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Abstract
The hypochlorite oxidation on RuO2 doped with Co, Mg, Ni and Zn was studied by means of voltammetry combined with mass
spectroscopy. The hypochlorite oxidation takes place in two distinct steps separated with at least 200 mV.While the first step can
be assigned to the direct hypochlorite oxidation, the second one seems to be connected with the oxidation of strongly adsorbed in
situ formed hypochlorite. In the oxidation process of hypochlorite, oxygen is the main product but also hydrogen peroxide can be
detected. The number of electrons used to produce onemolecule of oxygen (z) is less than expected from an electrochemical point
of view. This fact, together with an accumulation of chloride ions in solution, indicates that the reaction mechanism of the
hypochlorite oxidation involves the formation of radicals that can be regenerated by chemical redox reactions.
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Introduction

Chlorate production is one of the most important large-scale
electrolytic technologies supporting environmentally friendly
elemental chlorine free (ECF) bleaching of pulp. Chlorate is
manufactured by electrolysis of sodium chloride in an undi-
vided cell [1], where the electrochemically produced chlorine
chemically disproportionates in alkaline media [2–4]. The de-
sired electrode processes are rather straightforward and com-
prise the chlorine evolution at the anode (reaction (1)) and
hydrogen evolution at the cathode (reaction (2)).

Cl−→1=2 Cl2 þ e− ð1Þ

H2Oþ e−→1=2 H2 þ OH− ð2Þ

The scope of the processes involved in the chlorate produc-
tion is, however, significantly wider, since the desired forma-
tion of chlorate from the electrochemically generated chlorine
represents a complex reaction pathway starting with
hydrolytical disproportionation of chlorine to hypochlorite
and chloride according to reaction (3) [5]:

Cl2 þ 2 OH−→ClO− þ Cl− þ H2O ð3Þ

The hydrolytically formed hypochlorite may exist either in
anionic form or as hypochlorous acid [6] and yields eventually
chlorate according to reaction (4):

2 HClOþ ClO−→ClO3
− þ 2 Cl− þ 2Hþ ð4Þ

The efficiency of the whole processes is, however, adverse-
ly affected by several side reactions of chemical or of electro-
chemical nature [7, 8]. The oxidation or reduction of
hypochlorite/ hypochlorous acid is considered to be the most
serious parasitic reactions affecting the efficiency of the chlo-
rate production at the anode [9, 10] as well as on the cathode
[11, 12]. Particularly, the anode-related hypochlorite behav-
iour is of fundamental importance since it yields oxygen and
represents, therefore, a significant safety risk [8, 13]. The hy-
pochlorite to oxygen conversion is usually ascribed to the
hypochlorite decomposition either by catalytic or electro-
chemical pathways. The corresponding processes for the cat-
alytic decomposition may be formulated as follows [14, 15]:
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2 HOCl→2 Hþ þ 2Cl− þ O2 ð5Þ

2 OCl−→2Cl− þ O2 ð6Þ

An alternative mechanism reflecting possible electrochem-
ical nature of the hypochlorite oxidation was formulated by
Foerster [16] and by Kotowski [17], reactions (7) and (8),
respectively:

6ClO− þ 3H2O→2ClO3
− þ 4Cl− þ 6Hþ þ 3

2
O2 þ 6e− ð7Þ

ClO− þ H2O→Cl− þ 2Hþ þ O2 þ 2e− ð8Þ

The above outlined hypochlorite decomposition/oxidation-
related oxygen production may indeed proceed in parallel
with conventional electrocatalytic oxygen evolution by oxida-
tion of water:

2H2O→O2 þ 4 Hþ þ 4 e− ð9Þ

It ought to be noted that oxygen production unifies all
above summarized anodic parasitic reactions. A suppression
of the parasitic oxygen formation is therefore of paramount
importance to improve efficiency and safety of the process [7,
13, 18]. The active strategies mitigating the parasitic oxygen
production are, however, hindered by limited knowledge of
the true mechanism of the anodic hypochlorite oxidation and
of its sensitivity to selective control via electrode material
selection/optimization.

The oxygen formation accompanying hypochlorite oxida-
tion on polycrystalline Pt was reported recently [19]. A com-
bination of linear sweep voltammetry with on-line mass spec-
troscopic detection of the produced oxygen revealed unusual-
ly high oxygen formation where the apparent number of elec-
trons needed to produce an oxygen molecule dropped signif-
icantly below 4 encountered in conventional water oxidation.
These results were interpreted in terms of a radical chain
mechanism, where the initial hypochlorite oxidation yields
the hypochlorite radical [19], which enters in radical-assisted
water-splitting, yielding oxygen, hydrogen peroxide and pro-
tons [19]. The results obtained on Pt, despite their fundamen-
tal importance, are rather departed from the industrial condi-
tions encountered in chlorate production which predominantly
uses DSA-based anodes.

Keeping in mind that the industrial dimensionally stable
anodes (DSA) are based on oxides of Ti and Ru, where Ru
oxides are believed to be responsible for DSA’s activity, one
may obtain a better understanding of the hypochlorite oxida-
tion behaviour under conditions relevant to the chlorate pro-
cess by a systematic investigation of the hypochlorite oxida-
tion on well-defined oxide electrodes based on Ru oxides and,
therefore, related to DSA. The major advantage of such model

system lies in their well-defined nature [20, 21] as well as in
the known selectivity towards chlorine and oxygen evolution
reactions [22, 23]. This paper, thus, extends the previous
mechanistic studies of hypochlorite oxidation on polycrystal-
line Pt, by employing electrode materials based on RuO2

doped with different cations such as Ni, Co, Zn and Mg in a
systematic study combining voltammetry with differential
electrochemical mass spectroscopy (DEMS) detection of the
reaction products.

Experimental

Ruthenium dioxide and Ru1-xMexO2 (Me = Co, Ni, Mg and
Zn) were prepared by spray-freezing/freeze-drying approach
as described in [21–24]. Aqueous solutions were prepared from
ruthenium (III) nitrosyl nitrate (31.3% Ru, Alfa Aesar) and
corresponding Ni, Co, nitrates (Aldrich, p.a.) and Mg and Zn
acetate (Puratronic®, 99.997% metals basis, Alfa Aesar) in
100 mL of Millipore H2O with a total concentration of metal
cations of 8 mM. The solutions were then sprayed into liquid
N2 to create fine ice particles. The resulting ice slurries were
transferred to an aluminum tray precooled with liquid N2 and
placed in the freeze dryer (FreeZone Triad Freeze Dry System
7400030, Labconco) precooled to − 30 °C. The pressure was
decreased to approximately 1.0 Pa, and the temperature was
ramped according to the following programme: − 30 °C (2 h),
− 25 °C (5 h), − 20 °C (6 h), − 15 °C (5 h), 30 °C (4 h).
Afterwards, the resulting powder was annealed in the furnace
at 400 °C for 1 hour. Crystallinity and phase purity of the
prepared materials was checked using a Rigaku Miniflex 600
powder X-ray diffractometer with CuKα radiation. The diffrac-
tion patterns of the resulting doped ruthenium dioxide samples
conform to single-phase materials and are shown in Fig. 1.

The hypochlorite stock solution was prepared by letting
chlorine gas into a 5 M NaOH (Scharlau, reagent grade, ACS
ISO, Reag. Ph Eur). The hypochlorite concentration in the stock
solution was 1.6M, and the solution was cooled and stored cold
in dark. Given the preparation technique, the hypochlorite stock
solution contained an equimolar amount of NaCl. The oxida-
tion of hypochlorite was studied in 0.1 M solution of NaClO4

(Aldrich, p.a) containing variable amounts of hypochlorite. The
pH of the hypochlorite solutions was adjusted to 9 by an addi-
tion of 1 M solution of NaOH (Adrich, p.a.) in all experiments.
The pH of the solution was checked using OK-104
conductometer (Radelkis, Hungary). The hypochlorite oxida-
tion was studied by linear sweep voltammetry on RuO2-based
nanocrystalline electrodes. The linear sweep voltammetry ex-
periments were carried out in a three-electrode arrangement in a
home-made single compartment Kel-F cell with Pt and Ag/
AgCl auxiliary and reference electrode, respectively. All exper-
iments were carried out at polarization rate of 5 mV/s in the
potential range between 0.3 and 1.3 V vs. Ag/AgCl. The
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potential control was achieved using a PAR 263A potentiostat.
Themeasured potentials were recalculated and are quoted in the
reversible hydrogen electrode (RHE) scale to enable easy com-
parison of all samples.

The RuO2-based catalysts were supported by a Ti mesh
(GoodFellow, electrode area of 1 cm2, open area 20%). The
active catalysts were deposited on the Ti mesh by a procedure
described in [20]. A water-based suspension of nanocrystal-
line RuO2 catalyst (30 gL−1) was deposited by adding 25 μL
aliquots to the Ti support and dried at 100 °C. The deposition
procedure was repeated until the weight of the catalyst ranged
between 1 and 2 mg. The total physical area of the catalyst
corresponded to ca. 20 cm2

. All electrodes were calcined at
400 °C in air for mechanical stability before electrochemical
experiments. The electrochemical characterization of the hy-
pochlorite oxidation on RuO2 catalysts was complemented by
in situ spectroscopic detection of the volatile reaction prod-
ucts—namely of oxygen and chlorine. A differential electro-
chemical mass spectrometry (DEMS) apparatus consisting of
a Prisma quadrupole mass spectrometer (QMS200, Balzers)
connected with turbomolecular drag pump station (TSU071,
Balzers) was used in these experiments.

The content of chlorides before and after electrochemical
experiment was determined by argentometric titration with
silver nitrate using potassium chromate as an indicator.

Results

The Role of the Electrode Material

A comparison of typical voltammograms of RuO2-based
electrodes in the hypochlorite containing systems are

shown in Figs. 2 and 3. As follows from comparison of
the voltammograms taken for RuO2 in presence and ab-
sence of hypochlorite (see Fig. 2), the hypochlorite oxi-
dation shows a pronounced anodic peak appearing posi-
tive to 1.2 V (vs. RHE). The anodic process attributed to
hypochlorite oxidation is accompanied by the formation
of oxygen as reflected in the DEMS data (see Fig. 2b). It
ought to be noted that while in the absence of hypochlo-
rite, the signal of produced oxygen (the blue curve in the
Fig. 2b) closely tracks the observed current. In the case of
the hypochlorite oxidation, the onset of the oxygen pro-
duction signal, however, lags behind the voltammogram
reflecting the fact that the mass spectrometer is sensitive
to the charge rather than to the current due to a limited
transfer rate of the produced oxygen into the vacuum part
of the DEMS apparatus.

Regardless of the catalyst composition, the oxidation of
hypochlorite remains to be observed in the same potential
interval 1.2–2.0 V (vs. RHE). This potential interval is restrict-
ed by the oxygen evolution at less positive potentials and
chlorine evolution at the most positive potentials. The hypo-
chlorite oxidation onset is the same for all studied RuO2-based
electrode materials. The course of the hypochlorite oxidation
is characterized by two anodic peaks, the precise position of
which depends on the type of the employed electrode material.
The presence of the peaks in the voltammograms suggests that
the anodic process is dominated by the oxidation of solution-
based species rather than by conventional four-electron water
oxidation at the electrode surface. In the case of Co-, Mg- and
Zn-doped RuO2, one finds the first anodic peak in the interval
1.5–1.6 V (vs. RHE). In the case of the non-doped RuO2 and
of the Ni-doped RuO2, the position of the first anodic peak
shifts towards more positive potentials. The first anodic peak

Fig. 1 XRD patterns of
nanocrystalline RuO2 and doped
ruthenium dioxide conforming to
average chemical composition
Ru0.9Me0.1O2 where Me stands
for Ni, Co, Mg and Zn. The
assignment of the curves is given
in the figure legend
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is complemented by a second anodicmaximumwhich appears
at ca. 1.8 V (vs. RHE). In the case of non-doped and Ni-doped
RuO2, either a suppression of the second anodic peak or a shift
towards significantly more positive potentials are observed,
respectively. The activity of various RuO2-based catalysts in

hypochlorite oxidation is comparable as shown in the similar
peak currents obtained for different electrode materials. The
above-described anodic behaviour—i.e. the presence of two
resolved anodic peaks—is relatively weakly dependent on the
initial hypochlorite concentration (see Fig. 4). The observed
voltammograms remain qualitatively similar as long as the
hypochlorite concentration remains below 0.05 M when the
voltammograms gradually become dominated by a single
wide peak without distinctive features. Note that the exact
position of the resolved peak shifts with increasing hypochlo-
rite concentration to more positive potentials reflecting the
irreversible nature of the hypochlorite oxidation.

The presence of two anodic peaks reflects the complexity
of the hypochlorite oxidation process. The identical value of
the current onset for different electrode materials suggests that
the initial hypochlorite oxidation is not catalytic in nature.
While the first anodic peak may be attributed to the oxidation
of the hypochlorite initially present in the system, the appear-
ance of the second anodic peak may be assigned to an oxida-
tion of surface-confined species as follows from pronounced
electrode material-related change of the position as well as of
the distinction of the second anodic peak. There are two pos-
sible mechanisms explaining the presence of the second
voltammetric peak. The first one suggests a specific adsorp-
tion of the hypochlorite where the adsorption energy provides
additional stabilization shifting the oxidation of the adsorbed
hypochlorite to more positive potentials. This mechanism
would assume that the current of adsorbed hypochlorite oxi-
dation increases linearly with hypochlorite concentration until
a complete coverage of the available surface sites is achieved.
An alternative mechanism assumes the possibility of chloride
adsorption on coordination-unsaturated oxygen atoms
forming surface structures identical with adsorbed hypochlo-
rite. Such a process is theoretically predicted at low pH by
density functional theory (DFT) calculations [25]. Despite

Fig. 2 A comparison of a
voltammograms and b DEMS-
based signals of oxygen produc-
tion as a function of applied po-
tential recorded on a nanocrystal-
line RuO2 electrode-polarized in
20 mM NaCl in 0.1 M NaClO4

solution (blue curve) and the same
electrolyte solution
complemented by 20 mM of
NaClO (red curve). The applied
polarization rate was 5 mV/s

Fig. 3 a Voltammograms and b DEMS-based signals of oxygen produc-
tion as a function of applied potential recorded during the hypochlorite
oxidation on various nanocrystalline RuO2-based electrodes. The assign-
ment of the individual curves to the electrode materials is given in the
figure legend. Experimental conditions: 20 mMNaClO and 20 mMNaCl
in 0.1 M NaClO4, polarization rate 5 mV/s
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the apparent disparity of the pH limiting the chloride adsorp-
tion (according to DFT) and of the actual pH at the beginning
of the experiment, the chloride adsorption remains plausible
due to a significant drop in the pH near the electrode surface
due to oxidation of the solution-based hypochlorite. This
mechanism should result in generally non-linear increase of
the second voltammetric peak with increasing hypochlorite
concentration. The effect of chloride on the overall anodic
behaviour of RuO2-based electrodes can be tracked also in
the change of the voltammogram shapes with increasing hy-
pochlorite concentration (see Fig. 4). It needs to be noted that
a linear increase of the observed current (in the hypochlorite
oxidation region) is not observed in the entire hypochlorite
concentration range 0.01 < c < 0.05 M (see Fig. 5). This be-
haviour most likely reflects the pronounced chloride adsorp-
tion which affects the oxidation of hypochlorite. It has to be
stressed that the hypochlorite concentration increase also leads
to an increase in chloride content.

To obtain additional information regarding the mechanism
of hypochlorite oxidation, the nature of possible reaction
products needs to be assessed by an independent spectroscop-
ic technique. Given the fact that the hypochlorite oxidation is
known to produce large amounts of gaseous products, one
may find the differential electrochemical mass spectroscopy

(DEMS) as the most convenient tool for the reaction product
detection.

The primary detected reaction product is oxygen, the for-
mation of which can be followed by mass spectroscopy as the
fragment of m/z = 32 (see Figs. 2b and 3b). The onset of the
oxygen production coincides with the onset of the anodic
current. Closer investigation of the oxygen-related signal re-
veals that also oxygen is produced in two steps which can be
aligned with the anodic peaks observed in the voltammo-
grams. The oxygen production apparently culminates at the
potential of the second anodic peak and decreases at the po-
tentials above 2.0 V when the exponential current increase is
observed. The peak-shaped character of the oxygen-related
signal stresses the link between the oxygen formation and
hypochlorite oxidation and rules out the conventional water
electrolysis as a likely source of oxygen even at the most
positive potentials. The oxygen production is accompanied
with the production of hydrogen peroxide which can be
followed by the mass fragment with m/z = 34 (see Fig. 6).
Note that the detected hydrogen peroxide is solely produced
at the or near the anode and is not attributable to any of the
possible cathodic processes at the counter electrode. The rel-
ative amount of the detected hydrogen peroxide is affected by
the electrode material—the formation of hydrogen peroxide

Fig. 4 Voltammetric behaviour of hypochlorite oxidation at nanocrystalline RuO2-based electrodes with variable hypochlorite and chloride content. The
assignment of the individual curves to the electrode materials is given in the figure legend. The applied polarization rate was 5 mV/s
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seems to be more facile on non-doped and Co- or Ni-doped
RuO2. The hydrogen peroxide formation on Mg- and Zn-
doped RuO2 seems to be suppressed. Regardless of the elec-
trode material, the relative importance of the hydrogen perox-
ide formation expressed in terms of the hydrogen peroxide to
oxygen ratio (see Fig. 6) is weakly potential dependent.
However, the quantitative comparison of the data presented
in Fig. 6 needs to be taken cautiously mainly due to a low
selectivity of the DEMS towards hydrogen peroxide, which
primarily decomposes to oxygen during fragmentation. This
fact also prevents a direct comparison of the voltammetric
charge with the DEMS-based signal of the produced oxygen.
Even so, it needs to be stressed that although the hydrogen
peroxide can be formed electrocatalytically [26], this reaction
is thermodynamically disfavoured at the potentials employed
in the reported experiments. The formation of highly oxidiz-
ing radicals is, therefore, a prerequisite for the hydrogen per-
oxide formation [19].

The chlorine production, which may be expected given the
presence of chlorides, is confined to the highest electrode po-
tentials above 1.8 V (see Fig. 7). The onset of the chlorine
detection agrees well with the standard potential of the chlo-
rine evolution reaction at the conditions of the experiment
(please note that the standard potential of the chlorine

evolution—a pH independent process—shifts in the reversible
hydrogen scale by 59 mV per unit change of pH). This agree-
ment also indicates that the local pH near the anode does not
deviate significantly from the initial one on the time scale of
the experiment. It has to be expected, though, that a prolonged
oxidation eventually leads to an acidification of the electrolyte
near the anode and consequently an enhancement of chlorine
evolution. The course of the chlorine-related DEMS signals
identifies the chlorine evolution as the processes restrict the
accessible potential window in the hypochlorite oxidation ex-
periments. Although the chlorine evolution most likely repre-
sents the potential window limiting process in the voltammo-
grams, the corresponding DEMS-based chlorine-related sig-
nal is comparably low. This effect can be attributed to fast
hydrolysis of the chlorine given the relatively high pH in the
experiments [27].

Discussion

Quantification of the Oxygen Formation

Although the DEMS detects the oxygen (m/z = 32) as the
primary reaction product of the studied anodic process, its

Fig. 5 Concentration dependence of the hypochlorite oxidation current in
the second voltammetric peak on various nanocrystalline RuO2-based
electrodes. The experimental conditions were identical to those in

Fig. 4. The assignment of the individual curves to the electrode
materials is given in the figure legend

50 Electrocatalysis (2019) 10:45–55



direct quantification—with respect to the passed current/
charge—is complicated by simultaneous formation of hydro-
gen peroxide which aside of its molecular ion (m/z = 34)

mainly produces oxygen upon ionization. The quantification
of the oxygen formation efficiency is still possible provided
that the formation of hydrogen peroxide (measureable from
the course of the fragment with m/z = 34) is compensated for
according to its fragmentation (obtained in calibration). In this
manner, the measured signal with m/z of 32 can be separated
into two contributions—a contribution from the hydrogen per-
oxide and a contribution from (electro)chemical processes
proceeding in the hypochlorite oxidation. The efficiency of
the latter one can be expressed in terms of an apparent average
number of electrons needed to evolve one molecule of oxygen
z [19]. This parameter is based on conversion of the recorded
DEMS signal of oxygen to its theoretical charge equivalent.
This charge equivalent is based on a calibration of the DEMS
setup in conventional electrocatalytic oxygen evolution. The
charge equivalent of the detected oxygen can be subsequently
compared with the actual charge recorded by the potentiostat.
The apparent number of electrons involved in the production
of one oxygen molecule is calculated according to Eq. 10:

z ¼ 4
QEC

QDEMS
ð10Þ

where the QDEMS is the charge equivalent to the amount of
oxygen detected spectroscopically, and QEC stands for the
charge obtained by integration of the measured current. In
the context of the electrolyte solution composition for hypo-
chlorite oxidation, the value of z allows to distinguish between
three qualitatively different cases. The z value higher than 4
indicates a situation when the overall electrode process
encompassing the oxygen production integrates several paral-
lel anodic reactions; sustaining z value equal to 4 is compatible
with a situation that the detected oxygen is produced electro-
chemically either by water oxidation (Eq. 9) or in the Foerster
reaction (Eq. 7); z value below 4 indicates that the detected
oxygen is at least partially formed by a chemical process most
likely involving radicals (see above), i.e. without charge trans-
fer at the electrode–electrolyte interface.

The efficiency of the oxygen production in the hypochlo-
rite oxidation process apparently depends on the electrode
potential as it is outlined in Fig. 8. Based on the data presented
in Fig. 8, it needs to be stressed that the efficiency of oxygen
formation on all studied materials greatly exceeds that predict-
ed by the Foerster’s reaction stoichiometry. All tested elec-
trode materials show z values in the range between 1.0 and
3.5 in the interval from 1.30 to 1.7 V (vs RHE). The z starts to
increase at potential close and exceeding 1.7 V (vs. RHE)
when the chlorine evolution-related processes start to play a
significant role (see Fig. 8). The z vs. E curves also show two
well-pronounced minima, the positions of which roughly co-
incide with the positions of the voltammetric peaks discussed
in relation to Fig. 3a. The fact that the z value remains rather
low in the potential range of both voltammetric peaks suggests

Fig. 6 DEMS-based signal of the hydrogen peroxide production (a) and
in ratio with produced oxygen (b) as a function of applied potential during
the hypochlorite oxidation on various nanocrystalline RuO2-based
electrodes. Experimental conditions were the same as in Fig. 2.
Presented DEMS data were smoothened using Savitzky-Golay filter to
remove excessive noise. The assignment of the individual curves to the
electrode materials is given in the figure legend

Fig. 7 DEMS-based signal of the chlorine production during the
hypochlorite oxidation on various nanocrystalline RuO2-based
electrodes. Experimental conditions were the same as in Fig. 2. The
assignment of the individual curves to the electrode materials is given
in the figure legend
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that the anodic processes reflected in both voltammetric peaks
are rather similar and both involve chemical formation of ap-
parently over-stoichiometric oxygen. This behaviour is in
agreement with the previously proposed radical-involving
mechanism [19] of the hypochlorite oxidation. The gradual
increase of the z at potentials positive to 1.7 V, i.e. in the
potential range where also other oxidation processes can take
place, is also in agreement with the assignment of the second
(more positive) anodic peak to an oxidation of in situ surface
confined hypochlorite-like species.

It needs to be noted that although the increase in the initial
hypochlorite concentration affects significantly the observed
voltammograms, the effect on the efficiency of the oxygen
formation at potentials below 1.7 V where hypochlorite oxi-
dation proceeds via radical mechanism is not dramatic. The
efficiency of oxygen production shows, however, a complex
dependence on the initial hypochlorite concentration (see
Fig. 9) at potentials positive to 1.7 V (vs. RHE). The observed
z data suggest a gradual suppression of the extent of the hy-
pochlorite oxidation via radical mechanism in favour of elec-
trocatalytic hypochlorite or conventional water oxidation. The
electrocatalytic oxidation processes require sufficiently low
surface pH, which, in turn, also enhances chloride adsorption.
The concentration dependence in the z behaviour then reflects
two contradicting trends. The extent of the radical-based hy-
pochlorite oxidation naturally increases with increasing hypo-
chlorite concentration. The radical-based hypochlorite oxida-
tion, however, produces protons; hence, the increase in the
hypochlorite oxidation extent also facilitates the acidification
near the surface. Keeping in mind that an increase in hypo-
chlorite concentration increases also the chloride content, one

has also to expect that the hypochlorite and chloride adsorp-
tion are facilitated. The resulting z therefore reflects the bal-
ance between both types of hypochlorite oxidation and seems
to be affected by the nature of the electrode material. The
explored electrode materials can be divided into two groups,
according to the observed z behaviour. The first one is com-
posed by electrode materials known to have relatively low-to-
moderate selectivity for chlorine formation [21, 22]—Zn- and
Mg-doped RuO2—which are known to be primarily selective
for oxygen evolution process [21–23], along with non-doped
ruthenium dioxide. The second group is composed of Ni- and
Co-doped RuO2 where one observes the strongest chlorine
evolution [20, 28] (see Fig. 6).

As shown in Fig. 9, gradual increase of z to values higher
than 4 is obtained for materials showing high selectivity to-
wards chlorine evolution (Ni- and Co-doped RuO2), which is
consistent with blocking of the electrocatalytic hypochlorite
oxidation or water oxidation due to a preference for chloride
oxidation/adsorption. For the materials with known prefer-
ence for oxygen evolution, the increase in initial hypochlorite
concentration leads to formation of a plateau with z of ca. 4 in
the potential interval 1.7–2.0 V (vs. RHE). In the case of the

Fig. 9 Apparent average number of electrons, z, involved in formation of
one molecule of oxygen as a function of hypochlorite concentration on
various RuO2-based catalysts. The presented values were extracted from
the DEMS experiments at conditions identical to those in the Fig. 7. The
assignment of the experimental curves is given in the figure legends

Fig. 8 Apparent average number of electrons involved in formation of
one molecule oxygen, z, as a function of electrode potential during
hypochlorite oxidation on various RuO2-based electrode materials. The
presented values were extracted from the DEMS experiments at
conditions identical to those in Fig. 2. The assignment of the
experimental curves is given in the figure legend
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non-doped RuO2, the observed values of z remain significant-
ly lower than 4 in the potential interval 1.7–2.0 V (vs. RHE),
regardless of the initial hypochlorite concentration. The ob-
served experimental trends confirm the surface sensitivity of
the hypochlorite oxidation process at potentials positive to
1.7 V (vs. RHE). It needs to be stressed, however, that the
observed behaviour results from complex interplay between
the OER, hypochlorite oxidation and CER with apparent in-
terdependence of hypochlorite and chloride adsorption/
oxidation.

The Hypochlorite Oxidation Mechanism

The disagreement of the Foerster reaction stoichiometry with
the quantitative measure of the oxygen production along with
hydrogen peroxide production found for all RuO2-based an-
ode materials forces us to reformulate the mechanism of the
hypochlorite oxidation. Low apparent number of electrons
needed for production of one molecule of oxygen, which in-
dicates a mechanism with significant involvement of radicals,
needs to be reconciled with (at least partial) electrochemical
nature of the overall hypochlorite oxidation process as well as
with the fact that it proceeds in two distinctive steps.

The proposed reaction mechanism assumes that the hypo-
chlorite oxidation is initiated by a hypochlorite radical forma-
tion.

ClO−→ClO• þ e− ð11Þ

The formedClO radical reacts with water or hydroxide ions
producing a superoxide radical anion.

ClO• þ H2O→Hþ þ O−•
2 þ Cl− ð12Þ

This anion radical can be involved in several follow-up re-
actions yielding either oxygen and hydrogen peroxide, reaction
(13), and/or hydroxyl radical and chloride ions, reaction (14).

O−•
2 þ H2O→1=2O2 þ H2O2 þ e− ð13Þ

O−•
2 þ HClO→OH• þ O2 þ Cl− ð14Þ

The hydroxyl radical has high reactivity and given the
electrolyte composition, one can assume that it immediately
reacts with either hypochlorite, reaction (15), or with chloride
ions, reaction (16).

OH• þ ClO−→ClO• þ OH− ð15Þ
OH• þ Cl−→ClO− þ e− þ Hþ ð16Þ

In short, the hypochlorite oxidation may proceed either as a
sequence A, which encompasses reactions (11) through (15),
or as a sequence B encompassing reactions steps (11), (12),
(13), (14) and (16). It needs to be stressed that reaction (15)
reforms the hypochlorite radical which can re-enter into step

(12) as a reactant. The reaction sequence A then attains in part
a radical chain nature which decreases the apparent number of
electrons needed to evolve one molecule of oxygen signifi-
cantly below 4 as observed in the experiments. The reaction
sequence B changes the overall course of the process by re-
generation of the hypochlorite anion instead of the hypochlo-
rite radical (compare reactions (15) and (16)). These two pro-
cesses may be distinguished by following the chloride con-
centration change during the hypochlorite oxidation process
(see below).

The above-outlinedmechanism can be applied to processes
underlying both anodic peaks observed in voltammograms.
Given that the hypochlorite oxidation-related peaks are sepa-
rated with at least 200 mV, it is reasonable to assume that the
initial radical formation proceeds in a different manner in each
of them. While the onset of the first anodic peak is mainly
surface-insensitive, i.e. the process is exclusively controlled
by the electrode potential indicating an outer sphere nature of
the electron transfer (the radical is formed from solution-based
hypochlorite), the second process, however, is weakly depen-
dent on the surface composition. It indicates that the hypo-
chlorite anion is adsorbed on the surface to a certain extent,
stabilising the anion and making it more difficult to oxidize
compared with the hypochlorite anion in solution.

The extent of the hypochlorite oxidation according the re-
action sequences A and B may be visualized by following the
chloride concentration change during the hypochlorite oxida-
tion process (provided that the electrode potential remains
confined to the hypochlorite oxidation region). The chloride
content change connected with the hypochlorite oxidation can
be expressed in a form of a parameter η which is calculated as
a ratio of the chloride concentration after and before the hy-
pochlorite oxidation experiment, Eq. 17.

η ¼ cafterCl

cbeforeCl

ð17Þ

The ratio η as a function of hypochlorite concentration is
shown in Fig. 10. In the case of RuO2-based catalysts, the η
ranges between 1.2 and 1.7, which clearly indicate the preva-
lence of process (15) over process (16) in the entire concen-
tration region. The variability of η with hypochlorite concen-
tration indicates a change in the relative contributions of the
processes (15) and (16) to the overall hypochlorite oxidation
mechanism. The trends observed are similar to the once ob-
tained on polycrystalline Pt electrodes [19]. However, the sig-
nificantly lower values of η observed for Pt outline a specific
role of the electrode material in the hypochlorite oxidation.
There is no specific trend depending on the transition metal
included in the RuO2 structure and the average number of η is
1.4 ± 0.1. The largest value of η is obtained for Ni-doped
RuO2, which is known to be particularly active for both oxy-
gen and chlorine evolution [28, 29], respectively. One might
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attribute this effect to a specific interaction of the surface with
either hypochlorite or chloride anions which is expected to be
different between the metals and oxides as well as within the
oxides alone.

The role of chloride seems to be reflected also in the con-
centration dependence of z depicted in Fig. 9 The data presented
in Fig. 9 show opposite trends attributable to hypochlorite and
chloride present in the system. The increase of hypochlorite
concentration ought to, as a rule, decrease the z due to the
promotion of the radical chain reaction pathway and due to
the buffering effect of the hypochlorite which keeps the pH
more alkaline and consequently pushes the bulk chlorine evo-
lution to higher potentials (vs. RHE). Such a behaviour is gen-
erally observable in the z vs. E curves in the potential interval
1.5–1.8 V (vs. RHE).1 The hypochlorite concentration increase,
on the other hand, raises also the chloride concentration which
increases the extent of the chlorine evolution leading in turn to
an increase of the z. The increase of z is more pronounced for
Ni- and Zn-doped RuO2 electrodes while in the case of the non-
doped or Mg-doped electrode materials, the concentration de-
pendence of z remains rather weak.

The surface sensitivity of the observed behaviour, there-
fore, suggests active role of the surface chemistry and conse-
quently the role of the adsorption phenomena on the elec-
trode’s activity in hypochlorite oxidation. It needs to be noted
that this surface selectivity can be of a paramount importance
in the actual chlorate electrolysis. The elucidation of the actual
role of chlorides and hypochlorite anions in the anodic process
related to the hypochlorite oxidation would, however, require

more systematic approach with respect to the electrolyte
composition.

Conclusions

Hypochlorite oxidation on RuO2-based electrodes occurs in
two steps in the potential window above 1.2 V (vs. RHE). The
initial hypochlorite oxidation seems to be independent of the
employed electrode material, while the second oxidation pro-
cess appearing at higher potentials is affected by the nature of
the electrode. The latter process is attributed to an oxidation of
surface-confined hypochlorite-like species. Regardless of the
electrode material, the dominating product of the hypochlorite
oxidation is oxygen. The oxygen production shows a maxi-
mum at potentials corresponding to the peak position of the
second anodic process. In addition, the hypochlorite oxidation
leads to the formation of hydrogen peroxide and eventually of
chloride ions. The efficiency of the oxygen production in the
electrochemical hypochlorite oxidation is high as shown by
the apparent number of electrons needed to evolve one mole-
cule of oxygen z. The low z values suggest a radical-based
mechanism of the hypochlorite oxidation process. The radical
nature of the hypochlorite oxidation is further confirmed by an
accumulation of chlorides in the system observed during the
hypochlorite oxidation.
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