o) pH
anolyte, 50 mA cm~2; (1) pH anolyte, 150 mA cm~2; primary axis) and cell voltage ((O) voltage at
50 mA cm 2, and (0J) voltage at 150 mA cm~Z; secondary axis) during the electrolysis of 2.0 mol L!
sodium chloride aqueous solutions.

It is evident that substantial alterations in the pH occurred within both the anolyte
and catholyte during both electrolysis tests. The deviations were more pronounced in the
anolyte, in which the decrease was 0.53 units higher when a current density of 150 mA cm 2
was applied (2.67 as compared to the test in which the current density applied was
50 mA cm ™2 with a value of 3.20). Initially, the increase in Pt within the catholyte can
be associated with the reduction of water to hydrogen, as represented by Equation (1).
Conversely, the decrease observed in the anode is more intricate as the set of reactions that
occur in this compartment is more complex, but it may be primarily attributed to the oxida-
tion of water to oxygen, as denoted by Equation (2). The greater change in pH observed
under higher current densities can be attributed to a larger generation of protons [29]. The
preservation of a constant cell voltage throughout the tests implies the absence of surface
alterations during the process.

2H,0 +2e~ — Hy +20H, 1)

2H,0 — Oy +4HT + 4e™, ()
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Figure 6 shows the production of oxidized chlorine species (OCS) during the operation
of the cell. After 100 min of electrolysis, the quantity of OCS produced when the electro-
chemical cell was in electrolysis mode amounted to 32.84 and 188.26 mg in the respective
tests. Differences in these values can be attributed to the considerable variation in the
electric charge passed within the same period: 0.086 and 0.247 Ah for 50 and 150 mA cm 2,
respectively.
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Figure 6. Distribution of OCS produced during the electrolysis carried out at 50 mA cm~2 (a) and
150 mA cm~2 (b) in the different sections of the electrochemical cell. Anode gas: black; anode liquid:
dark gray; cathode gas: light gray; cathode liquid: white.

Chlorine is generated by the direct oxidation of chloride anions on the anode sur-
face (Equation (3)). Chlorine can be released either as a gas (Equation (4)) or undergo
disproportionation into hypochlorous acid following Equation (5). The deprotonation
of hypochlorous acid, which is a weak acid, to yield hypochlorite is promoted within
neutral to alkaline pH ranges [30] because the pKa of this reaction is 7.53 (Equation (6)).
Additionally, the conversion of hypochlorous acid into its corresponding anhydride is
also feasible (Equation (7)). Most of these reactions are reversible, and consequently, the
grouping of all these oxidized chlorine species into the OCS category makes sense. This
group is rationalized by the limitations intrinsic to characterization techniques, which could
potentially modify the speciation.

2C1I" — Clp(aq) +2e7, 3)
Cly(aq) + Cla(g), 4)

Cly(aq) +Hy0 <+ ClIO™ +Cl~ +2H™, (5)
HCIO « CIO™ +HT, (6)

2HCIO < Cl,0 + H,0, 7)

Nevertheless, considering the pH range of the anolyte (2.5—4.0) and the well-known
dependence of the speciation of oxidized chlorine on the pH, a mixture consisting primarily
of HCIO and Cl(aq) is expected in the anolyte. Likewise, the stripping of Cl,(g) by the
oxygen generated through the OER could significantly impact the speciation of the system,
resulting in a pronounced shift in the reaction shown in Equation (2) and the consequent
production of mixed O, /Cl, gas.

However, an unexpected observation was that OCS were measured in significant
amounts in both liquid and gas phases in the anodic and cathodic compartments, indicating
a substantial penetration of chlorine species through the membrane from the anode to the
cathode. This observation persisted despite the employment of a new membrane in all
tests, and no visible damage or degradation was evident from a visual point of view.

The proportion of oxidized chlorine crossing over to the cathode exhibited a greater
effect in the case of operation at lower current densities, reaching a value as high as
19.27 £ 6.46% of the total OCS produced, which is 7.5 times higher than the correspond-
ing value observed in tests conducted at elevated current densities (2.56 £ 0.32%); how-
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ever, these figures can lead to a wrong interpretation of results because the amounts
of OCS crossing from the anolyte to the catholyte (in terms of mg rather than a per-
centage) are quite similar. This observation stresses that the crossover rate is primarily
limited by the inherent membrane characteristics and not governed by the operational
current density. The differences in percentages are associated with the total production
levels. Consequently, the values are substantially diminished in scenarios involving
operations at higher current densities. Thus, values of the crossover calculated from
mass balance were 0.0198 + 0.0107 mg min~! cm~? in in the test made at 50 mA cm 2
and 0.0234 + 0.009 mg min~!cm =2 in the test made at 150 mA cm 2. The slight differences
in these values can be rationalized regarding the notably elevated concentration generated
in the anode at 150 mA cm~2 (almost six-fold greater). This high difference in concentra-
tion between the anolyte and catholyte causes a more pronounced concentration gradient,
effectively amplifying the driving force for crossover.

Evidently, the phenomenon of OCS crossover through membranes constitutes a no-
table vulnerability within chloralkaline technology [31]. Given the implications for both
electrolyzer and fuel cell applications, important efforts should be made in the forthcoming
years to address this challenge for the development of robust and efficient reversible cells.

Significant differences are likewise evident between the production yields reached at
the two current densities applied, thereby pointing out that oxygen evolution was favored
at softer operation conditions with this specific electrode. Figure 7 shows the alterations
in both coulombic efficiency and energy input to the cell throughout the duration of the
tests. In the context of OCS production, the coulombic efficiency averages at 14.98 + 8.76%
in the test carried out at 50 mA cm 2, which is more than four times lower than the corre-
sponding outcome reached in the test performed at a high current density (59.18 £ 5.85%);
however, the higher voltage required for this harsher condition results in a higher energy
consumption, as also displayed on the secondary axes of the graph. This elevated energy
demand results in a concomitant reduction in energy efficiency, albeit the magnitude of the
decrease is lower when operating at 50 mA cm 2. Specifically, the energy efficiency stands
at45.32 £ 27.49 mg (Wh)~! for 50 mA cm~2, and comparatively, it is 2.5 times lower than
the corresponding value at 150 mA cm~2, which is 113.56 4 11.48 mg (Wh) 1.
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Figure 7. Changes in the coulombic efficiency (o) and energy powered () during the electrolysis of
2.0 mol L~! sodium chloride aqueous solutions at 50 mA cm ™2 (a) and 150 mA cm 2 (b).

Concerning the partitioning of OCS between the gaseous and liquid phases, it is
evident that there was a negligible disparity in the ratios quantified within the catholyte
for both tests. Specifically, the percentage of OCS present in the gas phase was 29.91%
(50 mA cm~2) and 31.16% (150 mA cm~2) of the total content within this compartment. At
first, this information may appear contradictory to the pH range observed in the catholyte.
Under the pH conditions reached in both tests on the cathode side (over 10 units), a
considerable proportion of OCS should exist in the form of hypochlorite anions according
to the pKa of the HCIO/CIO™ system. Hence, the production of gaseous chlorine is not
expected. This observation indicates that the observed crossover through the membrane
is primarily associated with the transport of chlorine gas rather than dissolved molecular
hypochlorous acid.
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More pronounced discrepancies emerge concerning the distribution between the gas
and liquid phases within the anolyte. Although the pH is more acidic when operating at
150 mA cm 2, the ratio of gaseous chlorine was much higher at 50 mA cm~2, constituting
50.78% of the total oxidized chlorine in a gaseous form. This proportion strongly contrasts
with the corresponding value of 6.07% reached at 150 mA cm~2. This dissimilarity can
be explained by considering the enhanced efficiency of oxygen production and the con-
current stripping effect facilitated by this oxygen. This stripping phenomenon accelerates
the transference of chlorine from the liquid to the gas phase at a lower current density.
Notwithstanding, differences between relative and absolute values should be considered
and remain pivotal. Notably, the absolute quantities of chlorine gas produced are obviously
higher when operating at higher current densities due to the greater chlorine production,
despite volatilization being less critical in percentage.

Hydrogen production was determined through two methodologies: by quantifying
the amount collected in the gasometers and by a simulation based on the observed pH
changes in both the anode and cathode. As seen in Figure 8, the outcomes from both
approaches were very similar, which means that the set of reactions proposed is similar to
the experimental behavior. Notably, in both tests, the experimental values were below the
expected value according to a faradaic efficiency of 100%. These values are depicted, respec-
tively, by the discontinuous and continuous lines corresponding to 50 and 150 mA cm 2.
This discrepancy indicates that the reduction of water competes with the reduction of
chlorine in the cathodic compartment. This discrepancy, derived from the absence of reac-
tions occurring consistently on other side, i.e., on the cathode surface—hydrogen peroxide
formation, for instance—is improbable due to the low oxygen concentration being limited
by solubility and transport limitations through the membrane.
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Figure 8. Evolution of hydrogen over time at two different current densities, 50 mA cm™
150 mA cm~2, during the electrolysis of 2.0 mol L' sodium chloride aqueous solutions ((e) hydrogen
in gasometer at 50 mA cm~2, (M) hydrogen in gasometer at 150 mA cm~2, (+) hydrogen obtained
from the mass balance between protons and hydroxyls at 50 mA em™2,and () hydrogen obtained
from the mass balance between protons and hydroxyls at 150 mA cm~2). Continuous and dashed
lines correspond with the theoretical value, assuming a 100% efficiency obtained at 150 mA cm 2

and 50 mA cm ™2, respectively.

2.4. Performance of the Chloralkaline Fuel Cell

Because of relatively easy chlorine redox kinetics, Hy /Cl, fuel cells can operate with
little activation loss associated with the chlorine electrode, in contrast to the H, /O, fuel
cells [32,33]. Thus, following the operation of the system equipped with the Ti/(RuO;)gs 5-
(SbyO4)28 5-Pts5 electrolyzer configuration, the device was reconfigured as a fuel cell to
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power a miniature engine. This phase involved a two-hour operation employing the
hydrogen and chlorine stored in the gasometers. This reversal in the polarity of the cell
transforms the anode into the cathode of the reversible electrochemical cell. The dynamics
during this interval, including the intensity, power output, chlorine consumption, and
pH fluctuations within the chlorine compartment are shown in Figure 9. The reversible
operation mode demonstrated good progress, characterized by the sustained generation
of electricity. Substantial hydrogen and oxidized chlorine species (OCS) consumption
was noted, thus leading to a decreased pH in the catholyte. This pH decline implies the
transformation of chlorine into chloride, an outcome driven by the migration of protons to
preserve the balance of ionic charges within the system.
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Figure 9. Changes in the different indicators during the operation of the reversible cell equipped with
the electrode as a fuel cell and fed with the hydrogen, and the OCS produced during the electrolysis
tests at 150 mA cm 2. (a) (8) Operation current density, ((J) energy supplied to the engine, (b) (e)
OCS consumed, and () pH in the catholyte.

These results demonstrate the viability of employing reversible electrochemical cells
in the context of chloralkaline technology operating with MMO electrodes consisting of
mixtures of Ru, Sb, and Pt. Importantly, the same reagents generated during the electrolyzer
mode can be easily redirected to feed an electricity-consuming device, thus establishing the
inherent dual functionality of this system.

2.5. Impact of Platinum Content in Electrocatalysts

The temporal evolution of key parameters shown for the test involving the
Ti/(RuO3)e6.5-(Sb204)28 5-Pts (5% platinum) electrode is quite close to those observed in
tests carried out with the Ti/(RuO5)70-(Sb2O4)39 (0% platinum) and Ti/(RuO;)e3-(Sb2O4)27-
Pt1p (10% platinum) electrodes, both in electrolysis and fuel cell mode. Remarkably, no
relevant differences are worth reporting with respect to their general behavior, which may
be explained in terms of the consistent employment of the same experimental apparatus
and process conditions.

In the context of electrolyzer operation, the only relevant information produced using
the novel MMO electrodes with different compositions were the changes observed in the
efficiencies in the production of OCS. These changes are shown in Figure 10, wherein the
coulombic efficiencies are displayed versus the platinum content of the MMO used. The
inclusion of platinum in the catalyst did not substantially impact the coulombic efficiency in
low-current-density operations, wherein the OER is the primary process; however, at higher
current densities, noticeable trends appear. It could be pointed out that the presence of
platinum positively influenced efficiency, and it is particularly evident in the considerable
mitigation of the side reaction that generates oxygen. This improved efficiency reached
levels approaching 60% due to platinum’s involvement.
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Figure 10. Influence of the platinum content of the mixed metal oxide electrodes on the average
coulombic efficiency of the production of OCS during the electrolysis of 2.0 mol L' sodium chloride
aqueous solutions at (#) 50 mA cm 2 and ((J) 150 mA cm 2.

Regarding the influence of the platinum content of the MMO electrode on the re-
versible mode operation (as a fuel cell), analogous results were observed in cells using
the other two electrodes when compared to the Ti/(RuO;)g6 5-(Sb2O4)28 5-Pts. The average
intensity exerted and applied voltage during the 2 h tests for each configuration are de-
tailed in Table 2. Noteworthy distinctions in these metrics can be explained in terms of the
interfacing /connection of the fuel cell with the compact device used to consume the energy.

Table 2. Average current intensity and cell voltage during the fuel cell tests performed to evaluate
the effect of platinum.

Anode Current Density (mA cm~2) Voltage (mV)
Ti/(Ru02)70-(Sb204)30 2.22 4.34
Ti/(RuO;)g6.5-(Sb2O4)28 5-Pts 0.742 6.68
Ti/(RuO,)g3-(SbaO4)27-Ptyg 1.262 7.06

Hence, from the comparative analysis, it becomes pertinent to show the influence of
the platinum content of the electrocatalyst on the polarization and power curves. This
information is displayed in Figure 11, which unexpectedly indicates that the cell equipped
with the anode without platinum operated better than the cells equipped with electrodes
that have platinum in their composition. Moreover, the comparative evaluation of cells
endowed with electrodes with 5% and 10% platinum content in their composition revealed
negligible differences in operational efficacy. Although altering concentrations of Ru
and Sb to include Pt (5 or 10%) led to a similar overall morphology and electrochemical
performance, maybe the affinity of antimony to platinum, as reported by Jalalpoor et al. [34],
can block the catalytic Pt sites, resulting in the lower overall performance of these anodes
containing Pt.
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Figure 11. Polarization (a) and power (b) curves of the reversible electrochemical cell operated
as a fuel cell with the cathode of () Ti/(RuO5)7p-(Sb204)30; (®) Ti/(RuOs)ee.5-(Sb2O4)285-Pts; (O)
Ti/(RuO2)e3-(Sb204)27-Ptyp.

In a previous study, three different electrodes (Ti/Rug5lrg 50, Ti/Rug3Tig 7O;, and
Ti/Rug3Tip O, Pt 1) were investigated for the oxidation of chlorides and reduction of
chlorine in a reversible chloroalkaline cell, revealing a positive effect electrode containing
platinum only in fuel cell mode [8]. Moreover, the power density achieved in the present
study for the Pt-free MMO electrodes exceeds that obtained in the earlier research [15]
using the Pt-free MMO based on Ti. It’s noteworthy that the anode contained Pt in the
previous work, whereas in the current study, the anode electrode is based on PbO;. This
means that the novel Pt-free MMO electrode assessed in this work emerges as a promising
candidate for chloroalkaline-based reversible cells for energy storage. This is attributed to
its ability to not only facilitate the oxidation of chlorine species (electrolysis mode) but also
their reduction (fuel cell mode).

The composition of the electrocatalyst is crucial for achieving high catalytic activity
and ensuring material durability in reversible energy devices. For instance, Deng et al. [24]
investigated the core-shell structure of Zn-NC/GD made using a solvothermal method
and high-temperature pyrolysis for potential application in efficient rechargeable Zn-air
batteries (ZABs). Cyclic voltammetry was employed to analyze the oxygen reduction reac-
tion (ORR) performance. Zn-NC/GD demonstrated excellent ORR performance, indicated
by a high starting potential and high half-wave potential (Eonset = 0.95V, E1/2 = 0.86 V),
comparable to commercial Pt/C catalysts (Eonset = 1.01 V, E1/2 = 0.85 V). Additionally,
Zn-NC/GD exhibited a smaller Tafel slope compared to Zn-NC, Zn-NC-W, and Pt/C,
suggesting favorable ORR kinetics. These results prove that the structure of the electro-
catalyst can efficiently improve ORR activity. Similarly, Deng et al. [25] investigated the
utilization of Fe-pyridine N catalysts in rechargeable Zn-air batteries. The bifunctional
Fe/Fe-NC-3 catalyst demonstrated superior ORR and OER electrochemical activity, closely
approaching the performance of commercial Pt/C and IrO, catalysts with a rapid kinetic
reaction (61.6 mV dec™!). Notably, the catalyst exhibited remarkable stability over 500 h,
high power density (304.4 mW cm~2) in reversible ZABs, and flexibility in flat/bent states,
providing a high open circuit voltage of 1.35 V and maintaining a stable voltage during dis-
charge at 2 mA cm~2. These studies present promising catalysts for potential applications
in metal-air batteries.

3. Materials and Methods
3.1. Chemicals

All chemical reagents used were of analytical grade and were used without any
additional purification. They are summarized as shown in Table S1. All solutions were
prepared using ultrapure water obtained from a Gehaka Master All 2000 System (Sao Paulo,
Brazil) (18.2 MQ) cm, 25 °C).
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3.2. Preparation of MMO Anodes

The pre-treatment of the titanium plates was performed according to previous works [35],
which consists of chemical attacks in HCI 20% (w/w) and oxalic acid 10% (w/w), re-
spectively, for 15 min after boiling of each solution. After pre-treatment, titanium sub-
strates were coated with previously prepared precursor solutions to obtain catalytic coat-
ings with the following compositions: (RuO5)70-(Sb2O4)30, Ti/ (RuO3)e6.5-(Sb204)28 5-Pts,
and Ti/(RuO3)e3-(Sb2O4)27-Ptyg. The precursor solutions were prepared using the 2-
hydroxyethylammonium acetate (2HEAA) ionic liquid to dissolve the metallic precursors
(RuCl3, SbCls, and HyPtCls-6H,O) [17]. Once prepared, the obtained ink was deposited
on pre-treated titanium plates for subsequent calcination in a furnace at 350 °C for 5 min
(heating rate 10 °C min~!). The brushing and calcination steps were repeated until all the
electrodes reached the same mass loading of 1.2 mg cm~2 of metal oxides (corresponding
to a nominal thickness of around 2-3 pum). Final calcination for 60 min at 350 °C was finally
carried out to eliminate any remaining organic matter.

3.3. Electrochemical Set-Up and Reversible Electrochemical Cell

A conventional Pyrex®glass (Mervilab, Madrid, Spain) three-electrode cell was used to
carry out the electrochemical characterizations on a potentiostat/galvanostat (AUTOLAB-
PGSTAT302N, Utrecht, The Netherlands). The prepared MMO anodes (geometric area = 2 cm?)
were used as the working electrode, a graphite bar as the counter electrode, and the refer-
ence electrode was a silver—silver chloride (Ag/AgCl, KCI 3.0 mol L~1). Firstly, electrodes
were characterized in 0.5 mol L~ H,SOy solution by means of cyclic voltammetry exper-
iments (potential limits of 0-1.3 V vs. Ag/AgCl) at several scan rates (10-250 mV s~ 1),
where the morphology factor (a measure of electrochemical porosity) of oxide layers and
other parameters as total, external, and internal capacitances were obtained according
to the methodology proposed by da Silva et al. [36]. Linear sweep voltammetry (LSV)
and electrochemical impedance spectroscopy (EIS) were also conducted in HySO4 media,
where oxygen evolution potential (OEP) values were determined for each anode as the
potential where occurs the interception between the linear extrapolation of the rapid in-
crease in current (which is related to OER) and the linear extrapolation of the baseline.
Nyquist plots were obtained using Ti/ (RuO7)70-(Sb204)30, Ti/ (RuO3)e6.5-(Sb204)28.5-Pto 5
and Ti/(RuO5)g3-(SbyO4)27-Ptig electrodes. Electrolyte: H>SO,4 0.5 mol L~ 1. scan rate:
50mV s~1. T=25°C. Inset: linear sweep voltammetry curves. The EIS measurements
were carried out within the frequency range from 0.1 to 1000 Hz using an amplitude signal
of 10 mV. After that, the same electrochemical measurements (CV, LSV, and EIS) were
carried out using 2 mol L~! NaCl solutions to understand the general behavior of anodes
in this medium.

The reversible electrochemical reactor was composed of two compartments divided
by a Nafion® 117 proton exchange membrane (Fuel Cell store, Bryan, TX, USA). In the
anodic compartment, the three different MMO anodes with an exposed area of 1 cm?
were evaluated, while in the cathodic compartment, a PbO,-coated Ti electrode was used.
For operation in the electrolysis mode, the two compartments of the cell were fed with
concentrated NaCl solutions (2.0 mol L’l), stored in the reservoir tanks, one for the anode
and the other with the cathode, which were continuously recirculated using two peristaltic
pumps. The Cl; was stored in the anode gasometer and the Hj in the cathode gasometer,
whereas the NaOH was collected in the reservoir tank of the cathode. The measurements
of the accumulated volume were made using a millimeter ruler, and in fuel cell mode, the
poles were reversed; that is, the accumulated hydrogen from the cathode gasometer started
to be injected into the cell, producing electricity. A multimeter was used to measure the
voltage values.

3.4. Chemical Analysis

During the experiments, samples were withdrawn from the anodic and cathodic
compartments. The pH was measured using a GLP22 Crison pH meter (Hach, Barcelona,
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Spain), and the conductivity was measured using a GLP31 Crison conductivity meter.
Before use, the devices were periodically calibrated. To determine the chlorine that reacted,
samples were collected in the anode and cathode compartments with a time interval of
20 min. A total of 3 mL of the samples in both compartments were collected to measure
absorbance. In the liquid phase, 3 mL of the sample was used together with 50 pL of
concentrated NaOH (3 mol L '), and in the gaseous phase, 5 mL of concentrated NaOH
(3 mol L™1) was used together with 5 mL of withdrawn gas. The absorbance of this
sample is measured using an Agilent Cary Series 300 UV-Vis Spectrophotometer (Agilent,
Santa Clara, CA, USA) at a wavelength of 293 nm. This methodology can also be found
elsewhere [37].

3.5. Physical Characterization

The surface morphology of the anodes was seen using a field emission scanning
electron microscope (FE-SEM) (Zeiss Gemini SEM 500, Zeiss, Oberkochen, Germany). The
elemental chemical composition of the anodes was determined through energy-dispersive
X-ray (EDX) spectroscopy coupled with scanning electron microscopy (EDX-SEM) equip-
ment (Zeiss Gemini SEM 500, Zeiss, Oberkochen, Germany). Crystallographic phases
present in the MMO anodes were identified by X-ray diffraction (XRD) on a Philips PW-1700
diffractometer (Philips, Amsterdam, The Netherlands) using CuK« radiation (A = 1.5418 A)
at a scanning rate of 2° min~! from 20° to 80°. The XRD patterns were analyzed using the
X’pert High Score Plus software 3.0, and the data obtained were compared with the Joint
Committee on Powder Diffraction Standards (JCPDS) database.

The elemental compositions of the samples were determined by Inductively Coupled
Plasma-Atomic Emission Spectrometry (ICP-AES) using a Spectro spectrometer model
Arcos (Miami, FL, USA). The detection limit (LD: 0.01 mg L_l), and quantification limit
(LQ: 0.10 mg L~ 1).

4. Conclusions

From this work, the following conclusions can be drawn:

1. The manufacturing process of three MMO electrodes (Ti/(RuQO;)79-(Sb2O4)30,
Ti/(Ru02)66'5-(8b204)28'5-Pt5, and Ti/(Ru02)63—(8b204)27—Pt10 was successful and
yielded a uniform distribution of metals across their surfaces. Furthermore, these
electrodes demonstrated exceptional stability, as evidenced by their sustained perfor-
mance without any signs of deterioration throughout both electrolyzer and fuel cell
operational modes.

2. Mixed metal oxide (MMO) electrodes of Ti/RuO,Sb,O4Pty (0 < x < 10.0) can be
satisfactorily produced via the ionic liquid method and applied in chloralkaline liquid-
liquid reversible electrochemical cells. The same hydrogen and oxidized chlorine
species that are generated during the electrolysis process can be efficiently employed
as fuel in the subsequent operation as a fuel cell, leading to the generation of electricity
and hence acting as an energy storage system.

3.  The application of the developed anodes in electrolyzers for chlorine production re-
vealed intriguing insights. At lower current densities (50 mA cm~?2), current efficiency
values remain low (~20%) and are almost independent of the composition of the
electrode. In contrast, at higher current densities (150 mA cm’z), the influence of
platinum in chlorine electrochemistry can be significantly observed. The inclusion of
platinum has notably elevated the efficiencies towards chlorine formation, achieving
an impressive increase of up to 60.5%.

4. In the fuel cell operational mode, the performance of the system is seriously limited
by the ohmic losses. The electrode composition without platinum (Ti/(RuO;z)7o-
(Sbp04)30) exhibits superior performance owing to its lower resistance. Nonetheless,
the inclusion of platinum content in the electrocatalyst enhances kinetic performance,
as indicated by polarization curves.
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