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ABSTRACT

It is accepted that the mechanism of electro-generated active chlorine (i.e. chloride oxidation on DSAs) involves water
oxidation and hydroxyl radical co-electrosorption to initially form HOCl,4s on the anode surface in a single pathway,
and subsequent production of Cl, and OCl ™~ ions. The present study comprehensively evaluates the chloride oxidation
on Ti/RuO,-IrO, in solutions containing different NaCl concentrations and pH values. Differential Electrochemical
Mass Spectroscopy (DEMS) is used to account for the in-situ surface reactions simultaneously occurring during chloride
and water oxidations. It is found that HOCI does not lead the chlorine mechanism since OCl” is detected in consider-
ably larger amounts under some experimental conditions, and its onset overpotential is ~150 mV more negative than
HOCI appearance at 0.2 mol L.~ ! NaCl. Additionally, the mass signals of ocl” and HOCl are virtually similar at pH = 2
and slightly different at pH = 10, where these species should not respectively exist according to thermodynamic infor-
mation. Under this premise, an extension of the reaction mechanism is proposed to consider an independent pathway
producing adsorbed hypochlorite radical (OCl',4s) for electro-generated active chlorine, which could be the preferen-
tial one since RuO, and IrO, belong to the category of “active” anodes towards the Oxygen Evolution Reaction (OER),
thus allowing the formation of the so-called higher oxide MO,((jO)ads (chemisorbed oxygen). Although the mecha-
nisms involving the productions of HOCl,g4s and OCl 54 can simultaneously occur on two type of non-identified active

sites, promoting the generation of both MOX([OH)MS and MOx(jO)adS species, both strongly depend on surface pH.

1. Introduction

The redox chemistry of aqueous chlorine species depends on the solu-
tion pH, giving place to a distribution of different predominant compounds
as described in Fig. 1. Under these experimental conditions, Cl, predomi-
nates at acidic pH values, while HOCI leads in the range from
2.5 < pH < 7.5, followed by the dominant OCl™ at alkaline conditions.
The potential of these redox couples differ from each other: Cl,/Cl™ E* =
1.36 V vs SHE, HOCI/Cl™ E’ = 1.49 Vvs SHE and OCl™ /Cl” E* = 0.89 V
vs SHE, whereby they display different oxidation capacities [1].

The discovery of dimensionally stable anodes (DSA) [2], followed by a
successful introduction of oxide electrodes (RuO, and IrO,) stimulated
the development of durable and catalytic materials to perform chlor-alkali
electrolysis [3]. This technology has underpinned over the years, whereby
the current research has been encouraged into the synthesis of mixed oxide
electrocatalysts to produce electro-generated active chlorine species (Cl,,
HOCI, OCl ™) with high capacity to oxidize various organic and inorganic
contaminants including pharmaceutical compounds, pesticides, phenols,
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nitrite, among others [1,4-11]. The chloride and water oxidation mecha-
nisms occurring on DSA has been previously described in [12-14].
Interestingly, the nature, stability and oxidizing power of these active
chlorine species (i.e. adsorbed on the anode surface, electro-generated)
contrast against the aforementioned aqueous chlorine species, very stable
in solution. In connection with this hypothesis, tremendous efforts have
been carried out to synthesize numerous RuO,-based anodes, by stabilizing
the Ru(IV) cations within its crystal lattice using TiO,, ZrO,, SnO,, Ta,0s,
Nb,Os [11,15-18]. In addition, activity, stability, selectivity and material
cost have been remarkably improved. A similar condition has been experi-
enced for IrO, phase [19,20], which has been less used due to its higher cost
and lower reactivity [21]. These Ru and Ir phases have been used to per-
form the abatement of recalcitrant organic compounds via electro-
generated active chlorine [22,23], which cannot be eliminated from waste-
water using typical aqueous chlorine (i.e. hypoclorous acid). Confirming
this idea, the destruction of crystal violet was considerably higher when ac-
tive chlorine was electro-generated on the electrode surface than when di-
rectly incorporated as sodium hypochlorite to the solution under alike
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Fig. 1. Fraction of aqueous active chlorine species as a function of pH, calculated
using a composition of 0.05 mol L™ ! NaCl at standard temperature and pressure.

concentration conditions [24]. This draws the attention since similar activ-
ities could be expected for these chlorine species presenting analogous
structures, thus, suggesting an essential distinction between soluble and
electro-generated (adsorbed) active chlorine species. In this direction, De
Battisti group theoretically proposed a variation of the mechanism for elec-
trochemical incineration of organics proposed by Comninellis [25], appli-
cable to active chlorine [9]; wherein chloro and oxychloro radicals “co-
adsorbed” (HOCl,qs) on the anode surface are remarked to play important
roles on the pollutant mineralization rather than soluble chlorine species,
along with the co-electrosorption of hydroxyl radicals.

Recently, Palma et al. conducted experimental studies using DEMS, em-
phasizing the role of adsorbed species and competing oxygen evolution re-
action on Ti/ZrO,-RuO,-Sb,03 ternary catalysts of variable composition,
revealing that chloride oxidation forms HOCl, 4 in adequate levels to gener-
ate the degradation of organic compounds at pH 5.5, involving the inhibi-
tion of the OER [26]. However, this former study was conducted at a
single pH value where HOCl,4s predominates, whence the proposed reac-
tion mechanism was based on this species. Thus, the formation of electro-
generated species arising on a Ti/RuO,-IrO, binary catalyst at different
pH values remains unknown, whereby they could be only deducted using
thermodynamic information (refer to Fig. 1). Nevertheless, multiple inaccu-
racies have accompanied these thermodynamic calculations since the reac-
tion mechanisms for electro-generated active chlorine are quite often
established using Cl, as initial reagent [27-30], regardless of the pH solu-
tion. Indeed, these imprecisions preclude a correct interpretation of the ki-
netic rates and concentrations of the active chlorine species formed on the
electrode, affecting experimental measurements and modeling predictions.
Thus, the objective of the present work is to experimentally investigate the
formation of electro-generated active chlorine species on Ti/RuO5-IrO, (Ti/
Ru-Ir) anodes at different NaCl concentrations (0.1 and 0.2 mol L™ %), and as
a function of pH (2, 7 and 10) for 0.1 mol L~ ! NaCL DEMS is used to in situ
analyze surface electrode reactions through the quantification of molecular
weights mass to charge relationship (m/z) of possible ionizable species pro-
duced within this mechanism: CI3° (m/z = 70), H'0'°CI*® (m/z = 52),
0'°CI*® (m/z = 51), 0, [32] (m/z = 32) and 0'® (m/z = 16). To this con-
cern, DEMS has become an in-situ technique to robustly identify surface
products and intermediates of faradaic reactions, characterizing
submonolayers of adsorbates on polycrystalline and single crystal elec-
trodes [31]; using the coupling between an electrochemical cell and a con-
ventional mass spectrometer, thus, collecting ionic currents related to the
formation of surface species along with the faradaic current during a poten-
tial sweep (cyclic voltammetry) [32]. Accordingly, it is expected that this
study emphasizes the role of adsorbed chlorine species on the catalytic per-
formance of dimensionally stable anodes, and mainly the strong depen-
dence of this mechanism on surface pH.
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2. Experimental
2.1. Synthesis of electrodes

Ti/RuO4-IrO, electrodes were synthesized on titanium plates using the
Pechini method according to Palma-Goyes et al. [33]. Analytic grade re-
agents of RuCls(,q) and H,IrClg (oq) Were utilized as metallic precursors in
a polymeric mixture prepared with a molar ratio of Ru/Ir = 1 with
2.4 mol L™ ? citric acid as chelating agent, and 18 mol L™ ! ethylenglycol
as reaction solvent. The polymeric mixture was kept stirred for 30 min at
80 °C and subsequently deposited on Ti plates (2 x 2 cm), which were pre-
viously treated in oxalic acid at 75 °C for 30 min. These plates were dried at
180 °C for five minutes and calcined at 550 °C for 1 h. Both temperatures
were selected from thermogravimetric analysis (TGA) data of the raw poly-
meric mixture (Supplementary information 1). The coating procedure was
repeated eight times to thicken the catalyst. Note that the synthesis method
and the substrate guarantee a considerable stability to these electrode ma-
terials, as previously reported for comparable structures [33,34], whence
they can be used over a considerable amount of cycles.

2.2. Microstructural characterization of anodes

SEM images were collected to determine the morphology of deposited
oxide films

using a high-field emission microscope SM-7600F, with accelerating
voltage of 10.0 kV. Chemical composition was simultaneously evaluated
using Energy-dispersive X-ray spectroscopy (EDS). XRD data were collected
with a PANalytical Empyrian diffractometer in a Bragg-Brentano (6-26)
configuration operated with a Cu K,;/K,» radiation (A = 1.5418 A) at
45 kV and 40 mA from 25 to 60° (26) using a PIXcel 3D detector. The crys-
talline phases were identified using the JCPDS-ICDD cards. The full width
at half maximum (FWHM) value for average crystallite size (i.e. Scherrer
equation) was obtained from a profile refinement using the FULLPROF
program.

2.3. Electrochemical analysis

Linear sweep voltammetry (LSV) was conducted with an Autolab
PGSTAT 302 N potentiostat/galvanostat in an electrolyte containing differ-
ent NaCl (Merck =>99.0%) concentrations (0.1 and 0.2 mol L ™1, pH values
of 6.5 and 6.3, respectively) using a scan rate of 1 mV s~ * at room temper-
ature. The pH variation as a function of NaCl concentration could be due to
traces of anions, cations and other impurities contained in the chemical re-
agent. A three-electrode cell was used to carry out these electrochemical ex-
periments. DSA (Ti/RuO,-IrO,, geometric area of 0.0706 cm?) and
hydrogen electrode (RHE) were used as working and reference electrodes,
respectively; and a pure graphite rod (Alfa AESAR, 99.997%) as counter
electrode.

2.4. Differential electrochemical mass spectrometry

The cell to conduct the DEMS measurements was connected to the
chamber containing the quadropole mass spectrometer (MS) with a
Faraday-SEM detector array (Prisma QMG 200, Pfeiffer), which allows
the isolation of the ion source from the electrochemical cell forming a
small pre-chamber. A turbomolecular pump evacuates the latter, whereas
the vacuum in the chamber containing the MS is obtained from another
turbomolecular pump. The amount of species reaching the MS can be con-
trolled with another dosing valve located between the electrochemical cell
and the pre-chamber. A simple DEMS cell based on a reported design was
built for the use of massive electrodes [35]. The interface between the
cell and the vacuum consists of a porous Teflon membrane (60 pm thick,
0.2 pm pore diameter, 75% porosity). A conventional three-electrode ar-
rangement was employed for the electrochemical measurements (Supple-
mentary information 2). A reference hydrogen electrode (RHE) was
prepared in the supporting electrolyte and a graphite rod served as the
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Fig. 2. Scanning Electron Microscopy images collected for the Ti/RuO,-IrO, anode.
EDS analysis of the sample is shown as inset.

counter-electrode. The working electrode was located next to the Teflon
membrane, and DEMS experiments were carried out. Mass spectrometric
cyclic voltammograms (MSCVs) for selected mass to charge ratios (m/z)
were recorded for the following ionizable species: c13° (m/z = 70),
H'0'°CI*® (m/z = 52), 0'°CI*® (m/z = 51), 0, [32] (m/z = 32) and O'°
(m/z = 16). Similar volatile and structural ionizable compounds have
been detected in previous studies involving radical species [26,36]. Accept-
able time responses were obtained with this configuration for scan rates of
1 mV s~ . The working pressure in the main chamber was kept constant at
ca. 6 x 10~ ® mbar for all the experiments. Each set of experiments was re-
peated at least twice to ensure reproducibility.

3. Results and discussions
3.1. Microstructural characterization

Fig. 2 describes SEM images of the Ti/RuO,-IrO, electrode, where the
formation of mud-cracked structures with flat areas is evident on the cata-
lyst surface. This type of morphology is presumably formed during the cal-
cination stage of the anode material (i.e. solvent and water evaporations)
[37,38]. Albeit these morphological features could not be desired in the sur-
face of a catalyst, it brings great benefits associated with the non-
accumulation of species resulting from chlorine evolution (i.e. Cl,), and
other reactions promoting the loss of adherence between the substrate
and the catalyst film. The EDS analysis performed on the DSA (inset of
Fig. 2) accounts for weight ratios in the range of the oxide stoichiometry:
66, 15 and 19 wt% for O, Ru and I, respectively.

Fig. 3 shows the X-Ray diffraction analysis for the binary Ti/Ru-Ir elec-
trode, where a new phase of Ru and Ir metallic oxides was effectively syn-
thesized on a rutile (TiO,) layer (JCPDS 00-9161), earlier formed on Ti
substrate (04-3416). The presence of metallic Ti (JCPDS 04-316) was con-
nected with the substrate. The formation of the RuO,-IrO, crystal is possi-
ble since Ir and Ru present similar cationic radius, and their oxides
exhibit a rutile-type crystal structure [39], whereby their lattice parameters
are analogous, RuO, (JCPDS 05-1159) and IrO, (JCPDS 08-4577). The Ru-
Ir crystal structure was assigned to tetragonal rutile (P4,/mmm): 26 = 28,
35 and 54° attributed to (11 0), (01 1) and (1 2 1) reflection planes, respec-
tively. Accordingly, the TiO, substrate can orient the RuO, and IrO,
growths. In this direction, a gradual shift is registered for the (110) peak lo-
cated at 28° for the mixed oxide (Fig. 3), indicating a lattice modification
resulting from the synthesis of a single phase. Raman spectroscopy (Supple-
mentary information 3) confirmed that the mixed Ti/Ru-Ir catalyst only
showed two broad signals close to 538 (Eg) and 706 cm ! (Byg and Aqy).
The gradual shift of the E; band with respect to pure Ru (E; =
516 cm™ 1) and Ir (Eg = 548 cm ™ 1) [40], and no splitting for the A, and
B, bands may indicate a lattice modification and the formation of metal
oxide particles with substitution of Ir by Ru atoms in the rutile structure
[41,42]. According to Hume-Rothery theory, this ternary oxide system
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Fig. 3. X-ray diffraction patterns collected from the Ti/RuO,-IrO, anode in the
range from 25 to 60 degrees (20). Inset. X-ray diffraction patterns collected from
Ti/RuO4(Ti/Ru), Ti/IrO, (Ti/Ir) and Ti/RuO,-IrO, (Ti/Ru-Ir).

can form a solid solution [43], since the ionic radius of Ru** (0.076 nm),
Ir** (0.077 nm) and Ti** (0.075 nm) are similar and these oxides display
rutile-type structures. Supplementary information 4 describes the profile
refinement fitting conducted for the Ti/Ru-Ir electrode for a more detailed
analysis of its microstructure. The average crystallite size for this electrode
was calculated through Scherrer equation:

092
= P cosO

(1)

where 7 is the mean grain size, A is the X-ray wavelength, f3 is the full-width
at half maximum (FWHM) and 0 is the Bragg's angle. The FWHM was deter-
mined via Caglioti function using the U, V, W peak shape functions ob-
tained from the refinement, previous instrumental correction with a LaB6
NIST standard. Results obtained from Scherrer equation reveal an average
crystallite size of 12 nm for this catalyst.

3.2. Electrochemical studies and DEMS analysis

The first idea to confirm a distinction between soluble and adsorbed
chlorine species could be based on the monitoring of their activity towards
the degradation of an organic recalcitrant compound. In this regard, Fig. 6
of our former study reported in ref. [24] presented the decays of concentra-
tion and total organic carbon (TOC) during the electrochemical (Ti/RuO,-
IrO,) and chemical oxidations of 614 pmol L™ Crystal Violet at pH 6.4.
The chemical oxidation was conducted with 1 mol L™ of hypoclorous
acid (HOCI), while electrolysis was performed at 15 mA cm ™2 on Ti/
RuO,-IrO, in 0.1 mol L™ ! NaCl. Note that according to the Fraction-pH di-
agram shown in Fig. 1, the same chlorine species (HOCI) predominates at
this pH value. Interestingly, the drop of Crystal Violet concentration pro-
ceeds considerably faster in the electrochemical process than the chemical
one, even when the latter one employed a higher concentration of chlorine
species (1 mol L™ ! of hypoclorous acid). In the same way, the electrochem-
ical process electro-generating adsorbed chlorine species produces an im-
portant mineralization of the dye as verified in the TOC depletion, while
it remains at very reduced states when aqueous chlorine species are used
in the chemical method. Additional tests were described to verify that di-
rect electrochemical oxidation of Crystal Violet was not occurring during
the oxidation via active chlorine species shown in supplementary data 5
[24]. From these results, there is sufficient evidence to assume that
electro-generated active chlorine species (Clpaqs, HOClags, OCl ™ ,45) gener-
ate a higher oxidizing power compared to their parental soluble chlorine
(Cl,, HOCI, OC1 ™), very stable in solution. This reactivity analysis enables
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Fig. 4. Cyclic voltammograms collected at different NaCl concentrations (0.1 and
0.2 mol L) on a Ti/RuQ,-IrO, anode using 1 mV s~ .

a better conceptualization of the adsorbed species formed on Ti/RuO,-IrO,
during chloride oxidation described in the following experiments.

Fig. 4 displays typical cyclic voltammograms collected at different NaCl
concentrations (0.1 and 0.2mol L™}, pH values of 6.5 and 6.3, respectively)
on a Ti/RuO-IrO, anode at 1 mV s~ L. The scan was started in the anodic
direction and switched back to the cathodic region. It is evident that chlo-
ride oxidation mainly occurs on this electrode since the current density re-
markably increases with chloride concentration. The onset of this reaction
occurs around 1.7 V vs. RHE, where the current starts rising, denoting
that chloride oxidation is the main faradaic reaction in the system. When
the potential scan is inverted to the cathodic direction, a wave around
1.7 V vs. RHE indicates the reduction of the previously formed chlorine spe-
cies on the electrode surface (i.e. adsorbed), being also a function of the
NaCl concentration. As observed in Fig. 4, the highest anodic current den-
sity is produced at 0.2 mol L™}, also indicating the largest production of ac-
tive chlorine species if compared against the voltammogram obtained at
0.1 mol L™}, regardless of the OER contributions. This result is confirmed
in the backward scan, where chlorine species are reduced, thus, producing
the highest cathodic current at 0.2 mol L™ *. Note that the anodic and
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cathodic waves strongly depend on the ohmic drop, as detected in the shifts
of the electrochemical processes towards more positive potentials observed
for the lowest concentration (0.1 M NaCl).

In order to monitor the electro-generation of active chlorine species,
voltammograms and DEMS-based signals (ionic current versus potential)
were simultaneously collected on a Ti/RuO,-IrO, anode in solutions con-
taining different concentrations of NaCl (0.1 and 0.2 mol L™, pH values
of 6.5 and 6.3, respectively) and 0.1 M NaClO, (pH 6.4). The following
mass spectrometric ion currents signals (MSCV) of possible ionizable spe-
cies evolved during electrolysis were collected: CIZ° (m/z = 70),
H'0'°CI*® (m/z = 52), 0'°CI*® (m/z = 51), O, [32] (m/z = 32) and O*°
(m/z = 16). The O'° signals in Figs. 5 and 6 resemble the corresponding
ionic currents of O, [32], strongly depending on the electrolyte (NaClO4
and NaCl) and the magnitudes of ionic currents, thus, indicating O'° results
from the electron bombardment in the quadropole mass spectrometer of O,
species [32]. On the other hand, this behavior is not presented with the
0'6CI%® species described in the same figures, which even exceed the
ionic currents of H'0'®CI®® and CI%°. Additionally, O'®CI*® species appear
in the potential scan right before any other species whereby it cannot result
from the fragmentation of other compounds. DEMS is subjected to high vac-
uum at low pressure, whereby it is able to detect a small disturbance-
variation of volatile or dilute species with low vapor pressure generated
or consumed during surface reactions, even being very dilute species.
Fig. 5 shows typical voltammetry tests (OCP = 1 to 2.3 V vs RHE using
1 mV s™! as scan rate) and their respective ionic signals measured in
0.1 mol L™! NaClO,, to evaluate the oxygen evolution reaction (OER) in
a chloride-free solution. The voltammogram is characterized by a large
overpotential up to 1.7 V vs RHE, where an electrochemical reaction starts.
As observed, the corresponding signals C15°, H'0'°CI*® and O°CI®® species
are not virtually detected, and the only observable signals at the onset cur-
rent (~1.7 V) are associated with oxygen (O, [32] and 0'%). Not surpris-
ingly, chloride oxidation does not occur in the system since there is not
free chloride in the solution, thus, only the OER proceeds on the electrode.
When NaCl (0.1-0.2 mol L™ 1) is considered in the bath, the first observa-
tion is that OER is considerably suppressed due to the occurrence of chlo-
ride oxidation, although this parasitic reaction still persists in
considerable amounts in the range of 10~ A, also confirming its predeces-
sor role to produce POH. Nevertheless, this finding confirms that the Ti/
RuO,-IrO, electrocatalyst is particularly active to generate adsorbed chlo-
rine from the OER suppression. A similar result has been reported by
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Fig. 5. Voltammograms and DEMS-based signals of CI3° (m/z = 70), H'0'°CI®® (m/z = 52), 0'°CI*® (m/z = 51), 0, [32] (n/z = 32) and O'° (m/z = 16) as a function of
applied potential recorded during the chloride oxidation on Ti/RuO,-IrO, electrodes at different NaClO, (0.1 mol L™ ") and NaCl (0.1 and 0.2 mol L~ 1) concentrations. Scan

rate:1mvVs~ '
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Fig. 6. Voltammograms and DEMS-based signals of CI3° (m/z = 70), H'O'®CI*>® (m/z = 52), 0'°CI*® (m/z = 51), 0, [32] (m/z = 32) and O'® (m/z = 16) as a function of
applied potential recorded during the chloride oxidation on Ti/RuQ,-IrO, electrodes at 0.1 mol L ™" and different pH values (2, 7 and 10). Scan rate: 1 mV s~ *.

Palma et al. on a Ti/RuO,-ZrO,-Sb,05 electrode [26]. The mass signals are
clearly observed at 0.1 mol L.~ ! NaCl due to the significant concentrations
produced for active chlorine species (Fig. 5). Note that the ionic currents re-
lated to H'O'®CI*® and O'°CI*® are slightly higher compared to CI3°. These
mass signals are remarkably increased at 0.2 mol L™ ! NaCl (Fig. 5), wherein
0'SCI*® presents the highest ionic current followed by H'Q'®CI*® and then
Cl%°. Surprisingly, this trend does not follow the results described by the
thermodynamic fraction-pH diagram shown in Fig. 1 around this pH
(6.5-6.3), where HOCI is the predominating species followed by O'°CI®°,
Additionally, the onset overpotential to form O'®CI*® is located approxi-
mately 150 mV more negative than H'O®CI*® and CI3° at this concentra-
tion. These particular findings indicate that for this electrode (Ti/RuO,-
Ir0,), H'0'®CI*® could not be an initial requirement to form 0'¢CI®,
since the mass signal of this last species is considerably higher compared
to H'O'®CI*® in Fig. 5 (0.2 mol L.~ * NaCl), and its appearance occurs at con-
siderable more negative potentials. A similar situation arises for CI3°, which
presents some mass signal under this condition (Fig. 5, 0.1 and 0.2 mol L. ™!
NaCl), in a region where its co-existence (pH 6.5-6.3) has almost vanished
as presented in the thermodynamic diagram in Fig. 1. Although the course
of LSVs (i.e. total length of experiment) shown in Fig. 5 could be considered
as moderate, the scan rate is low (i.e. close to equilibrium conditions) en-
abling the mass transport to the electrode surface through the membrane,
without completely depleting H,O or chloride species on the DSA. Under
this assumption, it is expected that the time domains of transport through
the membrane for these species are faster, than those required for mass
transport within the boundary layer nearby the anode surface or the elec-
trochemical reactions. Thus, the system particularly proceeds under
mixed control at large overpotentials, without being affected by the mass
transport of electroactive species through the Teflon membrane.

Fig. 6 presents the effect of pH variation when the NaCl concentration is
maintained constant at 0.1 mol L. As observed, there is again an impor-
tant inhibition of OER due to the catalysis of chloride oxidation, as de-
scribed in ref. [26]. At pH 2, the highest mass signal is once more
detected for O'®CI*® as previously described in Fig. 5, followed very close
by the ionic currents for H'O'°CI*® and then CI3°. This kinetic behavior con-
tradicts the thermodynamic information reported in Fig. 1, where CI3° is
the predominating species around acidic pH value. When a pH equals 7 is
considered in the experiment (Fig. 6), the thermodynamic diagram agrees
with the mass signals detected for chlorine species since the highest detec-
tion is obtained for H'0'°CI%®, followed very close by 0'°CI*® and then
Cl7°. Likewise, an agreement between kinetics and thermodynamics is

again perceived in Fig. 6 (pH = 10), where O'®CI*® displays the highest
ionic current and there is some formation of HOCIL. The onset overpotential
of O'°CI?® is again slightly more negative compared to HOCL. However, it is
surprising to observe the yield of CI3° since the thermodynamic diagram re-
veals a null coexistence under alkaline conditions. This deviation from the
thermodynamic information obtained during electrode kinetics could be re-
lated to changes in the interfacial conditions (H* and chloride concentra-
tions) compared to the bulk solution. In fact, it has been concluded that
the mechanism of Cl, evolution on oxide electrodes is complex due to the
pH dependence on surface charging (i.e. surface specific features) [12]. It
is worthwhile mentioning that the changes observed in Figs. 5 and 6 are
not only due to significant variations between bulk and interfacial pH
values, which otherwise nullify the significant formation of co-existing spe-
cies according to thermodynamic stability (e.g. appearance of 0'°CI%® at
pH = 2 and CI3° at pH = 10); but might also indicate changes in the reac-
tion mechanism induced by the possible existence of more than one type of
active site and variations in the interfacial pH.

The following points summarized the above findings and related
literature:

. Since Both RuO, and IrO, belong to the category of “active” anodes (i.e.
those able to form the so-called higher oxide MOy , 1), also the Ti/RuO,-
IrO, electrode is expected to allow the formation of MOX(DO)adg
(chemisorbed oxygen); on the other hand, only MO,( OH),4s species
(i.e. physisorbed oxygen) can form on “non-active” anodes like Ti/
SnO,-Pt and Ti/PbO, [9].

. At high chloride concentrations (pH = 6.5, Fig. 5) where HOCI thermo-
dynamically predominates, O'°CI®® is detected by DEMS in larger
amounts than any other active chlorine species.

. CI3? is always generated in lower amounts compared to other chlorine
species, whereby its mass signal is somehow correlated to H'0'°C1%®
and O'°CI?®, possibly indicating connected pathways.

. The mass signals of O'°CI*®> and H'O*®CI®® are approximately similar at
pH = 2 and slightly different at pH = 10, where “0Cl and HOCI should
not exist according to the thermodynamic information, respectively.

. H'0'CI® cannot precede the formation of all chlorine species as pro-
posed for Ti/PbO, and Ti/SnO,-Pt [9], since these two last species can
be generated under certain conditions described in Figs. 5 and 6 in con-
siderably larger concentrations. Likewise, the onset overpotential to
form O'°CI®® is approximately 150 mV more negative than H'0'°CI®®
and CI3° at 0.2 mol L~ ! NaCl.
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6. There is an important inhibition of OER in the presence of chloride
oxidation.

According to the above experimental evidence, we propose an exten-
sion for the reaction mechanism of electro-generated active chlorine [9],
specifically occurring on Ti/RuO,-IrO5 at acidic conditions, considering
the following identification of the species detected by DEMS, CI%° (Cl,),
H'0'°CI*® (HOCI) and 0'°CI*® (-OCl):

Mox + HZO(I) _)MO«\‘(H20)adx (1)
MO, (H,0),,,—~MO,(*OH) , + Hi, +e” (2)
MO, (°*OH) , + Cli,)~MO.(HOCI) 4 +e~ (3a)
MO, (HOCI) 4, + Clj,,) —~MO, + Cly(g) + OH~ (4a)
MO, (*OH)_, =MO,(°0) , + Hi, +e” (3)
MO, (°0),,, + Cli,,—~MO,(*0Cl) , +e¢~ (4b)
MO, (*0qQl) , + Cl,,—=MO,(*0) , + Ch(g) + ¢~ (5b)
MO, (*0),,,, + H20()—MO,(*O0H) ,,, +H[,, + e~ )
MO, (*O0H) , =M(02),4, + H(, +e” (5)

Chemical equilibria in solution

Ch + HyO<>HOCl(yy + Cli,,) + H, pK =329 (6)

HOCl(4y<>ClO,,, + H{,, pK = 7.54 (7)

aq (aq)

where MO, accounts for an active site on an oxygen atom of the
electrocatalyst surface, and X445y an adsorbed intermediate species on
MO,. Reactions in black denote the typical OER inhibited on Ti/RuOs-
IrO, (Figs. 5 and 6), and involving the adsorption of hydroxyl radical
(reaction 2). The occurrence of this mechanism is justified due to the pres-
ence of O, (reaction 5) in Figs. 5 and 6, regardless it is inhibited by the in-
dependent formation of active chlorine species (reactions 3a and 4b).
Additionally, the voltammograms shown in these plots reveal that single
chloride species would not be able to sustain the high current observed at
large overpotentials, otherwise, the current would drop due to its mass
transport control. This current decay is not observed in these experiments
indicating that the current is also made up from contributions of the OER.
Reactions highlighted in grey (3a and 4a) describe the mechanism to pro-
duce adsorbed HOCl using YOH as active site, according to different studies
in the literature [9,44]. However, reactions (3a and 4a) and (6-7) cannot be
the main route to form Cl, and Focl under some of the conditions of our
study, according to the explanations provided above for Figs. 5 and 6. We
believe that the electrocatalyst surface can contain at least two type of ac-
tive sites (e.g. MO,) promoting the generation of both MOX(DOH)M and
MOx(‘ ‘O)uds species (reactions 4b-5b highlighted on red) where C1™ ions
can be oxidized, and they are strongly favored with pH. This proposal is
based on the fact that HOCl and ~OCI occur in similar concentrations,
regardless of the NaCl concentration (Fig. 5) and pH (Fig. 6).
Note that for neutral and alkaline conditions, water hydrolysis
(H»Oqy — Haypy + OHggg) needs to be added to the mechanism described
by reactions (1-7). This diversity of the reaction mechanism could be due
to the presence of different phases on the electrode surface or planes
(110, 011, 121) as described in the XRD analysis. However, we have not
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conclusive results concerning this aspect due to the complexity involved
to evaluate the relationship established between structure and activity.
Under this condition, ~OCl is primarily formed at high NaCl concentrations
and alkaline pH values, remarking the pH dependence on surface charging
of the active chlorine mechanism [12]. Reaction (4b) is a more direct path-
way to consider oxygen surface sites to discharge Cl~ in order to produce
adsorbed 'OCl on the electrode. A subsequent chloride oxidation as de-
scribed by reaction (5b) can form the Cl,. Thus, the reaction mechanism de-
scribed by reactions (4b-5b) is complementary to the former mechanism
(3a-4a) proposed in ref. [9], assigning a more important role to the HOCl, 45
formation. Different concentration values can be expected by altering the
local pH, and then the concentration and presence of HCIO and ~OCl in
most of the solution on the anode surface [45], the latter probably affected
by mass transfer kinetics and current density. Under this premise, the elec-
trode surface plays a more important role in the catalytic mechanism while
maintaining a consistency of the pH conditions. This mechanism (reactions
4b-5b) is similar to the one theoretically proposed by Janssen et al. [46] and
Burke and O'Neill [47] with the difference that water oxidation and hy-
droxyl radical co-electrosorption adopt decisive roles in the reaction
pathway.

4. Conclusions

A dimensionally stable anode of Ti/RuO,-IrO, was synthesized via the
Pechini method, morphologically characterized by SEM, XRD and Raman,
and electrochemically evaluated using in situ DEMS measurements to
account for the surface reaction mechanism of electro-generated active
chlorine as a function of pH. Mass spectrometric ion currents signals of pos-
sible volatile species formed during chloride electrolysis were collected:
Cl2° (m/z = 70), H'0'°CI*® (m/z = 52), 0'°CI*® (m/z = 51), O, [32]
(m/z = 32) and O'°® (m/z = 16). Electrolytes at different NaCl concentra-
tions and pH values were used for these purposes.

An extension of the reaction mechanism for electro-generated active
chlorine (i.e. “OCI formation pathway) involving water oxidation and hy-
droxyl radical co-electrosorption was proposed to explain the following ki-
netic information evaluated using DEMS: a) Cl5° was always generated in
lower amounts compared to other chlorine species, whereby its mass signal
was somehow correlated to H'O°CI®® and 0'°C1%°, b) 0'°C1%® was de-
tected in larger amounts than any other active chlorine species at high chlo-
ride concentrations (pH = 6.5) where HOCI thermodynamically
predominated, ¢) H'O®CI®® could not precede the formation O°CI*®
since this species was generated in considerably larger concentrations
under certain conditions, and the onset overpotential to form it was approx-
imately 150 mV more negative than HOCI at 0.2 mol L.~ NaCl, d) the mass
signals of 0'®CI® and H'O'®CI>® were approximately similar at pH = 2 and
slightly different at pH = 10, where O°CI®® and H'0'®CI®® should not exist
according to the thermodynamic information, respectively, and e) there
was an important inhibition of OER in the presence of chloride oxidation.
Albeit the mechanisms involving the formation of HOCl,4s and ~"OCl,g;
could simultaneously occur, the main oxidation pathway could be associ-
ated with MOX(DOCl)adS, based on the fact that “active” anodes are able to
stabilize chemisorbed oxygen through the formation of MO4("0),qs species,
while the less stable physisorbed species MOX(DOH)MS and MO, (HOCI) 445
are the prerogative of “non-active” anodes. However, it was suggested
that the electrocatalyst surface could contain at least two type of non-
identified active sites, promoting the generation of both MO, (~OH).4s and
MOX(JO)ads species where Cl1 ™~ ions can be concurrently oxidized. This pro-
posal was based on the fact that HOCl and Yocl arose in similar concentra-
tions, regardless of the NaCl concentration and bulk pH. Further complex
studies needs to be conducted to determine the identity of these active sites.
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